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Abstract

Despite the Central Indo-Pacific (CIP) and the Indonesian Archipelago being a well-known region of
coral reef biodiversity, particularly in the ‘Coral Triangle’, little published information is available on
its zoantharians (Cnidaria: Hexacorallia: Zoantharia). In order to provide a basis for future research on
the Indo-Pacific zoantharian fauna and facilitate comparisons between more well-studied regions such
as Japan and the Great Barrier Reef, this report deals with CIP zoantharian specimens in the Naturalis
collection in Leiden, the Netherlands; 106 specimens were placed into 24 morpho-species and were sup-
plemented with 88 in situ photographic records from Indonesia, the Philippines, and Papua New Guinea.
At least nine morpho-species are likely to be undescribed species, indicating that the region needs more
research in order to properly understand zoantharian diversity within the CIP. The Naturalis’ zoanthar-
ian specimens are listed by species, as well as all relevant collection information, and in situ images are

provided to aid in future studies on zoantharians in the CIP.
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Introduction

Zoantharians (Cnidaria: Anthozoa: Hexacorallia: Zoantharia) are a common compo-
nent of benthos in subtropical and tropical coral reef systems, with many zooxanthel-
late species found in shallow waters of both the Atlantic and Indo-Pacific Oceans.
Nevertheless, common understanding of zoantharian species diversity is relatively poor
when compared to the hard corals (Scleractinia). This lack of knowledge is due to a
variety of reasons, including (1) high levels of intraspecific morphological variation
hindering reliable identification (Burnett et al. 1997, Reimer et al. 2004), (2) problems
in performing histological examinations owing to sand being incorporated in the body
walls of many zoantharian species (Reimer et al. 2010), and (3) a confused taxonomic
history as different researchers tried to properly classify and understand zoantharian
diversity (Burnett et al. 1997, Reimer et al. 2004, Sinniger et al. 2005).

Despite these problems, an understanding of zoantharian diversity and their cor-
responding taxonomy have slowly become clearer as molecular techniques have been
implemented into zoantharian research. The first molecular works of Burnett and co-
workers (Burnett et al. 1994, 1995, 1997) combined with the ecological and descrip-
tive works of Ryland (Ryland and Lancaster 2003, 2004) have led to more recent pa-
pers dealing with the molecular phylogeny of zoantharians (Reimer et al. 2004, 2012b,
Sinniger etal. 2005, Swain 2010), resulting in a reassessment of zoantharian taxonomy
(Fujii and Reimer 2011, 2013, Sinniger et al. 2013). Consequently, zoantharians are
now perhaps the hexacorallian order for which the taxonomy most accurately reflects
molecular phylogenetic understanding. However, whereas zoantharian supraspecific
taxonomy and diversity is increasingly well understood, many problems remain at the
species level (Reimer et al. 2007b), and total species diversity of zoantharians is still
poorly known (Appeltans et al. 2012).

Recent work on zoantharians has focused on many regions of the Indo-Pacific,
including Japan (Reimer 2010), Singapore (Reimer and Todd 2009), New Caledonia
(Sinniger 20006), the Great Barrier Reef (Burnett et al. 1997, Reimer et al. 2011a)
and Palau (Reimer et al. 2014a). In the center between these regions lies the central
Indo-Pacific “Coral Triangle” (Hoeksema 2007), including parts or all of Malaysia,
Indonesia, Brunei, the Philippines, and Papua New Guinea, the Solomons, and Timor
Leste. This region is believed to harbor the highest species diversity in hard corals of the
order Scleractinia (Hoeksema 2007, Veron et al. 2009, 2011), and it is believed that
other coral reef organisms likely have similar diversity patterns (Roberts et al. 2002).
Despite this, shallow-water zoantharian species within the Coral Triangle have only
briefly been reported on in scientific literature and only a few publications exist (e.g.
Den Hartog 1997, Sinniger et al. 2005, Di Camillo et al. 2010), and most informa-
tion is made up of photographs in aquarium handbooks (Fossi and Nilsen 1998) and
field guides (Colin and Arneson 1995, Gosliner et al. 1996, Erhardt and Knop 2005).
Therefore, efforts to compare the regional zoantharian fauna of the Indo-Pacific are
hampered by this almost complete lack of published scientific distribution informa-
tion. Basic data on zoantharians from the Coral Triangle, such as species lists and
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distribution records, are critical to achieve a comprehensive understanding of Indo-
Pacific zoantharian diversity.

The present study addresses this lack of Central Indo-Pacific (CIP) zoantharian
data via examinations of specimen collections housed in Naturalis Biodiversity Center,
Leiden, the Netherlands: RMNH (the former Rijksmuseum van Natuurlijke Histo-
rie) and ZMA (the former Zoologisch Museum van Amsterdam). These zoantharian
collections are partly based on specimens from numerous surveys in Indonesia dating
from the Snellius Expedition (1929-1930) to a recent Marine Biodiversity Workshop
in Lembeh Strait (2012), with the large majority of these specimens collected from
coral reef environments. Despite the presence of these large and scientifically valuable
collections, no previous effort has been made to comprehensively catalogue or examine
these historical collections for over 80 years, which could also serve as base-line mate-
rial for studies on biotic change (Hoeksema et al. 2011). Here, for the first time, we
report on the zoantharian specimens from Indonesia housed at Naturalis, and list shal-
low water species of the CIP, including specimen collection information. Our records
are further enhanced by numerous 77 situ images from more recent fieldwork in Indo-
nesia taken by the last author starting with the Snellius—II Expedition (1984-1985).
Finally, we discuss the shallow water zoantharian diversity of CIP in relation to infor-
mation from surrounding regions, and make recommendations for future zoantharian
research in the region.

Materials and methods

Specimen collection

Zoantharian specimens from the Naturalis collections in Leiden (RMNH + ZMA)
were collected primarily from expeditions to the Indonesia region, starting with the
Snellius Expedition (1929-1930). Our examinations showed 22 regions in which ei-
ther specimens or photographic records were present. All specimen/record localities are
shown in Figure 1 with location and reference details in Table 1.

Regions (numbers also referred to in species notes and in distributional maps, with
names used hereafter in bold, and with representative publications included):

1. West Sumatra, Indonesia. Fieldwork by B.W. Hoeksema in collaboration with
Dr. A. Kunzmann, Bung Hatta University, Padang, West Sumatra, in 1996-1997.

2. Southwest Java, Indonesia. Collections from Teluk Pelabuhan Ratu by Dr. P.H.
van Doesburg, RMNH, in 1977.

3. 'Thousand Islands, off Jakarta, Java Sea, northwest Java, Indonesia. Expedition
organized by the Research Center for Oceanography (RCO-LIPI) and Naturalis
in 2005 (Tuti and Soemodihardjo 2006).

4. West Bali, Indonesia. Fieldwork by B.W. Hoeksema in collaboration with K.S.
Putra of WWEF Indonesia Marine Program in 1998 (Hoeksema and Putra 2000).
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East Bali (including southeast Bali, Nusa Lembongan, Nusa Penida in Lombok
Strait), Indonesia. Fieldwork by B.W. Hoeksema in collaboration with K.S. Putra
of WWF in 1997 and 1998 (Hoeksema and Putra 2000). Expedition organized
by the Research Center for Oceanography (RCO-LIPI), WWF Bali Indonesia
Marine Program, and Naturalis in 2001 (Hoeksema and Tuti 2001).

Northeast Sumba, Indonesia. Indonesian — Dutch Snellius—1I Expedition in 1984
(Van der Land and Sukarno 1986, Best et al. 1989).

South Flores, Indonesia. Snellius Expedition in 1929-1930 (Boschma 1936).
Komodo Island, Indonesia. Indonesian — Dutch Snellius-II Expedition (Van der
Land and Sukarno 1986, Best et al. 1989).

Spermonde Archipelago, South Sulawesi, Indonesia. Snellius Expedition in
1929-1930 (Boschma 1936). Indonesian — Dutch Snellius—II Expedition in 1984
(Van der Land and Sukarno 1986, Best et al. 1989). Fieldwork by Dr. H. Moll in
1980 (Moll 1983). Fieldwork by B.W. Hoeksema around reefs along onshore-off-
shore gradients in 1984-1987 (Hoeksema 2012a) and in 1993-1998 (Hoeksema
and Crowther 2011).

Salayer Island, South Sulawesi, Indonesia. Indonesian — Dutch Snellius-II Expe-
dition in 1984 (Van der Land and Sukarno 1986, Best et al. 1989).

. Taka Bone Rate (Tiger Islands), Flores Sea, Indonesia. Indonesian — Dutch Snel-

lius—IT Expedition in 1984 (Van der Land and Sukarno 1986, Best et al. 1989).
Tukang Besi Islands (Wakatobi), Southeast Sulawesi, Indonesia. Indonesian —
Dutch Snellius—II Expedition in 1984 (Van der Land and Sukarno 1986, Best et
al. 1989). Rapid Ecological Assessment (REA) Wakatobi National Park in 2003
(Pet—Soede and Erdmann 2004).

Maisel Islands, Banda Sea, Indonesia. Indonesian — Dutch Snellius—II Expedition
in 1984 (Van der Land and Sukarno 1986, Best et al. 1989).

Ambon and Haruku, Moluccas, Indonesia. Snellius Expedition in 1929-1930
(Boschma 1936). Indonesian — Dutch Snellius-II Expedition in 1984 (Van der
Land and Sukarno 1986, Best et al. 1989). Rumphius Biohistorical Expedition to
Ambon in 1990 (Strack 1993). Fauna Malesiana Marine Maluku Expedition in
1996 (Van der Land 1996).

Bo Islands, Halmahera Sea, Indonesia. Snellius Expedition in 1929-1930
(Boschma 1936).

West Halmahera Sea, Indonesia. Ekspedisi Widya Nusantara (E-Win): Ternate
Expedition in 2009, involving reefs on volcanic slopes and reefs around sand-cays
(Hoeksema and Van der Meij 2010; Gittenberger et al. 2014).

Lembeh Strait, North Sulawesi, Indonesia. Fauna Malesiana Marine Sulawesi
Expedition organized by Research Center for Oceanography (RCO-LIPI) and
Naturalis in 1994. Marine Biodiversity Workshop North Sulawesi organized by
Research Center for Oceanography (RCO-LIPI), Universitas Sam Ratulang and
Naturalis in 2012.
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Figure 1. Sampling regions in this study. Note that the region numbers correspond with numbers given in
text. | West Sumatra 2 Southwest Java 3 Thousand Islands, northwest Java, Java Sea 4 West Bali 5 East Bali 6
Northeast Sumba 7 South Flores 8 Komodo Island 9 Spermonde Archipelago, Southwest Sulawesi 10 Salayer
Island, Southwest Sulawesi | | Taka Bone Rate, Flores Sea 12 Tukang Besi Islands (Wakatobi), Southeast
Sulawesi 13 Maisel Islands, Banda Sea 14 Ambon and Haruku, Moluccas 15 Bo Islands, Halmahera Sea 16
West Halmahera | 7 Lembeh Strait, North Sulawesi 18 Bunaken, North Sulawesi 19 Berau Islands, East Kali-
mantan 20 Sulu Islands, Philippines 21 Cebu, Philippines 22 Madang, Papua New Guinea. Regions with no

country names are in Indonesia. Oceanic names in italics. Dark grey: land masses. Light grey: continental flats.

18. Bunaken, North Sulawesi, Indonesia. Fieldwork by B.W. Hoeksema in collabora-
tion with Universitas Sam Ratulang, Manado, in 1994 and 1998.

19. Berau Islands, East Kalimantan, Indonesia. East Kalimantan Program in 2003
(Hoeksema 2004).

20. Sulu Islands, Philippines. Snellius Expedition in 1929-1930 (Boschma 1936).

21. Cebu, Philippines. Cebu Fieldwork by M. L. Esmeno in 1976. Strait Expedition
organized by San Carlos University and National Museum of Natural History,
Leiden in 1999.

22. Madang, Bismarck Sea, north coast of Papua New Guinea. Fieldwork by B.W.
Hoeksema with Christensen Research Institute in 1992 (Hoeksema 1993).
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Specimen registration and identification

Examination of the registered (n=52) and unregistered zoantharian specimens (n=570) of
the Naturalis collection showed that of a total 622 specimens, 105 were from Indonesia,
with an additional four from the Philippines. Of these 109 specimens, 106 form the basis
of this research, as we excluded three specimens that could not be conclusively identified
as zoantharians. 88 photographic records of zoantharians specimens were also examined.

Although most species are from depths in the range of SCUBA (<40 m), we also
included all Epizoanthus illoricatus Tischbierek, 1930 specimens, as although some
specimens were from >40 m (and down to 190 m), the range of this species does
extend into shallower (<40 m) depths. Additionally, three specimens of Parazoanthus
collected by rectangular dredge from depths of 50-100 m were included in analyses.
In this study, these 106 zoantharian specimens are collectively referred to as “shallow-
water zoantharians”.

All unregistered specimens were newly registered into the Naturalis collection in
the course of our research. All specimens, newly registered or not, were re-identified
by the first author. A list of specimens, their collection information, and Naturalis
(RMNH Coel) registration numbers are given within each species” section. Descrip-
tions of each species are given to aid in field and specimen identification, and are not
formal taxonomic redescriptions.

Most zoantharian specimens were easily identifiable to genus level without micro-
scopic examination. Species determinations were made consulting previous literature
(listed with each species). However, many specimens were only identified to “confers
with” (cf.) or “affinity” (aff.) levels. Asides from a few species (e.g. Palythoa heliodiscus),
very few records of zoantharians had previously been formally reported from the CIP/
Coral Triangle region. Given these reasons, we followed recent research (Burnett et al.
1994, 1995, 1997, Reimer et al. 2006a, 2007b, Sinniger 2006, Sinniger et al. 2010,
Reimer and Todd 2009, Reimer 2010, Reimer et al. 2011a, Fujii and Reimer 2011)
from neighboring regions and used Zoanthus and Palythoa species names for which nu-
merous references, molecular data and/or accurate descriptions were available, unless
specimens and/or images clearly did not match with previously published information.

Sizes of specimens are averages taken from measurements of 10 polyps per specimen,
unless the specimen contained less than 10 polyps, in which case all non-damaged polyps
were examined. For species” dimensions, average dimensions were taken from the overall
average of specimens, unless there were less than three specimens within a species. In
such cases, dimensions are stated only as a range (minimum to maximum).

Results

From specimen examination, the 106 Indonesian zoantharian specimens in the Natu-
ralis collection supplemented with images were placed into 24 morphospecies, detailed
below. Locations are in Indonesia unless otherwise noted, and all photographic images
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were taken by B.W. Hoeksema unless otherwise noted. Duplicate photographic images
of the same species from the same site are counted as one record. Latitude and longi-
tude are given when available.

Specimens and species

Abbreviations: NA=not available.

Order Zoantharia Gray, 1832

Suborder Brachycnemina Haddon & Shackleton, 1891a
Family Zoanthidae Rafinesque, 1815

Genus Acrozoanthus Saville-Kent, 1893

1. Acrozoanthus australiae Saville-Kent, 1893
Figures 2A, 3

Specimens examined (n=16). RMNH Coel 23405, Tg. Bengteng (=Galghoek), Am-
bon, Moluccas, depth = 3 to 4 m, collected November 10, 1990 by J.C. den Hartog;
RMNH Coel 23406, outer bay, Ruhmatiga, Hitu, Ambon, Moluccas, depth = ap-
prox. 3 m, collected December 3, 1990 by J.C. den Hartog; RMNH Coel 23407,
station 17, southeast side of Pombo Island, Ambon, Moluccas, depth = 6 m, collected
November 17, 1994 by ].C. den Hartog; RMNH Coel 23408, west-northwest of Bar-
rang Lompo, Spermonde Archipelago, South Sulawesi, depth = 1.5 to 4 m, collected
December 23, 1994 by J.C. den Hartog; RMNH Coel 23409, entrance of harbor near
light beacon, northwest of Gusung, Spermonde Archipelago, South Sulawesi, depth
=5 to 7 m, collected October 7, 1990 by J.C. den Hartog;i RMNH Coel 23410, 7.5
km west of Makassar, Spermonde Archipelago, South Sulawesi (05°07'S, 119°20'E),
depth = NA, collected May 31, 1994 by ]J.C. den Hartog; RMNH Coel 23411, west
of Gusung (=Lae—Lae Keke) (=1 km northwest of Makassar), Spermonde Archipelago,
South Sulawesi (05°07.5'S, 119°23'E), depth = NA, collected May 31, 1994 by ]J.C.
den Hartog; RMNH Coel 24100, station MALO04, south coast northeast of Cape Ha-
hurong, Ambon, Moluccas (03°47'S, 128°06'E), depth = 2 to 28 m, collected June 6,
1996 by ].C. den Hartog; RMNH Coel 40361, NNM-LIPI-WWF Expedition station
BAL.16, southeast side of Pulau Serangan, Bali (08°44'48"S, 115°14'26"E), depth = to
10 m, collected April 6, 2001 by J. Goud; RMNH Coel 40549, Snellius—II Expedition
station 4.011, reef edge west of Mai, Maisel Islands, Banda Sea (05°28'S, 127°31'E),
depth = 1 to 30 m, collected September 7, 1984; RMNH Coel 40550, Snellius—IT Ex-
pedition station 4.001, near Tawiri, Ambon Bay, Moluccas (03°42'S, 128°07'E), depth
= approx. 1.5 to 8 m, collected September 4, 1984; RMNH Coel 40554, Snellius—II
Expedition station 4.006, near Eri, Ambon Bay, Moluccas (03°45'S, 128°8'E), depth
= approx. 1.5 to 5 m, collected September 4, 1984; RMNH Coel 40556, Snellius—II
Expedition station 4.006, near Eri, Ambon Bay, Moluccas (03°45'S, 128°8'E), depth
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= approx. 1.5 to 5 m, collected August 29, 1984; RMNH Coel 40558, Snellius—II
Expedition station 4.030, west coast of Binongko, Tukang Besi Islands, Banda Sea
(05°55'S, 123°59'E), depth = approx. 3 to 4 m, collected September 10, 1984 by M.
Slierings; RMNH Coel 40566, west side of Pulau Samalona, 7.5 km west of Makassar,
Spermonde Archipelago, South Sulawesi (05°07'S, 119°20'E), depth = NA, collected
February 18, 1994 by B.W. Hoeksema; RMNH Coel 40569, Fauna Malesiana Ma-
rine Sulawesi Expedition station SUL.06, Pantai Parigi, Pulau Lembeh, Selat Lembeh,
North Sulawesi (01°28'N, 125°14'E), depth = 0 to 6 m, collected October 15, 1994
by M. Slierings.

Photographic records (n=6). West side of Pulau Lae-Lae (05°08'05"S,
119°23'15"E), South Sulawesi, May 24, 1997; station MAL.19 (03°43'S, 128°03'E),
Tanjune Batu Dua, east of Hatu, north coast of Ambon Bay, Moluccas, Novem-
ber 19, 1996; station MAL.22 (03°48'S, 128°06'E), southwest coast, east of Tun-
jung Nusanive, Ambon Bay, Moluccas, November 21, 1996; Nusa Penida, Lombok
Strait, east Bali, May 26, 1998 (08°40'56"S, 115°28'56"E); northwest Pulau Sama-
lona, Spermonde Archipelago, South Sulawesi (05°07'25"S, 119°20'10"E), January
12, 1997; western slope of Bone Lola shoal, Spermonde Archipelago, South Sulawesi
(05°03'15"S, 119°21'15"E), April 22, 1998.

Description. Non-incrusted zooxanthellate zoantharian that inhabits the outside
of eunicid worm tubes (Haddon 1895), with a unique asexual form of “budding”
(Ryland 1997). Easily recognizable as it is an epibiont on outside surface of eunicid
worm tube, and has a reduced stoloniferous coenenchyme, long pale yellow-green or
pale purple tentacles (n=approx. 40—50) with occasional fluorescent green markings
and black tips, and light brown/purple to white ectoderm with similarly colored oral
disks (Figure 2A). Preserved specimens in this study had polyps of average 6.0 mm in
height (range 2.5-14 mm), 3.2 mm in width (range 2-5 mm) (n=8 specimens exam-
ined [RMNH Coel 40361, 40549, 40550, 40554, 40556, 40558, 40566, 40569], 10
polyps/specimen), and oral disks approximately 6 mm in diameter when expanded in
situ (partially adapted from Reimer et al. 2011b). Specimen RMNH Coel 40566 had
much larger polyps than other specimens (average height 10.6 mm, average width 4.3
mm), but this may be due to preservation in formalin as opposed to ethanol than to
any phenotypic difference.

Distribution. Regions recorded in this study (Figure 3). East coast of Bali (5),
Spermonde Archipelago (9), Tukang Besi Islands (12), Maisel Islands (13), Moluccas
(14), Lembeh Strait (17).

Previous records. Originally described from Australia, where it has been reported
from both the coast of northern Queensland, and the region around Darwin in the
Northern Territory. Subsequent records reported from North Sulawesi, Indonesia (Sin-
niger et al. 2005, Reimer et al. 2011b), and photographic records from Mactan Island,
Philippines (Reimer et al. 2011b). Also reported from southern Taiwan (Reimer et al.
2011b) and at Ningaloo, Western Australia (Y. Irei and J.D. Reimer, unpubl. data).

Remarks. This genus is positioned within the genus Zoanthus based on phyloge-
netic analyses (Reimer et al. 2011b).
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Genus Zoanthus Lamarck, 1801

2. Zoanthus sansibaricus Carlgren, 1900
Figures 2B, 3

Specimens examined (n=1). RMNH Coel 40476, Rumphius Biohistorical Expedi-
tion station 27, Leitimur, south coast, Hutumuri, Ambon, Moluccas, depth = inter-
tidal, collected November 26, 1990 by M.S.S. Lavaleye.

Photographic records (n=9). Southeast Siberut, West Sumatra (01°44'S, 99°15'E),
December 15, 1996; east Menjangan Island, West Bali (08°05'25"S, 114°31'40"E), May
21,1998; west Pulau Lumu Lumu, Spermonde Archipelago, South Sulawesi (04°58'30"S,
119°12'30"E), October 8, 1997; west Pulau Kudingareng Keke, Spermonde Archipela-
go, South Sulawesi (05°06'20"S, 119°17'03"E), May 29, 1997; northwest Pulau Barang
Lompo, Spermonde Archipelago, South Sulawesi (05°02'35"S, 119°19'10"E), July 21,
1998; south Pulau Samalona, Spermonde Archipelago, South Sulawesi (05°07'45"S,
119°20'25"E), October 27, 1997; west Pulau Lae Lae Besar, Spermonde Archipelago,
South Sulawesi (05°08'15"S, 119°23'10"E), November 12, 1997; northwest Pulau Lae
Lae Keke, Spermonde Archipelago, South Sulawesi (05°07'10"S, 119°23'25"E), Octo-
ber 11, 1997; Station BER.26, northeast Buliulin (south of Samama Island), Berau Is-
lands, East Kalimantan, (02°07'07"N, 118°20'32"E), October 15, 2003.

Description. Can form colonies of up to 1 m? but often forming much smaller
colonies in cracks and small overhangs in intertidal and shallow waters (<5 m). with
polyps well clear and free of the coenenchyme (“liberae”) (Pax 1910, Reimer et al.
2006b). Adult polyps 2—12 mm in diameter when open, up to 20 mm in length but
usually shorter, particularly in locations with strong currents or waves. The sole speci-
men (RMNH Coel 40476) in this study has small polyps (height average 2.8 mm,
range 2—5 mm; width average 2.4 mm, range 1.5-4 mm) within the reported range of
this species. External polyp surface generally uniform, light to dark gray-blue with no
significant markings or patterns. Tentacles 40-58, mesenteries 48—54. Wide variation
in oral disk colors, patterns, and in colors of tentacles (Figure 2B) (Reimer et al. 2004,
2006a) (partially adapted from Reimer and Hickman 2009).

Distribution. Regions recorded in this study (Figure 3). West Sumatra (1),
West Bali (4), Spermonde Archipelago (9), Moluccas (14), Berau Islands (19).

Previous records. This species has previously been reported from Zanzibar (type
locality), Singapore (Reimer and Todd 2009), Taiwan (Reimer et al. 2011c, 2013a),
Palau (Reimer et al. 2014a), southern Japan (Reimer et al. 2004, 2006a, Kamezaki et
al. 2013), and is considered to have a very wide Indo-Pacific distribution.

Remarks. Based on its wide Indo-Pacific distribution, it is very likely that this
zooxanthellate species is much more common within the CIP than reported here. One
possible reason for the lack of records from the CIP is that this species is most com-
monly found in the intertidal zone, which is under-sampled during SCUBA surveys.
However, this species is also found to depths of 52 m (Kamezaki et al. 2013), although
below the shallow littoral zone it rarely forms colonies >100 polyps.
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Additionally, as preserved specimens of Zoanthus are notoriously hard to identify
to species level, the large number of unidentified Zoanthus specimens in this study
undoubtedly include some Z. sansibaricus colonies. This is also likely one important
reason explaining the presence of comparatively more photographic records of this
species in this study, as iz situ identification of colonies with expanded oral polyps is
easier than preserved specimen identification.

This species may be the same as Zoanthus coppingeri Haddon & Shackleton, 1891b
from the Great Barrier Reef, Australia, based on molecular data (Reimer, data not
shown), which has been reported to be a senior synonym of Z. jukesii Haddon &
Shackleton, 1891b, Z. macgillivrayi Haddon & Shackleton, 1891b, Z. annae Carlgren,
1937, Z. mantoni Carlgren, 1937, Z. fraseri Carlgren, 1937, all described from the
Great Barrier Reef based on nematocyst data (Burnett et al. 1997).

3. Zoanthus sp.
Figures 2C, D, 3

Specimens examined (n=10). RMNH Coel 40360, NNM-LIPI-WWF Expedition
station BAL.03, south of tidal channel, Palung Semawang, off Kesumasari Beach, Sa-
nur, Bali (08°42'39"S, 115°16'09"E), depth to 5 m, collected by L. P. van Ofwegen
and M. Slierings on March 31, 2001; RMNH Coel 40457, piers of harbor, Cebu City,
Cebu, Philippines by M. L. Esmeno in 1976 (original label “specimen 196”); RMNH
Coel 40516, Snellius—II Expedition station 27, west side of Bone Tambung, South
Sulawesi (05°03'00"S, 119°15'45"E), depth = 1 m, collected October 23, 1980 by H.
Moll; RMNH Coel 40537, Snellius—II Expedition station 4.139, reef flat edge south
of Tarupa Kecil, northeast Taka Bone Rate (06°30'S, 121°08'E), depth = 30 m, col-
lected September 25, 1984; RMNH Coel 40539, Snellius—II Expedition station 4.011,
reef edge west of Mai, Maisel Islands, Banda Sea (05°28'S, 127°31'E), depth 1 to 30
m, collected September 7, 1984; RMNH Coel 40542, Snellius—II Expedition station
4.084, Selat Linta, east of Komodo I. (08°35'S, 119°34'E), depth = approx. 3 m, col-
lected September 18, 1984; RMNH Coel 40551, Snellius—II Expedition station 4.079,
Selat Linta, east of Komodo 1. (08°35'S, 119°34.2'E), collected September 10, 1984;
RMNH Coel 40560, Snellius—II Expedition station 4.096, northeast cape of Komodo
1. (08°29'S, 119°34.1'E), from “shallow water”, collected September 20, 1984; RMNH
Coel 40564, Fauna Malesiana Marine Sulawesi Expedition station SUL.08, channels
between lava outflows, south of Tanjung Batuangus, Selat Lembeh, North Sulawesi
(01°30'N, 125°15'E), depth 5 to 10 m, collected by M. Slierings on October 16 or
25, 1994; RMNH Coel 40565, Fauna Malesiana Marine Sulawesi Expedition station
SUL.08, channels between lava outflows, south of Tanjung Batuangus, Selat Lembeh,
North Sulawesi (01°30'N, 125°15'E), depth to 10 m, collected on October 16 or 25,
1994.

Photographic records (n=3). West side of Pulau Lae—Lae, Spermonde Archipela-
go, South Sulawesi (05°08'05"S, 119°23'15"E), September 16, 1997; west side of Pu-
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Figure 2. Images of Acrozoanthus and Zoanthus species from photographic records in this study.
A Acrozoanthus australiae at Nusa Penida, Lombok Strait, east Bali, May 26, 1998 B Zoanthus san-
sibaricus at Station BER.26, northeast Buliulin (south of Samama Island), East Kalimantan, Berau

Islands, October 15, 2003 € Zoanthus sp. at west side of Pulau Samalona, Spermonde Archipelago,
South Sulawesi, September 16, 1997; and D Zoanthus sp. west of Gusung (=Pulau Lae—Lae Keke),
Spermonde Archipelago, South Sulawesi, October 11 1997.

lau Samalona, Spermonde Archipelago, South Sulawesi (05°07'25"S, 119°20'10"E),
September 16, 1997; west of Gusung (=Pulau Lae—Lae Keke), Spermonde Archipela-
go, South Sulawesi (05°07.5'S, 119°23'E), October 11, 1997.

Description. This group includes all Zoanthus spp. specimens that could not be
identified to species level (n=10). Almost all of these specimens are ‘liberae’ or ‘inter-
mediae’, with polyps rising out from the coenenchyme (see Pax 1910) (Figure 2C).
One specimen, RMNH Coel 40560, is more ‘immersae’ with polyps only slightly
protruding from the coenenchyme (average height 2.25 mm, width 2.0 mm, n=10).
Overall, polyps for all specimens fit within the range of several described species, with
an average for all specimens of a height of 6.7 mm (range 2-17 mm), and width of
3.3 mm (range 1.5-6 mm) (n=10 specimens). Thus, given the high variation within
Zoanthus species, particularly polyp height based on microenvironment (Ong et al.
2013), and the lack of other diagnostic characteristics, for now these species cannot be
identified to species level. Based solely on sizes, two specimens, RMNH Coel 40542
and 40565, have much larger polyps compared to the other specimens (height 10.3
mm, width 4.3 mm; height 10.8 mm, width 4.4 mm), but whether these are a sepa-
rate species from other specimens or the size difference is due to fixation method in
formalin is unknown.
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Figure 3. Distribution of Acrozoanthus and Zoanthus species from specimens and photographic records
from this study. Acrozoanthus australiae specimens in red, Z. sansibaricus in green, and Zoanthus sp. in
blue. Region numbers correspond to locations given in species’ information. Boxes indicate presence
of specimens (with or without photographic records), while circles indicate only photographic records.
Overlapping symbols indicate the same region.

Distribution. Regions recorded in this study (Figure 3). Eastern Bali (5), Ko-
modo (8), Spermonde Archipelago (9), Taka Bone Rate (11), Maisel Is. (13), Lembeh
Strait. (17).

Previous records. NA.

Remarks. This designation simply consists of all Zoanthus spp. specimens that
could not be identified to species-level. It is likely this designation includes more
than one species based on depths of specimens sampled. However, as preserved speci-
mens were contracted (polyps closed) and many described Zoanthus spp. present no
readily diagnostic external characters, identification to species level is not potentially
possible without detailed molecular examination. Attempts at molecular identifica-
tion also failed for these (and most other specimens), perhaps due to initial preserva-
tion in 10% seawater formalin for older specimens, or in ethanol with additives for
newer specimens.
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Genus Isaurus Gray, 1828

4. Isaurus tuberculatus Gray, 1828
Figures 4A, B, 5

Specimens examined (n=3). RMNH Coel 40472, Rumphius Biohistorical Expedi-
tion station 27, Leitimur, south coast, Hutumuri, Ambon Bay, Moluccas (03°41'50"S,
128°17'00"E), intertidal under stones, collected on November 27, 1990 by J.C. den
Hartog; RMNH Coel 40473, Rumphius Biohistorical Expedition station 27, Leit-
imur, south coast, Hutumuri, Ambon Bay, Moluccas (03°41'50"S, 128°17'00"E), in-
tertidal under stones, collected on November 27, 1990 by J.C. den Hartog;s RMNH
Coel 40567, Fauna Malesiana Marine Sulawesi Expedition station SUL.04, bay south
of Pulau Putus, Lembeh Strait, North Sulawesi (01°31'N, 125°16'E), depth approx. 1
to 2 m, on October 27, 1994 by ].C. den Hartog.

Photographic records. NA.

Description. Species in this genus are zooxanthellate, not incrusted, with a simple
mesogleal sphincter muscle, and have non-erect, recumbent polyps that do not have
lacunae or mesogleal canals, unlike Zoanthus species. Isaurus tuberculatus has tubercles
on the exterior surface of polyps (=endodermal invagination) (Figures 4A, B). For
detailed discussion of L. ruberculatus, refer to Muirhead and Ryland (1985), with phy-
logenetic analyses in Reimer et al. (2008b).

Specimens examined in this study varied greatly in size from relatively large
RMNH Coel 40567 (height 28-31 mm, width = 6-7 mm, n=2 polyps) to relatively
small RMNH Coel 40473 (height average 10.6 mm, width average 2.9 mm, n=7 pol-
yps). However, Jsaurus polyps are known to vary greatly in size both between different
colonies and within large colonies (Larson and Larson 1982; Muirhead and Ryland
1985; Reimer et al. 2008b). Furthermore, the two other valid Pacific Isaurus spp.
asides from 1. ruberculatus are both very distinct from these specimens, and found in
Fiji and southwestern Australia, respectively. Thus, the identity of these specimens as
I tuberculatus is largely certain.

Distribution. Regions recorded in this study (Figure 5). Moluccas (14), Lembeh
Strait (17).

Previous records. Originally described from the West Indies, this species is dis-
tributed throughout the subtropical and tropical Atlantic and Indo-Pacific (e.g. Muir-
head and Ryland 1985), although populations in each ocean basin likely constitute
different species (Reimer et al. 2008a). In the Indo-Pacific, it has previously been
reported from the Great Barrier Reef, Fiji, Hawaii (summarized in Muirhead and Ry-
land 1985), and also from Indonesia (Sinniger et al. 2005), New Caledonia (Laboute
and Richer de Forges 2004), and Japan (Reimer et al. 2008b).

Remarks. As seen in previous studies (Reimer et al. 2008b), it appears from the low
numbers of specimens here that Zsaurus is either somewhat rare throughout its range, or
cryptic in nature (e.g. well-camouflaged), resulting in few reports of this species.



16 James D. Reimer et al. | ZooKeys 444: 1-57 (2014)

Figure 4. Images of Laurus and Neozoanthus species from specimens and photographic records in this study.
A Laurus tuberculatus specimen RMNH Coel 40567 from Fauna Malesiana Marine Sulawesi Expedition sta-
tion SUL.04, bay south of Pulau Putus, Lembeh Strait, North Sulawesi, depth approx. 1 to 2 m, on October
27,1994 by J.C. den Hartog B I tuberculatus specimen RMNH Coel 40472 from Rumphius Biohistorical
Expedition station 27, Leitimur, south coast, Hutumuri, Ambon Bay, Moluccas, intertidal under stones, col-
lected on November 27, 1990 by J.C. den Hartog € Neozoanthus sp. at station WAK.13, southwest tip of To-
landono Island, REA Wakatobi National Park, Wakatobi, Southeast Sulawesi, on May 9, 2003; and D Neozo-
anthus sp. at Lembongan Bay, Nusa Lembongan, Lombok Strait, on May 19, 1998. Scales in A and B 1 cm.

Family Neozoanthidae Herberts, 1972
Genus Neozoanthus Herberts, 1972

5. Neozoanthus sp.
Figures 4C, D, 5

Specimen regions. NA.

Specimens examined. NA.

Photographic records (n=8). Gili Selang, eastern Bali (08°23'55"S, 115°42'30"E),
on June 3, 1998; Lembongan Bay, Nusa Lembongan, Lombok Strait (08°40'25"S,
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Figure 5. Distribution of Zsaurus and Neozoanthus species from specimens and photographic records
from this study. fsaurus muberculatus specimens in red, and Neozoanthus sp. in green. Region numbers cor-
respond to locations given in species’ information. Boxes indicate presence of specimens (with or without
photographic records), while circles indicate only photographic records. Overlapping symbols indicate
the same region.

115°26'18"E), on May 19, 26, 27, 29, 1998 (4 records); Tanjung Taal, Nusa Lembon-
gan, Lombok Strait (08°39'33"S, 115°26'37"E), on May 25, 1998; station WAK.22,
north channel pass of Karang Koromaha, REA Wakatobi National Park, Wakatobi,
Southeast Sulawesi (05°42'54"S, 124°10'53"E), on May 12, 2003; station WAK.13,
southwest tip of Tolandono Island, REA Wakatobi National Park, Wakatobi, South-
east Sulawesi (05°46'35"S, 123°53'38"E), on May 9, 2003.

Description. Unique among zoantharians, species in this genus have an endoder-
mal sphincter with brachycnemic mesentery arrangement. Polyps are only partially
incrusted, with the oral end of polyps lacking incrustation (Figures 4C, D). Phyloge-
netically, this genus is closely related to Jsaurus (within family Zoanthidae). Zooxan-
thellate. Adapted from Herberts (1972), Reimer et al. (2012a).

Distribution. Regions recorded in this study (Figure 5). Eastern Bali (5), Sper-
monde Archipelago (9), Tukang Besi Islands (12), Moluccas (14).

Previous records. Species of this genus have been reported from Madagascar
(Herberts 1972), southern Japan (Reimer et al. 2011a, 2012a, 2013b), and the south-
ern Great Barrier Reef (Reimer et al. 2011a, 2012a).
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Remarks. This genus was originally described from Madagascar with the type spe-
cies V. tulearensis Herberts, 1972. Subsequently, two species have been reported from
Australia and Japan (Reimer et al. 2012a). As no specimens exist, it is impossible to
determine if the Indonesian photographs constitute one or both of the species reported
in Reimer et al. (2012a), or an as of yet undescribed species.

Family Sphenopidae Hertwig, 1882
Genus Palythoa Lamouroux, 1816

6. Palythoa cf. mutuki (Haddon & Shackleton, 1891b)
Figures 6A, B, 7

Specimens examined (n=13): RMNH Coel 40458, harbor pier, Cebu City, Cebu, Philip-
pines, collected in 1976 by M.L. Esmeno; RMNH Coel 40459, harbor pier, Cebu City,
Cebu, Philippines, collected in 1976 by M.L. Esmeno; RMNH Coel. 40468, Rumphius
Biohistorical Expedition station 29, Hitu, Ambon Bay, Ambon, Moluccas (03°38'05"S,
128°12'36"E), depth = intertidal, collected on November 28, 1990 by M.S.S. Lavaleye;
RMNH Coel. 40470, Rumphius Biohistorical Expedition station 4, Leitimur, outer Am-
bon Bay, Wainitu, Moluccas (03°42'10"S, 128°09'15"E), depth = littoral on old shipwreck,
collected on November 7-8, 1990 by H. Strack RMNH Coel. 40475, Rumphius Biohis-
torical Expedition station 27, Leitimur, south coast, Hutumuri, Moluccas (03°41'50"S,
128°17'00"E), depth = intertidal, on November 26, 1990 by M.S.S. Lavaleye; RMNH
Coel. 40514, Fauna Malesiana Maluku Expedition station MAL.15, Ambon Bay, south
coast, cape west of Amahusu, Moluccas (03°44'S, 128°08'E), collected on November 16,
1996; RMNH Coel. 40528, Snellius-II Expedition station 4.096, northeast Komodo, Ko-
modo (08°29'S, 119°34'E), depth = to 30 m, collected on October 26, 1984; RMNH Coel
40532, NNM-LIPI-WWF Bali-Lombok Strait 2001 Expedition station BAL.09, Loloan
Batu Agung, Sanur, eastern Bali (08°43'31"S, 115°15'57"E), depth = 10 to 15 m, collected
on April 3, 2001 by B.W. Hoeksema; RMNH Coel. 40540, Snellius—II Expedition station
4.010, near Tawiri, Ambon Bay, Moluccas (03°42'S, 128°07'E), depth = 1 to 5 m, collect-
ed on September 5, 1984; RMNH Coel. 40559, Snellius—II Expedition sta 4.012, north
Pulau Mai, Maisel Islands, Banda Sea (05°28'S, 127°31'E), depth = 0 to 1.5 m, collected
on 07.09.1984; RMNH Coel. 40561, Snellius-II Expedition station 4.133, east Pulau
Tarupa Kecil, Taka Bone Rate (06°29'S, 121°08'E), depth = 11 m, collected on September
26, 1984; RMNH Coel. 40562, Snellius—II Expedition station 4.096, northeast Komodo,
Komodo (08°29'S, 119°34'E), depth = to 30 m, collected on September 20, 1984; RMNH
Coel. 40741, Rumphius Biohistorical Expedition station 11, Leitimur, Tanjung Nasaniwe,
Moluccas (03°47'10"S, 128°05"20"E), depth = littoral, collected on November 12, 1990;

Photographic records (n=2). Main coast, West Bali (08°06'50"S, 114°30'40"E),
May 22, 1998; west Pulau Bone Batang, South Sulawesi, Spermonde Archipelago
(05°01'00"S, 119°19'15"E), October 22, 1997.
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Description. Originally described from the Torres Strait, Australia, this species
was redescribed in detail in Ryland and Lancaster (2003).

Although all specimens in this grouping match with previously reported P. mu-
tuki based on sizes (average polyp height 9.6 mm, range 3-31 mm, average width
4.8 mm, range 2-8 mm, n=12 specimens) and overall morphology (‘intermediae’
or ‘liberae’ [Pax 1910]; visible capitulary ridges on closed polyps [Ryland and Lan-
caster 2003]) (Figure 6B), we have identified all specimens in this study as “cf.”.
Recent work has shown the presence of more than two closely related species groups
within P. mutuki (Reimer et al. 2006b, 2013a) that are exceedingly difficult to
distinguish without molecular data. For this reason, we have preliminarily assigned
“cf.” to these specimens.

Distribution. Regions recorded in this study (Figure 7). West Bali (4), eastern
Bali (5), Komodo Island (8), Spermonde Archipelago (9), Taka Bone Rate (11), Mai-
sel Islands (13), Moluccas (14), Cebu (21).

Previous records. Ryland and Lancaster (2003) in their treatment of P. mutu-
ki also mentioned records from Fiji, and synonymized records of other species from
Tuvalu (Gemmaria willeyi Hill & Whitelegge, 1898), eastern Australia (G. arenacea
Wilsmore, 1909; P. yongei Carlgren, 1937; P. australiensis Carlgren, 1950) and Singa-
pore (P. singaporensis Pax & Miiller, 1956) with this species. However, asides from the
specimens directly examined by Ryland and Lancaster, there is much confusion over
the true identity of these species. For example, Ryland and Lancaster (2003) them-
selves state that G. willeyi is likely a Zoanthus species based on the figures in the original
description. Ryland and Lancaster state “Probably only the use of genetic methods, so
successfully applied by Burnett ez al. (1997), will settle identities over wide geographic
areas’.

However, in the Pacific, records of this species with phylogenetic confirmation
have previously been reported from the Great Barrier Reef in Australia (Burnett et
al. 1997), Singapore (Reimer and Todd 2009), to the south Pacific coast of Japan
(e.g. Reimer et al. 2006b, 2007b), New Caledonia (Sinniger 2006), and across to the
Galapagos (Reimer and Hickman 2009), and thus it is known that this species has a
very wide Indo-Pacific distribution.

Remarks. This species is likely common in Indonesia as in other regions such as
Okinawa (Irei et al. 2011) and Taiwan (Reimer et al. 2011c). However, species de-
lineation in Palythoa is confused due to the close phylogenetic relationships between
P. mutuki, P. tuberculosa, and some other undescribed species, and a potential reticu-
late evolutionary history (Reimer et al. 2007b, Shiroma and Reimer 2010, M. Miz-
uyama and J.D. Reimer unpubl. data). Furthermore, distinguishing P. muzuki, from
other, more distantly related species such as P. heliodiscus based solely on morphol-
ogy is often difficult (Ryland and Lancaster 2003). For this study, we have included
all “P. mutuki-like” specimens as one species group for convenience, although it is
likely the specimens will encompass more than one species once the taxonomy of
this genus is clarified.
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Figure 6. Images of Palythoa cf. mutuki from specimens and photographic records in this study. A P.

cf. mutuki at west Pulau Bone Batang, South Sulawesi, Spermonde Archipelago, October 22, 1997 B P.
cf. mutuki at main coast, West Bali, May 22, 1998 € Palythoa sp. specimen RMNH Coel 40508, Fauna
Malesiana Maluku Expedition station MAL.13, west coast near Larike, Ambon, Moluccas, depth = 3 m,
collected on November 15, 1996; and D Palythoa sp. specimen RMNH Coel 40512, Pelabuhan Ratu,
Southwest Java, collected on October 13, 1977, by P.H. van Doesburg. Scales in € and D 1 cm.

7. Palythoa sp.
Figures 6C, D, 7

Specimens examined (n=2): RMNH Coel 40508, Fauna Malesiana Maluku Expedi-
tion station MAL.13, west coast near Larike, Ambon, Moluccas (03°43'S, 127°56'E),
depth = 3 m, collected on November 15, 1996; RMNH Coel 40512, Pelabuhan Ratu,
southwest Java (07°01'N, 106°34'E), collected on October 13, 1977, by P.H. van
Doesburg.

Photographic records. NA.

Description. This group consists of two specimens that do not clearly fit with
previously described Palythoa species. Both specimens have dimensions very different
from other Palythoa specimens reported here; whether this is due to unusual fixation
or relaxation methods, or to true phenotypic differences is unknown.

RMNH Coel 40508 (Figure 6C) has very long ‘liberac’ polyps (average 23.6 mm
height, n=4 polyps) that are more robust (average 5 mm, n=4 polyps) than seen in
P. heliodiscus, but with almost no development of the coenenchyme, unlike as in 7.
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Figure 7. Distribution of Palythoa species from specimens and photographic records from this study.
Palythoa cf. mutuki specimens in red, Palythoa sp. in green, P. cf. heliodiscus in blue, P. aff. tuberculosa in
yellow, and P. tuberculosa in pink. Region numbers correspond to locations given in species’ information.
Boxes indicate presence of specimens (with or without photographic records), while circles indicate only
photographic records. Overlapping symbols indicate the same region.

mutuki or other closely related species. As well, this specimen is from 3 meters depth,
a shallower depth than usually seen for P. heliodiscus.

RMNH Coel 40512 (Figure 6D) is a small ‘intermediae’ colony consisting of four
polyps that are squat and robust (average width 8.3 mm, n=3 polyps, height approxi-
mately same as width) with large oral discs (average 12 mm in diameter, n=3 polyps)
with no tentacles visible and a large oral opening.

Distribution. Regions recorded in this study (Figure 7). Southwest Java (2),
Moluccas (14).

Previous records. NA.

Remarks. The morphology of these specimens do not clearly match any described
species from the central Indo-Pacific. In particular, specimen RMNH Coel 40512 is
different than any other zoantharian previously observed by the first author. However,
it is unknown if fixation has resulted in degradation of fine scale structures (e.g. tenta-
cles, which are absent), but the specimen is clearly a zoantharian due to sand encrusta-
tion in body wall.
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8. Palythoa cf. heliodiscus (Ryland & Lancaster, 2003)
Figures 7, 8

Specimens examined (n=2). RMNH Coel 40504, Fauna Malesiana Maluku Expedi-
tion station MAL.12, north coast near Morela, Ambon, Moluccas (03°33'S, 128°12'E),
depth = 35 m, collected on November 13, 1996; RMNH Coel. 40513, Rumphius
Biohistorical Expedition station 24, south Seri Bay, Ambon, Moluccas (03°34'50"S,
128°09'45"E), depth = 12 m, November 22, 1990.

Photographic records (n=13). Pulau Ular, off Padang, West Sumatra
(01°07'05"S, 100°20'02"E), December 16, 1996; Pemuteran, West Bali (08°11'20"S,
114°50'30"E), May 23, 1998; Tulamben, eastern Bali (08°16'26"S, 115°35'28"E),
July 12, 1997; Nusa Lembongan, Lombok Strait (08°40'S, 115°26'E), May 29, 1998;
west side Pulau Samalona, Spermonde Archipelago, South Sulawesi (05°07'25"S,
119°20'10"E), November, 1984; northwest side Pulau Samalona, Spermonde Ar-
chipelago, South Sulawesi (05°07'25"S, 119°20'10"E), November 23, 1997; north-
west Kudingareng Keke, Spermonde Archipelago, South Sulawesi (05°06'15"S,
119°17'10"E), August 6, 1997; west side Pulau Badi, Spermonde Archipelago, South
Sulawesi (04°58'06"S, 119°16'57"E), November 1, 1994; REA Wakatobi National
Park station WAK.18, southwest Pulau Binongko, Southeast Sulawesi, Wakatobi,
Tukang Besi Islands (05°59'48"S, 124°02'55"E), May 10, 2003; REA Wakatobi Na-
tional Park station WAK.22, north channel pass of Karang Koromaha, Southeast
Sulawesi, Wakatobi, Tukang Besi Is. (05°42'54"S, 124°10'53"E), May 12, 2003;
Fauna Malesiana Maluku Expedition station MAL.12, north coast near Morela, Am-
bon (03°33'S, 128°12'E), November 13-14, 1996; East Kalimantan—Berau Expedi-
tion station BER.03, south side of Pulau Derawan, East Kalimantan (02°17'03"N,
118°14'49"E), October 16, 2003; Christensen Research Institute, Madang, Papua
New Guinea (05°09'30"S, 145°48'10"E), June 1992.

Description. This zooxanthellate species was described in detail recently by Ry-
land and Lancaster (2003). Superficially similar in appearance to P. mutuki, externally
the species can be distinguished by its short tentacles (length <20% of oral disk) and
subtidal distribution, compared to primarily intertidal 2. muzuki, which also has long-
er tentacles (-45% of oral disk) (Ryland and Lancaster 2003).

Sizes of specimens agree well with specimens seen in other localities (average polyp
heights 11.3 mm and 17.0 mm for each specimen, range 7-20 mm; average width 3.9
mm and 4.4 mm for each specimen, range 3.5-5.5 mm; n=2 specimens of 8 and 5
polyps, respectively). Depth of collected specimens (12 and 35 m) also fits well with
the description of this species as primarily subtidal in the original description, and
from data in Okinawa, Japan (e.g. Reimer 2010).

Distribution. Regions recorded in this study (Figure 7). West Bali (4), eastern
Bali (5), Spermonde Archipelago (9), Tukang Besi Islands (12), Moluccas (14).

Previous records. Palythoa heliodiscus has been reported from Australia (Ryland
and Lancaster 2003) and is likely widespread in the Indo-Pacific (Ryland and Lancaster
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Figure 8. Images of Palythoa cf. heliodiscus from photographic records in this study. A P. cf. heliodiscus

at the northwest side of Pulau Samalona, Spermonde Archipelago, South Sulawesi, November 23, 1997
B P. cf. heliodiscus at the south side of Pulau Derawan, East Kalimantan, October 16, 2003 C P. cf.
heliodiscus at REA Wakatobi National Park station WAK.22, north channel pass of Karang Koromaha,
Southeast Sulawesi, Wakatobi, Tukang Besi Is., May 12, 2003; and D P. cf. heliodiscus at REA Wakatobi
National Park station WAK.18, Southwest Pulau Binongko, Southeast Sulawesi, Wakatobi, Tukang Besi
Islands, May 10, 2003.

2003 and references within), as well as Japan (Reimer et al. 2006b), Palau (Reimer et al.
2014a), while P. toxica Walsh & Bowers, 1971 has been reported from Hawai’i.

Remarks. We have identified all specimens here as “cf.” as in situ images (Figure 8)
there are two different morphotypes. One morphotype matches with Palythoa heliodiscus,
with a brown oral disk with no patterns (Figures 8A, B), while the other morphotype’s
polyps have either green or purple oral disks with various semi-irregular patterns, as well
as blue/gray or light orange tentacles (Figures 8C, D). Based on data from Okinawa and
Australia, both of these morphotypes are almost identical asides from the oral disk colora-
tion and small but consistent differences in ITS—rDNA (T. Nishimura and J.D. Reimer,
unpubl. data) that may be either intraspecific or interspecific. Thus, it is still uncertain
if the green/purple morphotype is an undescribed species or not (Reimer et al. 2014a).

Furthermore, the overall morphology of the green/purple morphotype closely re-
sembles P. toxica from Hawai’i, and whether these Indonesian specimens are P. foxica
or P. heliodiscus, and if these two species are synonyms needs to be ascertained before
any formal description occurs. In situ images and further DNA sequences are therefore
needed from future specimens.
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9. Palythoa aff. tuberculosa (Esper, 1805)
Figures 7, 9A

Specimens examined (n=1). RMNH Coel 40521, Snellius Expedition, Pulau Haroe-
koe, east of Ambon, Ambon, Moluccas, collected on May 03-07, 1930.

Photographic records. NA.

Description. This specimen superficially resembles zooxanthellate Palythoa sp.
yoron sensu Shiroma and Reimer (2010) with its very well developed coenenchyme
and ‘intermediae—immersae’ morphology (Figure 9B). However, there are some differ-
ences between this specimen and 2. sp. yoron from Okinawa. The current specimen
consists of two large portions of colonies consisting of >50 polyps, while 2. sp. yoron
usually is found in very small colonies of <10 polyps. As well, . sp. yoron consists of
a very well developed coenenchyme from which all individual polyps partially emerge,
while the current specimen appears to consist more of large robust polyps that have
merged together at many locations, but not at others, giving the specimen the ap-
pearance of P. ruberculosa from the top, and often of P. mutuki from side angles. On
the other hand, P. sp. yoron has an appearance, although intermediate between P.
tuberculosa and P. mutuki, unique to and of itself. Polyps’ height (when not merged)
is approximately 7.0 mm, and average width is 7.3 mm (n=10 polyps). Thus, for now,
this specimen is identified as P. aff. ruberculosa. For details on P. tuberculosa, refer to
the relevant species section below.

Distribution. Regions recorded in this study (Figure 7): Moluccas (14).

Previous records: NA.

Remarks. This specimen is unlike any other previous specimen observed in the
field or museums by the first author. Unfortunately, as it was collected in 1930, at-
tempts to acquire utilizable DNA sequences able to distinguish this specimen’s affinity
were unsuccessful, and identification was made on gross morphology alone.

10. Palythoa tuberculosa Esper, 1805
Figures 7, 9B

Specimens examined (n=31). RMNH Coel 40465, Rumphius Biohistorical Ex-
pedition station 11, Leitimur, Tanjung Nasaniwe, Ambon, Moluccas (03°47'10"S,
128°05'20"E), depth = 2—5 m, collected on November 12, 1990; RMNH Coel 40466,
Rumphius Biohistorical Expedition station 30, Hitu, Baguala Bay, Suli, Ambon, Mo-
luccas (03°37'40"S, 128°17'50"E), collected on November 29, 1990; RMNH Coel
40467, Rumphius Biohistorical Expedition station 15, Hitu, Baguala Bay, 0.5 km
west of Tial, Ambon, Moluccas (03°38'20"S, 128°19'40"E), depth = 2 m, collected
on November 13-14, 1990; RMNH Coel 40471, Rumphius Biohistorical Expedition
station 4, Leitimur, Ambon Bay, outer bay, Wainitu (near Ambon City), Ambon,
Moluccas (03°42'10"S, 128°09'15"E), littoral on old shipwreck, collected on Novem-
ber 7-8, 1990 by H. Strack; RMNH Coel 40474, Rumphius Biohistorical Expedi-
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tion station 27, Leitimur, south coast, Hutumuri, Ambon, Moluccas (03°41'50"S,
128°17'00"E), depth = 1 to 3 m, collected on November 27, 1990 by J.C. den Hartog;
RMNH Coel 40505, south side of Barang Lompo, Spermonde Archipelago, South
Sulawesi (05°03'23"S, 119°19'45"E), depth = 18 m, collected on October 18, 1980,
by H. Moll; RMNH Coel 40511, west side of Pulau Samalona, Spermonde Archi-
pelago, South Sulawesi (05°07'25"S, 119°20'10"E), depth = 2.5 m, collected on Sep-
tember 4, 1980 by H. Moll; RMNH Coel. 40517, west side of Pulau Samalona, Sper-
monde Archipelago, South Sulawesi (05°07'25"S, 119°20'10"E), depth = 2.5 m, col-
lected on September 4, 1980 by H. Moll; RMNH Coel 40519, Snellius Expedition,
Rumabh Fija, Bo Islands, Halmahera Sea, collected on October 7, 1930; RMNH Coel
40522, Snellius Expedition, Sulu Islands, Philippines, collected on September 11-17,
1930; RMNH Coel 40523, Snellius Expedition, probably Indonesia, no locality data;
RMNH Coel 40524, Snellius—1I Expedition station 4.011, reef edge west of Mai,
Maisel Islands, Banda Sea (05°28'S, 127°31'E), depth = 1-30 m, collected on Sep-
tember 7, 1984; RMNH Coel 40526, Snellius—II Expedition station 4.030, west coast
of Pulau Binongko, Southeast Sulawesi, Tukang Besi Islands, Wakatobi (05°55'S,
123°59'E), depth approx. 2 m, September 10, 1984; RMNH Coel 40527, Snellius—II
Expedition station 4.030, west coast of Pulau Binongko, Southeast Sulawesi, Tukang
Besi Islands, Wakatobi (05°55'S, 123°59'E), depth approx. 0.5 m, September 10,
1984; RMNH Coel 40529, Snellius—II Expedition station 4.030, west coast of Pulau
Binongko, Southeast Sulawesi, Tukang Besi Islands, Wakatobi (05°55'S, 123°59'E),
depth approx. 8 m, September 10, 1984; RMNH Coel 40530, Snellius—II Expedi-
tion station 4.071, Slawi Bay, east Komodo, Komodo (08°34'30"S, 119°31'18"E),
depth sublittoral, collected on September 17, 1984; RMNH Coel 40531, Snellius—II
Expedition station 4.030, west coast of Pulau Binongko, Southeast Sulawesi, Tukang
Besi Islands, Wakatobi (05°55'S, 123°59'E), depth approx. 3 to 4 m, September 10,
1984; RMNH Coel 40534, Snellius—II Expedition station 4.169, reef north of Pulau
Bahuluang, Southwest Salayer, Salayer Island, South Sulawesi (06°27'S, 120°26'E),
collected on September 30, 1984; RMNH Coel 40535, Snellius—II Expedition station
4.059, off Melolo, northeast Sumba (09°52'30"S, 120°40'18"E), collected on Sep-
tember 14, 1984; RMNH Coel 40541, Snellius—II Expedition station 4.006, Ambon
Bay near Eri, Ambon, Moluccas (03°45'S, 128°08'E), depth approx. 3 m, collected
on August 29, 1984; RMNH Coel 40543, Snellius—II Expedition station 4.006, Am-
bon Bay near Eri, Ambon, Moluccas (03°45'S, 128°08'E), depth = 0 to 10 m, col-
lected on August 29, 1984; RMNH Coel 40548, Snellius—II Expedition station 4.052,
east of Melolo, northeast Sumba (09°55'S, 120°45'E), depth approx. 3 m, collected
on September 13, 1984; RMNH Coel 40552, Snellius—II Expedition station 4.048,
east of Melolo, northeast Sumba (09°54'00"S, 120°43'30"E), depth = 12 m, collected
on September 14, 1984; RMNH Coel 40553, Snellius—II Expedition station 4.096,
northeast cape, Komodo (08°29'S, 119°34'E), depth to 30 m, collected on Septem-
ber 20, 1984; RMNH Coel 40555, Snellius—II Expedition station 4.096, northeast
cape, Komodo (08°29'S, 119°34'E), depth to 30 m, collected on September 20, 1984;
RMNH Coel 40557, Snellius—II Expedition station 4.096, northeast cape, Komo-
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do (08°29'S, 119°34'E), depth = “shallow water”, collected on September 20, 1984;
RMNH Coel 40568, northwest of Pulau Kapoposang, Spermonde Archipelago, South
Sulawesi (04°41'40"S, 118°54'55"E), collected on May 2, 1998 by B.W. Hoeksema;
RMNH Coel 40769, Snellius Expedition, Eude, South Flores, collected on March
6-8, 1930; RMNH Coel 40770, Snellius Expedition, Maratua, Berau Islands, East
Kalimantan, collected on October 14-17, 1930; RMNH Coel 40771, Snellius Expe-
dition, Maratua, Berau Islands, East Kalimantan, collected on October 14—17, 1930;
RMNH Coel 40772, Snellius—II Expedition station 4.006, Ambon Bay near Eri, Am-
bon, Moluccas (03°45'S, 128°08'E), depth = 0 to 10 m, collected on August 29, 1984.

Photographic records (n=12). Pemuteran, West Bali (08°08'S, 114°41'E), May
20, 1998; Pemuteran, West Bali (08°08'S, 114°41'E), May 23, 1998; Napoleon Reef,
West Bali (08°08'S, 114°41'E), May 20, 1998; Nusa Lembongan, Lombok Strait, East
Bali, July 13, 1997; Nusa Lembongan, Lombok Strait, east Bali, July 19, 1997; Nusa
Lembongan, Lombok Strait, east Bali, May 26, 1998; south of Pulau Samalona, Sper-
monde Archipelago, South Sulawesi (05°07'45"S, 119°20'25"E), October 27, 1997;
northwest Pulau Samalona, Spermonde Archipelago, South Sulawesi (05°07'25"S,
119°20'10"E), November 25, 1997; Fauna Malesiana Maluku Expedition station
MAL.12, north coast near Morela, Ambon, Moluccas November 13, 1996; North
Sulawesi, Bunaken, (01°36'N, 124°47'E), April 9, 1996; Cebu, Philippines, Novem-
ber 21, 1998; Madang, Papua New Guinea, June 1992.

Description. This zooxanthellate species was originally described from India (Es-
per 1805), and subsequently redescribed utilizing specimens from the Red Sea (Klun-
zinger 1877). Recent work by Hibino et al. (2013) indicates the species may include
some junior synonyms, and has a wide distribution across the subtropical and tropical
Indo-Pacific. Polyps are embedded within a well-developed coenenchyme (‘immersae’,
Pax 1910), and colonies vary in color from fluorescent green-yellow to dark brown or
even ochre (Figure 9A).

Specimens in this study averaged 4.7 mm in polyp diameter (n=29 specimens),
ranging from 2 to 8 mm. One specimen, RMNH Coel 40553, was notable for its
very small polyps (average diameter 2.4 mm, n=10 polyps). Other colonies ranged
from 3.1 to 6.5 mm in average diameter, similar to previous reported sizes. All speci-
mens were ‘immersae’. Generally, morphology fit well within the accepted range of
P. tuberculosa (see Table 1 in Hibino et al. 2013), although some specimens’ polyps
were somewhat smaller than previously observed. These smaller sizes may also be
partly due to preservation methods.

Distribution. Regions recorded in this study (Figure 7). West Bali (4), east Bali
(5), northeast Sumba (6), south Flores (7), Komodo (8), Spermonde Archipelago (9),
Salayer Island (10), Tukang Besi Islands (12), Maisel Islands (13), Moluccas (14), Bo Is-
lands (15), Bunaken (18), Berau Islands (19), Sulu Islands (20), Cebu (21), Madang (22).

Previous records. This species has been phylogenetically confirmed as distributed
over the entire subtropical and tropical Indo-Pacific, from at least the Red Sea to Sin-
gapore (Reimer and Todd 2009), Taiwan (Reimer et al. 2011c), Japan (e.g. Reimer et
al. 2006a), New Caledonia (Sinniger 2006), and the Galapagos Islands (Reimer and
Hickman 2009).
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Figure 9. Images of Palythoa tuberculosa and P aff. muberculosa from specimens and photographic records
in this study. A P aff. tuberculosa specimen RMNH Coel 40521, Snellius Expedition, Sulu Islands, Philip-
pines, collected on September 11-17, 1930; and B P. suberculosa at Madang, Papua New Guinea, June
1992. Scale in A 1 cm.
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Remarks. It is highly likely this species is the senior synonym of P. caesia Dana,
1846 (Hibino et al. 2013), described from Fiji and commonly reported from Australia
(Burnett et al. 1997). This species is also part of the P. tuberculosa—P. mutuki species
complex (Reimer et al. 2007b, M. Mizuyama and J.D. Reimer unpubl. data).

Genus Sphenopus Steenstrup, 1856

11. Sphenopus marsupialis (Gmelin, 1791)
Figures 10A, B, 11

Specimens examined (n=2). RMNH Coel 40506, East Kalimantan—Berau Expedition
station BER.14, lighthouse northeast side of Pulau Panjang, Berau Islands, East Ka-
limantan (02°23'14"N, 118°12'34"E), depth = 12 m, collected on October 09, 2003
by B.W. Hoeksema; RMNH Coel 40509, East Kalimantan—Berau Expedition station
BER.0O1, east side of Pulau Derawan, Berau Islands, East Kalimantan (02°17'32"N,
118°15'43"E), depth = 14 m, collected on October 11, 2003 by B.W. Hoeksema.

Photographic records (n=7). west Pulau Barang Caddi, Spermonde Archi-
pelago, South Sulawesi (05°05'08"S, 119°18'55"E), October 06, 1997; east Bone
Lola shoal, Spermonde Archipelago, South Sulawesi (05°03'15"S, 119°21'30"E),
October 27, 1997; east Pulau Kudingareng Keke, Spermonde Archipelago, South
Sulawesi (05°06'15"S, 119°17'35"E), September 17, 1997; north Pulau Kudingareng
Keke, Spermonde Archipelago, South Sulawesi (05°06'07"S, 119°17'15"E), Octo-
ber 1, 1997; station BER.O1, east Pulau Derawan, East Kalimantan, Berau Islands
(02°17'32"N, 118°15'43"E), October 11, 2003; station BER.14, lighthouse northeast
Pulau Panjang Island, East Kalimantan, Berau Islands (02°23'14"N, 118°12'34"E),
October 9, 2003; station BER.24, southeast Pulau Samama, East Kalimantan, Berau
Islands (02°07'51"N, 118°20'23"E), October 15, 2003.

Description. The type species of the azooxanthellate genus Sphenopus, this species
has an Indo-West Pacific distribution (Reimer et al. 2012b). Uniquely for the order,
species in this genus are unitary (not colonial), and usually free-living, as they are not
attached to substrate, and instead embedded in sand or loose gravel/substrate (Figures
10A, B). Individuals can often grow to large sizes (for zoantharians); up to several cm in
both length and polyp diameter. Taxonomic examination of this genus is quite limited,
with only two recent studies (Soong et al. 1999, Reimer et al. 2012b), both of which
clearly state that further research is needed to more clearly understand this group.

Specimen RMNH Coel 40506 consists of seven polyps, with an average height of
24.4 mm (range 18.5 to 30 mm), and an average width of 8.4 mm (range 6 to 11 mm).
The non-peduncle portions of the polyps are 15-20 mm in height, with the remainder
made up of peduncle.

Specimen RMNH Coel 40506 has some polyps (five of seven) somewhat different
in morphology from RMNH Coel 40509 and other Naturalis S. marsupialis specimens
from the Indian Ocean. These polyps have regularly spaced small round “tubercles”
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(approx. 1 mm in diameter) on the upper half of their scapus arranged in vertical lines
(n=8-14 vertical tubercle lines on each polyp, with 6-10 tubercles per line), making
this portion of the polyp appear furrowed. As well, polyps have a small, stubby “pe-
duncle” (2 to 5 mm in width) that is not attached to any hard substrate, intermediate
between S. marsupialis with its completely rounded bottom end and S. pedunculatus
with its long, attached peduncle. For now, we identify these specimens as S. marsupia-
lis as their peduncles were not attached to the substrate, but it is clear more examina-
tion of these specimens is needed.

Specimen RMNH Coel 40509 consists of two polyps of different sizes, with the
smaller one being 16 by 5 mm, and the larger one 24 by 15 mm. Both polyps have
no peduncle and are tapered. Both polyps are somewhat rugged on their outer sur-
face, with no discernable tubercles, and have intermittent (=not one clear stripe) small
darker vertical patterns in between the capitulary ridges only on the top 3-5 mm of
the oral end of polyps.

Distribution. Regions recorded in this study (Figure 11). Spermonde Archi-
pelago (9), Berau Islands (19).

Previous records. This species has been reported from many locations in the Indo-
West Pacific, including Taiwan (Soong et al. 1999) and Brunei Darussalam (Reimer
et al. 2012b).

Remarks. Specimen RMNH Coel 40506 may be similar to a putative undescribed
Sphenopus species mentioned in Soong et al. (1999) from Taiwan based on its smaller size.

12. Sphenopus pedunculatus Hertwig, 1888
Figures 10C, D, 11

Specimens examined (n=2). RMNH Coel 40507, Kepulauan Seribu Expedition sta-
tion SER.29, north side of Pulau Tikus, Thousand Islands off Jakarta, northwest Java
(05°51'13"S, 106°34'43"E), depth = 30 m, collected on September 18, 2005 by B.W.
Hoeksema; RMNH Coel 40510, East Kalimantan—Berau Expedition station BER.03,
south side of Pulau Derawan, East Kalimantan (02°17'03"N, 118°14'49"E), depth =
15 m, collected on October 21, 2003 by B.W. Hoeksema.

Photographic records (n=2). Images of RMNH Coel. 40507 and RMNH Coel
40510 as above.

Description. This azooxanthellate species was originally described from the Philip-
pines, and has not been reported in the literature for over 80 years, excepting two brief
mentions in Reimer et al. (2012b). Easily discernable from other Sphenopus species
by the presence of a ‘foot’ (=peduncle) that is attached to substrate (e.g. small rocks).

The two specimens here varied in length from 33 to 62 mm in polyp length, and
had a width between 9 to 11 mm (polyp head). The “swollen”, non-peduncle part of
the polyp was between 15 to 20 mm in height, with the remainder of the length made
up of the peduncle, which was between 0.5 to 3 mm in width. RMNH Coel 40507
polyps were generally smooth in appearance, while the upper portions of polyps of
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Figure 10. Images of Sphenopus species from photographic records in this study. A S. marsupialus at east

Bone Lola shoal, Spermonde Archipelago, South Sulawesi, October 27, 1997 B S. marsupialus at station
BER.14, lighthouse northeast Pulau Panjang Island, East Kalimantan, Berau Islands, October 9, 2003
C S. pedunculatus specimen RMNH Coel 40507, Kepulauan Seribu Expedition station SER.29, north
side of Pulau Tikus, Thousand Islands off Jakarta, northwest Java, depth = 30 m, collected on September
18, 2005 by B.W. Hoeksema; and D S. pedunculatus specimen RMNH Coel 40510, East Kalimantan—
Berau Expedition station BER.03, south side of Pulau Derawan, East Kalimantan, depth = 15 m, col-
lected on October 21, 2003 by B.W. Hocksema.

RMNH Coel 40510 were somewhat rugged, with small round tubercules 0.5 mm in
diameter roughly arranged in vertical lines. The spaces between these small tubercules
were colored a much darker color than the remainder of the polyps’ outer surfaces. The
peduncle of specimens and images (Figure 10C) are much thinner and longer than
the sketch in Hertwig (1888). However, so few data are available for this (and other
Sphenopus species) that currently nothing is known about intraspecific variation, and
for now, we group these two specimens within this species.

Distribution. Regions recorded in this study (Figure 11). Northwest Java (3),
Berau Islands (19).

Previous records. This species was originally described from the Philippines, but
has not been mentioned in recent literature (except for Reimer et al. 2012b), and
hence very little is known on its distribution or ecology.

Remarks. It is unknown as to whether the peduncle is a morphological charac-
teristic that forms only when there is a hard substrate available, and this needs to be
investigated to confirm this is truly a different species from S. marsupialis.
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Figure I 1. Distribution of Sphenopus species from specimens and photographic records from this study.
Sphenopus marsupialus specimens in red, and S. pedunculatus in green. Region numbers correspond to lo-
cations given in species’ information. Boxes indicate presence of specimens (with or without photographic
records), while circles indicate only photographic records. Overlapping symbols indicate the same region.

Suborder Macrocnemina Haddon & Shackleton, 1891a
Family Hydrozoanthidae Sinniger, Reimer & Pawlowski, 2010
Genus Hydrozoanthus Sinniger, Reimer & Pawlowski, 2010

13. Hydrozoanthus gracilis (Lwowsky, 1913) sensu Di Camillo et al. (2010)
Figures 12A, B, 13

Specimens examined (n=3). RMNH Coel 40692, Snellius-II Expedition station
4.098, East Komodo, Komodo (08°29'54"S, 119°38'06"E), depth = 75 m, collected
on September 19, 1984 by rectangular dredge; RMNH Coel. 40518, Snellius—II Expe-
dition station 4.022, north Pulau Mai, Maisel Islands, Banda Sea (05°29'S, 127°32'E),
depth = 0 to 1.5 m, collected on September 7, 1984; RMNH Coel 3816, Snellius
Expedition, Sipankat Island, near Siburu Island, Sulu Islands, Philippines, collected
on September 10-14, 1929.

Photographic records (n=5). Southwest Nusa Penida, eastern Bali (08°49'S,
115°34"E), May 25, 1998; Desa Ped, Nusa Penida, Lombok Strait, east Bali
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(08°40'28"S, 115°30'50"E), May 25, 1998; east Tanjung Taal, Nusa Lembongan,
Lombok Strait, east Bali (08°39'33"S, 115°26'37"E), May 24, 1998; Fauna Male-
siana Maluku Expedition station MAL.21, west of Lilibooi, north coast Ambon
Bay, Ambon, Moluccas (03°44'S, 128°02'E), November 20, 1996; East Kalimantan
Program station BER.16, northeast Pulau Maratua, East Kalimantan, Berau Islands
(02°17'29"N, 118°35'29"E), October 10, 2003.

Description. As originally and previously described (Di Camillo et al. 2010), this
azooxanthellate, colonial species is found as an epibiont on hydrozoans, particularly
Plumularia habereri Stechow, 1909. In this study, this species consists of only one
morphotype, with a gray to brown scapus, and reddish-brown oral disk and tentacles
(Figure 12B). The appearance matches well with the morphotype of the species ob-
served by Di Camillo et al. (2010).

In this study, measurements are only available for two specimens, with polyps
averaging 2.4 mm in height and 2.1 mm in width. These data also fit well with Di
Camillo et al. (2010), who mention polyp heights of 2-5 mm, widths of 1.6 to 3 mm,
with 32 tentacles and mesenteries.

Distribution. Regions recorded in this study (Figure 13). East Bali (5), Komodo
Island (8), Maisel Islands (13), Moluccas (14), Berau Islands (19), Sulu Islands (20).

Previous records. Originally reported from Sagami Bay, Japan (Lwowsky 1913),
and subsequently reported from Taiwan (Reimer et al. 2011c), New Caledonia (Sin-
niger 20006), and Indonesia (Sinniger et al. 2005, Di Camillo et al. 2010). It appears
this species has an Indo-West Pacific distribution.

Remarks. This morphotype differs from the other known morphotype of the spe-
cies (sensu Carlgren 1934) associated with this binomen, which is yellow in coloration.
The original description of the species from Sagami Bay, Japan by Lwowsky (1913)
was of a “gray, sandy” morphotype, but this was preserved in formalin, and thus could
be either morphotype discussed here, or even a different one altogether. Phylogenetic
analyses have shown subtle differences of sequences of specimens within this species
(Sinniger et al. 2008), indicating that taxonomic revision may be needed in the future
for this species group.

14. Hydrozoanthus sp. 1
Figures 12C, 13

Specimens examined. NA.

Photographic records (n=1). Balicasag Island, Cebu Strait, Philippines
(09°31'01"N 123°41'04”E), November 21, 1999.

Description. Similar to H. gracilis above, this azooxanthellate, colonial species is
found as an epibiont on Plumularia habereri. As described in Di Camillo et al. (2010;
as Parazoanthus sp.), this species has much smaller polyps than H. gracilis, forming
colonies only on the main branch(es) of PL habereri colonies. Polyps are much less in-
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Figure 12. Images of Hydrozoanthus species from photographic records in this study. A H. gracilis from
Fauna Malesiana Maluku Expedition, station MAL.21, west of Lilibooi, north coast Ambon Bay, Ambon,
Moluccas, November 20, 1996 B H. gracilis at Southwest Nusa Penida, east Bali, May 25, 1998 C Hy-
drozoanthus sp. 1 at Balicasag Island, Cebu Strait, Philippines, November 21, 1999; and D Hydrozoanthus
sp. 2 at East Kalimantan Program station BER.20, Tanjung Pandan shoal, Southwest of Pulau Panjang,
East Kalimantan, Berau Islands, October 22, 2003.

crusted than H. gracilis. The Pl habereri colonies hosting this species are much bigger
than those with H. gracilis, as shown by (Di Camillo et al. 2010). Red scapus with yel-
low tentacles, 22 to 24 tentacles slightly longer than oral disk diameter (Figure 12C).
Distribution. Regions recorded in this study (Figure 13). Cebu (21).
Previous records. Reported from Bunaken, North Sulawesi, in Di Camillo etal. (2010).
Remarks. This undescribed species was informally and well described by Di
Camillo et al. (2010) as “Parazoanthus sp.”. Specimens and DNA sequences are need-
ed to properly describe this species.

15. Hydrozoanthus sp. 2
Figures 12D, 13

Specimens examined. NA.

Photographic records (n=1). East Kalimantan Program station BER.20, Tan-
jung Pandan shoal, southwest of Pulau Panjang, East Kalimantan, Berau Islands
(02°19'15"N, 118°06'33"E), October 22, 2003.
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Figure 13. Distribution of Hydrozoanthus species from specimens and photographic records from this
study. Hydrozoanthus gracilis specimens in red, Hydrozoanthus sp. 1 in green, and Hydrozoanthus sp. 2
in blue. Region numbers correspond to locations given in species’ information. Boxes indicate presence
of specimens (with or without photographic records), while circles indicate only photographic records.

Overlapping symbols indicate the same region.

Description. Similar to H. gracilis and Hydrozoanthus sp. 1 above, this azooxanthel-
late, colonial species is found as an epibiont on Plumularia habereri. Similar to Hydro-
zoanthus sp. 1, this completely white species has much smaller polyps than H. gracilis,
forming colonies only on the main branch(es) of PL habereri colonies (Figure 12D).
Polyps are much less incrusted than H. gracilis.

Regions recorded in this study (Figure 13). Berau Islands (19).

Previous records. NA.

Remarks. This undescribed species may be a different colored morphotype of
Hydrozoanthus sp. 1 (above) informally described by Di Camillo et al. (2010) as
“Parazoanthus sp.”. Specimens and DNA sequences are needed to properly describe
this species.
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Genus Terrazoanthus Reimer & Fujii, 2010

16. Terrazoanthus sp. 1
Figures 14A, B, 15

Specimens examined (n=1). RMNH Coel 40469, Fauna Malesiana Maluku Expedi-
tion station MAL.05, Leitimur, outer Ambon Bay, Tanjung Bentang, Ambon, Moluccas
(03°35'S, 128°05'E), depth = NA, collected on November 7, 1996 by J.C. den Hartog.

Photographic records (n=1). West Pulau Badi, Spermonde Archipelago, South
Sulawesi (04°58'06"S, 119°16'57"E), September 29, 1997.

Description. Azooxanthellate. Polyps well free and clear of coenenchyme. Outer
surface of polyps covered with dense incrustation of irregularly sized sand particles,
reminiscent of Microzoanthus sp. Oral disk semi-translucent with dark, almost black
coloration, except for oral opening, which is much lighter in color. 40 to 50 tenta-
cles, at least as long as oral disk diameter, with same blackish coloration as oral disk,
with terminal 1/4 whitish in coloration. Colonies attached to non-living substrate.
Specimen RMNH Coel 40469 is apparently a fragment of a whole colony, while the
photographic record shows a colony of approximately 50 polyps arising from a com-
mon coenenchyme (Figure 14A). The single specimen had polyps averaging 6.8 mm
in length (n=3) and 3.1 mm in width (n=6).

Figure 14. Images of Terrazoanthus species from photographic records in this study. A and B ZTerrazo-

anthus sp. 1 at the west side of Pulau Badi, Spermonde Archipelago, South Sulawesi, September 29, 1997;
and C and D Terrazoanthus sp. 2 at the west side of Bone Lola shoal, Spermonde Archipelago, South
Sulawesi, April 22, 1998.
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Figure 15. Distribution of Terrazoanthus species from specimens and photographic records from this study.
Terrazoanthus sp. 1 specimens in red, and Terrazoanthus sp. 2 in green. Region numbers correspond to lo-
cations given in species’ information. Boxes indicate presence of specimens (with or without photographic
records), while circles indicate only photographic records. Overlapping symbols indicate the same region.

Distribution. Regions recorded in this study (Figure 15). Spermonde Archi-
pelago (9), Moluccas (14).

Previous records. None, although similar undescribed specimens have been pho-
tographed in the Philippines (P. Poppe, pers. comm.), and collected from Okinawa,
Japan (Reimer, unpubl. data), indicating a potential West Pacific distribution.

Remarks. This species is similar in appearance but different in coloration to 7.
onoi from the Galapagos and west coast of Central and South America.

17. Terrazoanthus sp. 2
Figures 14C, D, 15

Specimens examined. NA.

Photographic records (n=1). West Bone Lola shoal, Spermonde Archipelago,
South Sulawesi (05°03'15"S, 119°21'15"E), April 22, 1998.

Description. With only a single photographic record available, even an informal
description of this undescribed species is limited. Asides from yellow coloration, this
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species is outwardly similar to 7errazoanthus sp. 1 above. Polyps appear to be more
crowded than in Terrazoanthus sp. 1, with 40 to 54 yellow tentacles longer than oral
disk diameter (Figure 14D).

Regions recorded in this study (Figure 15). Spermonde Archipelago (9).

Overall distribution. Unknown, although similar specimens have been photo-
graphed in the Philippines (P. Poppe, pers. comm.).

Remarks. This species has been traded in the aquarium trade as “yellow polyps”,
and is thought to be distributed primarily in Indonesia, yet no museum specimens
exist, preventing this species from being formally described. Colonies often appear to
be intermixed with Zoanthus spp. colonies in shallow water (J.D. Reimer, pers. obs.).
Although undescribed, this putative species has been placed with the genus Zerrazo-
anthus based on DNA sequences acquired from aquarium trade polyps (Sinniger et al.
2005, Reimer and Fujii 2010).

Family Parazoanthidae Delage & Hérouard, 1901

18. Parazoanthidae sp. 1
Figures 16A, B, 17

Specimens examined (n=2). RMNH Coel 40766, Fauna Malesiana Maluku Ex-
pedition station MAL.09, southwest coast, Ambon, Latuhalat, Moluccas (03°46'S,
128°06'E), depth = to 24 m, collected on November 11, 1996; RMNH Coel 40768,
Snellius Expedition, Pulau Bo Islands, Halmahera Sea, collected on October 5, 1930.

Photographic records (n=1). Station BER.30, north of Lighthouse 1 Reef, south
of Pulau Derawan, East Kalimantan, Berau Islands (02°16'02"N, 118°14'23"E), Oc-
tober 22, 2003.

Description. Azooxanthellate, epibiotic on Keroeides sp., polyps approximately
the same height as width (approximately 1-3 mm), connected by coenenchyme vis-
ible on the outer surface of the octocoral colony. Polyps numerous, placed between
smaller octocoral polyps, pale yellow in coloration, with outer surface of polyps
slightly reddish in color similar to host octocoral. Tentacles relatively short, ap-
proximately half of the oral disk diameter, also pale yellow, and approximately 20 in
number (Figure 16A).

Specimen RMNH Coel 40766 is larger than RMNH Coel 40768 (polyp average
width 2.6 mm vs 1.6 mm, respectively). However, the latter specimen is quite old (from
the original Snellius Expedition) and this difference may be due to fixation methods.

Distribution. Regions recorded in this study (Figure 17). Moluccas (14), Bo
Islands (15), Berau Islands (19).

Previous records. NA.

Remarks. Only two specimens and one photographic record of this undescribed
species exist. However, these records are each from different expeditions, and it is rea-
sonable to expect that this species is at least distributed in the Banda and Celebes Seas.
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Figure 16. Images of Parazoanthidae sp. 1 and Parazoanthidae sp. 2 from specimens and photographic

records in this study. A and B Parazoanthidae sp. 1 at station BER.30, north of Lighthouse 1 Reef, south
of Pulau Derawan, East Kalimantan, Berau Islands, October 22, 2003. Note octocoral polyps on antipa-
tharian on left side of image € and D Parazoanthidae sp. 2 specimen RMNH Coel 40762, Snellius—II
Expedition, Station 4.227, west Pulau Tinanja, Taka Bone Rate, depth = 60 m, collected on October 15,
1984 by rectangular dredge. Scale in C 1 cm.

Recently, many different genera in the family Parazoanthidae have been described
based on a combination of epizoitic relationships and phylogenetic analyses (e.g. Sin-
niger et al. 2010, 2013). However, no parazoanthids have been reported in association
with Keroeides, and therefore currently it is impossible to place these specimens and
records into a genus without both further examination of specimens combined with

DNA sequence data.

19. Parazoanthidae sp. 2
Figures 16C, D, 17

Specimens examined (n=1). RMNH Coel 40762, Snellius—II Expedition, Station
4.227, west Pulau Tinanja, Taka Bone Rate (06°32'48"S, 121°09'36"E), depth = 60
m, collected on October 15, 1984 by rectangular dredge.

Photographic records. NA.

Description. Epibiotic on Cirripathes sp. (specimen RMNH Coel 24832).

Polyps of this azooxanthellate zoantharian specimen are relatively small (average
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Figure 17. Distribution of Parazoanthidae sp. 1 and Parazoanthidae sp. 2 from specimens and pho-
tographic records from this study. Parazoanthidae sp. 1 specimens in red, and Parazoanthidae sp. 2 in
green. Region numbers correspond to locations given in species’ information. Boxes indicate presence
of specimens (with or without photographic records), while circles indicate only photographic records.

width 2.1 mm, n=8 polyps) and do not protrude much from the coenenchyme,
with polyp height approximately same as width. Polyps and coenenchyme are
heavily encrusted, and golden yellow-brown in color. Coenenchyme forms a thin
sheath over the antipatharian surface. Capitulary ridges not clearly discernable.
Polyps form semi-regular vertical rows over short distances of the antipatharian
(e.g. approx. 5 cm), but with no observable pattern for the entire colony (Figure
16C). Colony encrusts the top approximately 1/2 of the Cirripathes specimen;
starting approximately 15 cm from the bottom holdfast. The Cirripathes colony’s
proximal tip appears to be broken off and missing.

Distribution. Regions recorded in this study (Figure 17). Taka Bone Rate (11).

Past records. NA.

Remarks. This species may belong to genus Antipathozoanthus, which was described
recently by Sinniger et al. (2010) and includes species from both the Atlantic and Indo-
Pacific, with reports of specimens also from the Red Sea (Reimer et al. 2014b). It is
likely several undescribed Antipathozoanthus species are present in the Indo-Pacific, as
only one Antipathozoanthus species from the Galapagos has been formally described. In
situ images and DNA sequences are needed to formally describe this species.
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Genus Parazoanthus Haddon & Shackleton, 1891a

20. Parazoanthus sp. 1
Figures 18A, 19

Specimens examined. NA.

Photographic records (n=3). West side of Pulau Kudengareng Keke, Spermon-
de Archipelago, South Salawesi (05°06'20"S, 119°17'03"E), June 4, 1997; Cabilao
Island, Cebu Strait, Philippines (09°52'35”N, 123°46'33”E), November 16, 1999;
station WAK.24, Ndaa Atoll northwest outer slope, REA Wakatobi National Park,
Tukang Besi Islands, Wakatobi, Southeast Sulawesi, (05°38'46"S, 124°02'42"E),
May 12, 2003.

Description. Very small (polyp diameter likely approximately 1 mm) azooxan-
thellate polyps regularly spaced and embedded within encrusting sponge tissue (Fig-
ure 18A). Polyps differentially colored from sponges; dark red (Cebu), yellow (Pu-
lau Kudengareng Keke), white (Wakatobi). Tentacles up to 24 in number (in images
here), as long as diameter of oral disk.

Distribution. Regions recorded in this study (Figure 19). Spermonde Archi-
pelago (9), Tukang Besi Islands (12), Cebu (21).

Past records. Previously, similar specimens have been reported from Japan (Sin-
niger et al. 2008) and the Red Sea (Reimer et al. 2014b).

Remarks. Based on phylogenetic data (J. Montenegro, F. Sinniger and J.D. Re-
imer, unpubl. data) it appears that this group includes several undescribed species.
The species has been found on cave ceilings (Figure 18A), which may explain why it
is azooxanthellate as in some other hexacorals with white polyps (Hoeksema 2012b,
Reimer et al. 2014, Irei et al. subm).

21. Parazoanthus sp. 2
Figures 18B, 19

Specimens examined (n=4). RMNH Coel 40544, Snellius—II Expedition Station
4.061, ecast of Melolo, northeast Sumba (09°54'12"S, 120°43'30"E), depth = 50
m, collected on September 15, 1984 by rectangular dredge; RMNH Coel. 40570,
station 9, reef slope of southwest Pulau Nain, Bunaken, North Sulawesi (01°46'N,
124°45'E), collected on May 8, 1998 by B.W. Hoeksema; RMNH Coel 40572,
Ternate Expedition Station TER.27, Tanjung Ratemu (south of river), west Hal-
mahera Sea, North Moluccas (00°54'45"N, 127°29'10"E), depth = 20 m, collected
on November 8, 2009 by B.W. Hoeksema; RMNH Coel 40757, Indonesia 2012
Expedition, Station LEM.34, west Pulau Sarena Kecil Lembeh, North Sulawesi
(01°27'26"N, 125°13'31"E), depth = 22 m, collected on February 17, 2012 by
B.W. Hoeksema.

Photographic records (n=3). West Pulau Kudingareng Keke, Spermonde Archi-
pelago, South Sulawesi (05°06'20"S, 119°17'03"E), June 4, 1997; southeast Likuan,
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Bunaken, North Sulawesi (01°36'N, 124°47'E), May 10, 1998; Main coast, West Bali
(08°06'50"S, 114°30'40"E), May 22, 1998.

Description. Azooxanthellate, epibiotic on encrusting sponges, with 3 to 6 polyps
arising in groups from a common coenenchyme, or occasionally arising in rows from
stolons (Figure 18B). Polyps (oral disk, tentacles, scapus) pale yellow/cream in color.
36 to 40 tentacles, longer in length than oral disk diameter. Specimens’ preserved pol-
yps (n=2 specimens, 10 polyps per specimen) averaged 5.8 mm in height (range 4 to 8
mm) and 3.3 mm in width (range 2.5 to 5 mm).

Distribution. Regions recorded in this study (Figure 19). West Bali (4), north-
east Sumba (6), Spermonde Archipelago (9), west Halmahera Sea (16), Lembah Strait
(17), Bunaken (18).

Past records. NA.

Remarks. The only sponge-associated Parazoanthus species formally described
from the Indo-Pacific are P. elongarus McMurrich, 1904 from the west coast of South
America and New Zealand (Sinniger and Haussermann 2009) and P. darwini Reimer
& Fujii, 2010 from the Galapagos. Thus, no similar species have been reported from
past or recent zoantharian work in surrounding CIP regions, and therefore it is likely
that these specimens constitute an undescribed species. Although Parazoanthus has re-
cently been taxonomically redescribed (Sinniger et al. 2010), and the species now only
encompasses sponge-associated species, the genus is still paraphyletic and taxonomic
revision is needed. DNA sequences from undescribed species are needed to correctly
place specimens such as these into the correct clade.

22. Parazoanthus sp. 3
Figures 18C, D, 19

Specimens examined (n=2). RMNH Coel 40525, Snellius-II Expedition station
4.100, east of Komodo Island (08°28.6'S, 119°37.3'E), depth 91 m, collected on Sep-
tember 19, 1984 by rectangular dredge; RMNH Coel 40545, Snellius—II Expedition
station 4.051, east of Melolo, northeast Sumba (09°53.5'S, 120°42.7'E), depth 75-90
m, collected on September 13, 1984 by rectangular dredge.

Photographic records. NA.

Description. This putative azooxanthellate species is similar in size to Parazoanthus
sp. 2 above, with polyps of average 6.1 mm in height (range 2.5 to 10 mm; n=2 colo-
nies) and average width of 3.2 mm (range 2 to 4 mm). Some small dark incrustations
visible on lower half (=aboral) of polyps’ scapus. Approximately 20 capitulary ridges,
indicating tentacle counts of approximately 40. Polyps range from cream (RMNH
Coel 40525) to tan (RMNH Coel 50545) in color when preserved. Polyps arise from
a well-developed stoloniferous coenenchyme in rows, with most found along the upper
and outer edges of flat, paddle-shaped sponges (Figures 18C, D). No polyps found on
the lower ‘foot’ or ‘stalk’ of sponges.

Distribution. Regions recorded in this study (Figure 19). Northeast Sumba (6),
Komodo Island (8).
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Figure 18. Images of Parazoanthus species from specimens and photographic records in this study.

A Parazoanthus sp. 1 on cave ceiling at station WAK.24, Ndaa Atoll northwest outer slope, REA Waka-
tobi National Park, Southeast Sulawesi, Tukang Besi Islands, Wakatobi, May 12, 2003 B Parazoanthus
sp. 2 at Southeast Likuan, Bunaken, North Sulawesi, May 10, 1998; and € and D Parazoanthus sp. 3
specimen RMNH Coel 40545, Snellius-II Expedition station 4.051, east of Melolo, northeast Sumba,
depth = 75 to 90 m, collected on September 13, 1984 by rectangular dredge. Scales in € and D 1 cm.

Past records. NA.

Remarks. Similar in size to Parazoanthus sp. 2 above, we have included these
two specimens as a separate putative species in this study. This is partly due to speci-
mens being in association with a different sponge species (compare Figures 18B, C), as
host specificity may differ between species (e.g. Crocker and Reiswig 1981; Swain and
Wulff 2007). As well, Parazoanthus sp. 3 specimens are from deeper depths (75 to 91
m as opposed to 20 to 50 m) than Parazoanthus sp. 2.

Family Epizoanthidae Delage & Hérouard, 1901
Genus Epizoanthus Gray, 1867

23. Epizoanthus illoricatus Tischbierek, 1930
Figures 20A, 21

Specimens examined (n=4). RMNH Coel 40533, Snellius—II Expedition Station
4.222, south of Pulau Tarupa Kecil, Taka Bone Rate (06°31'30"S, 121°08'00"E),
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Figure 19. Distribution of Parazoanthus species from specimens and photographic records from this
study. Parazoanthus sp. 1 specimens in red, Parazoanthus sp. 2 in green, and Parazoanthus sp. 3 in blue.
Region numbers correspond to locations given in species’ information. Boxes indicate presence of speci-
mens (with or without photographic records), while circles indicate only photographic records. Overlap-
ping symbols indicate the same region.

depth 58 m, collected on October 15, 1984 by rectangular dredge; RMNH Coel
40546, Snellius-II Expedition Station 4.051, east of Melolo, northeast Sumba
(09°53'30"S, 120°42'42"E), depth = 75 to 90 m, collected on September 13, 1984 by
rectangular dredge; RMNH Coel 40571, Ternate Expedition Station TER.27, Tan-
jung Ratemu, south of river, west Halmahera Sea (00°54'44"N, 127°29'10"E), depth
=20 m, collected on November 08, 2007 by B.W. Hoeksema; RMNH Coel 40758,
station LEM.32, north Sarena Kecil, Lembeh Strait, North Sulawesi (01°27'26"N,
125°13'38"E), depth = 30 m, collected on February 16, 2012 by B.W. Hoeksema.

Photographic records (n=6). West Menjangan, West Bali (08°05'33"S,
114°29'47"E) May 22, 1998 (3 different specimens); Maluku Expedition station
MAL.21, north coast Ambon Bay, Tanjung Hatupero, east of Lilibooi, Ambon
(03°44'S, 128°02'E), November 20, 1996; southeast Likuan, Bunaken, North Sulawe-
si (01°36'N, 124°47'E), May 10, 1998; station BER.04, south Pulau Derawan, East
Kalimantan (02°17'03"N, 118°14'49”E), October 18, 2003.

Description. Originally described from the Philippines. Azooxanthellate. Polyps
of this species often grow at the outer bends of the zig-zag shaped tubes, and combined
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with polyps’” smaller size and thin coenenchyme (Figure 20A), colonies appear to be
much less crowded than as seen in E. aff. illoricatus (Figure 20B).

Polyps of specimens in the RMNH collection are generally less than 1 mm in di-
ameter, and never more than 2 mm, and of approximately equal height. Coenenchyme
generally light gray in color, oral disk and tentacles semi-translucent brown. Tentacles
in images 20-22 in number, much thinner than as seen in Epizoanthus aff. illoricatus
below, with orange or white colored proximal tips, longer in length than oral disk
diameter. The two deeper specimens (RMNH Coel 40533 and 40546) have highly
developed thin coenenchymes covering the entire worm tubes’ surface, and are both
dark black in color. On the other hand, the shallower specimens had some unitary pol-
yps, and colonial polyps were often in clusters of two or three with poorly developed
coenenchyme.

The morphological characters and dimensions observed in the specimens in this
study agree well with the original description by Tischbierek (1930).

Distribution. Regions recorded in this study (Figure 21). West Bali (4), north-
east Sumba (6), Take Bone Rate (11), Moluccas (14), west Halmahera Sea (16), Lem-
beh Strait (17), Bunaken (18), Berau Islands (19).

Past records. Originally described from Manila, and subsequently reported from
Taiwan (Reimer et al. 2013a), New Caledonia (Sinniger 2006), Palau (Reimer et al.
2014a), and Osprey Reef, Australia in the Coral Sea (Lindsay et al. 2012), indicating a
western Indo-Pacific distribution. Found from specimens in this study as shallow as 20
m, and as deep as 90 m, similar to depths reported at Osprey Reef (=82.5 m) (Lindsay
etal. 2012).

Remarks. Unitil this report, any Epizoanthus spp. on a zig-zag shaped eunicid
worm was recorded as E. illoricatus. However, from the preliminary analyses here, it
appears that there may be two or more species within this group. Thus, previous re-
cords must be treated with caution.

24. Epizoanthus afl. illoricatus Tischbierek, 1930
Figures 20B, 21

Specimens (n=2). RMNH Coel 40536, Snellius—II Station 4.058, east of Melolo,
northeast Sumba (09°51'S, 120°45'E), depth = 180 m, collected on September 14,
1984 by rectangular dredge; RMNH Coel 40547, Snellius—II Station 4.051, east of
Melolo, northeast Sumba (09°53'30"S, 120°42'42"E), depth = 75 to 90 m, collected
on September 13, 1984 by rectangular dredge.

Photographic records (n=12). Desa Ped, north Nusa Penida, east Bali
(08°40'28"S, 115°30'50"E), May 28, 1998; 4 specimens from Tulamben, east Bali
(08°16'26"S, 115°35'28"E), July 9-10, 1997; Nusa Penida, east Bali, (08°40'23"S,
115°29'13"E), May 27, 1998; Kapoposang, Spermonde Archipelago, South Sulawesi
(04°41'40"S, 118°54'55"E), June 24, 1997, August 8, 1997; west Pulau Samalona,
Spermonde Archipelago, South Sulawesi (05°07'30"S, 119°20'15"E), September 16,
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Figure 20. Images of Epizoanthus species from specimens and photographic records in this study.
A Epizoanthus illoricatus at west Pulau Menjangan, West Bali, May 22, 1998; and B Epizoanthus aff.
illoricatus at Tulamben, east coast of Bali, July 10, 1997.

1997; Fauna Malesiana Maluku Expedition station MAL.10, south coast of Am-
bon Bay, east of Eri, Ambon (03°45'S, 128°08'E), November 12, 1996; Maluku
Expedition station MAL.12, north coast near Morela, Ambon (03°33'S, 128°12'E),
November 13-14, 1996; Maluku Expedition station MAL.19, Tanjung Batu Dua,
east of Hatu, north coast Ambon Bay, Ambon (03°43'S, 128°03'E), November 19,
1996; Fauna Malesiana Marine Sulawesi Expedition station SUL.16, bay east of Tan-
jung Labuhankompeni, Pulau Lembeh, Lembeh Strait, North Sulawesi (01°26'N,
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Figure 21. Distribution of Epizoanthus species from specimens and photographic records from this
study. Epizoanthus illoricatus specimens in red, and Epizoanthus aff. illoricatus in green. Region numbers
correspond to locations given in species’ information. Boxes indicate presence of specimens (with or with-
out photographic records), while circles indicate only photographic records.

125°11'E), October 23, 1994; west Pulau Siladen, Bunaken, North Sulawesi
(01°38'N, 124°46'E), May 2, 1998.

Description. Azooxanthellate. As E. illoricatus above, obligate epibiont on eunicid
worms. Polyps of this putative species are at least twice as big in diameter as E. illori-
catus (average 2.1 mm, compared with a maximum of 2 mm for E. illoricatus), and
many times bigger in terms of volume. Additionally, both specimens have brown coe-
nenchyme and scapus, different from the light gray coenenchyme and brownish oral
disk reported for E. illoricarus (Figure 20B). In situ images show colonies with cream,
brown, red-brown, orange-brown or tan coenenchyme and scapus, often with white
tentacles that are comparatively shorter and thicker than in E. illoricatus. The coenen-
chyme of this putative species is much more developed than E. illoricatus, with polyps
arising from not only bends of the zig-zag shaped eunicid tube, but also from other
locations. The result is a colony that has a higher density of polyps than E. illoricatus.
In E. illoricatus, often the zig-zag shape of the eunicid tube is visible between polyps,
but this is rarely the case in E. aff. illoricatus (Figure 20B).
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Distribution. Regions recorded in this study (Figure 21): East Bali (5), northeast
Sumba (6), Spermonde Archipelago (9), Moluccas (14), Lembeh Strait (17), Bunaken (18).

Past records. NA.

Remarks. Although the two specimens here were found at deeper depths (75 to
190 m), numerous photographic records show that this species and E. illoricatus have
an overlapping depth range. Examination of DNA sequences combined with detailed
morphological analyses should help clear up the relationship between this putative
species and E. illoricatus, although preliminary molecular analyses show differences be-
tween the two groups (H. Kise and ].D. Reimer, unpubl. data). It is likely records and
museum specimens identified as E. #lloricatus from the central Indo-Pacific include
both types mentioned in this study.

Discussion

Examination of the Naturalis zoantharian collection resulted in 24 species being iden-
tified, 12 from suborder Brachycnemina and 12 from Macrocnemina. While by no
means an extensive collection, with most specimens from Indonesia, these results in-
dicate that the Central Indo-Pacific waters are at least as diverse in numbers of spe-
cies, genera, and families as surrounding regions of Australia, Singapore, and Japan.
In Australia, an examination of the brachycnemic shallow water zoantharians of the
Great Barrier Reef indicated the presence of eight species (Burnett et al. 1997), while
in Okinawa, 12 brachycnemic species have been previously reported (Reimer 2010),
and in Taiwan 10 species (Reimer et al. 2013a). These previous reports did not include
macrocnemic species, but from the brachycnemic results alone, Indonesia does appear
to have zoantharian species diversity at least as high as Okinawa, one of the most well
examined regions. Finally, as many macrocnemic species live in deeper areas or in caves
and other less-examined ecosystems (Sinniger et al. 2013), we expect the number of
zoantharian species in the shallow waters of Indonesia to be higher than the initial
estimate in this study, and further investigations should confirm this idea.

The discussion of total numbers of shallow water zoantharian species is clearly still
in the preliminary stages given the lack of focused sampling throughout most regions
of the world, as well as the continuous discovery of new species and genera (Reimer et
al. 2007a, Sinniger et al. 2010, Fujii and Reimer 2011, 2013). Still, the initial species
numbers from this study should provide a basis upon which future zoantharian studies
can build on. Furthermore, it should not be forgotten that the previous reports listed
above from other Indo-Pacific regions were all conducted by zoantharian specialists
collecting specimens in the field, while the Indonesian specimens in the Naturalis col-
lection constitute only part of a broad sampling effort of benthic invertebrates without
the participation of any zoantharian specialists. Thus, our prediction that the total
number of shallow water zoantharian species in Indonesia will be considerably higher
than reported in this study is almost certainly accurate, particularly given the recent
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discovery of widespread yet cryptic zoantharian species from coral reef environments
(Fujii and Reimer 2011, 2013) not yet reported from Indonesia.

Further supporting the possibility of Indonesia harboring a diverse zoantharian fau-
na is the fact that the specimens examined in the Naturalis collection are primarily from
eastern Indonesia (e.g. Sulawesi and Banda Sea, Fig. 1), with few or no specimens from
other regions such as the islands of Java and New Guinea, and only one locality in the
Philippines and Papua New Guinea. Future collection efforts must be focused on these
unexamined regions if we are to obtain a clear understanding of zoantharian diversity in
the CIP. Additionally, the deep sea (>200 m depth) has been recently speculated to har-
bor much undiscovered zoantharian diversity (Sinniger et al. 2013) and yet in this study
only three of the zoantharian species were found in waters >50 m in depth. Exploring
the deeper waters in the Indonesian region will undoubtedly result in further discoveries.

Of the 24 total species listed in this study, at least nine (and perhaps up to 12 if Paly-
thoa spp. are included) are likely undescribed species. Some, such as Terrazoanthus sp. 2,
have been known for years in the global aquarium trade, yet still no museum specimens
exist, and thus we cannot formally describe them within this manuscript. Without for-
mal descriptions and a clear understanding of species, future conservation work cannot
proceed effectively, and immediate taxonomic efforts should focus on the obtaining of
specimens and a formal description of this species. Similarly, many photographic records
exist for Neozoanthus sp., yet no specimens are in the Naturalis collection.

Three other species that are almost certainly undescribed species are Parazoanthus
sp. 1, Parazoanthus sp. 2 and Parazoanthus sp. 3. Until now, only two sponge-associ-
ated Parazoanthus species has been formally described from the Pacific, and none from
sub-tropical or tropical waters. Five other species, Hydrozoanthus sp. 1, Hydrozoanthus
sp. 2, Parazoanthidae sp. 1, Parazoanthidae sp. 2, and Terrazoanthus sp. 1, are also
very likely to be undescribed species, but with only photographic records, or one or
two specimens existing for these species, additional specimens and molecular data are
needed to properly describe them.

Conclusions

In conclusion, this study provides a starting point for zoantharian research in the Coral
Triangle. We were able to discern 24 different morphological species based on speci-
men examination combined with photographic records. However, based on recent
previous research, phylogenetic analyses of specimens would likely result in somewhat
different results due to both high levels of intraspecific morphological variation in
some species (Burnett et al. 1997, Reimer et al. 2004) and also morphological con-
vergence between other phylogenetically distinct species (Sinniger and Haussermann
2009). These previous studies demonstrate how difficult it often is to properly identify
zoantharian species without molecular data.

Furthermore, this study demonstrates that the central Indo-Pacific likely harbors
very high levels of zoantharian diversity, as the numbers of putative species from this



Shallow—water zoantharians (Cnidaria, Hexacorallia) from the Central Indo—Pacific 49

study (24) include a large number of undescribed species, and total numbers are as
high or higher than previously reported for any other region.

Finally, it is hoped that this study can serve as a template for the study of other
understudied coral reef benthos in the Coral Triangle. In this study, past photographic
records proved to be invaluable in aiding species identification, and understanding
species distributions. Thus, while museum collections should remain the key tool in
taxonomic and biogeographic research (Rainbow 2009, Hoeksema et al. 2011, Rocha
etal. 2014), archived in situ images can provide additional information.
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Abstract

One new species of Naidinae (Oligochaeta, Naididae), Nais badia sp. n. and one new record species from
China, Tubifex montanus Kowalewski, 1919 (Tubificinae) are found in southern Tibet. The new species is
distinguished from congeners by its large area of reddish brown pigment in the anterior segments I-VIII,
serrate hairs, pectinate needles with 1-2 intermediate teeth, ventral chaetae partly with 1-2 fine interme-
diate teeth and wave-like movements. The new material of the species Tubifex montanus differs slightly
from the previous descriptions by its vas deferens entering atrium subapically, wide ental end of penial

sheath and smooth hair chaetae.

Keywords
Nais badia, Tubifex montanus, Naididae, new species, new record species, taxonomy, southern Tibet

Introduction

The Tibetan Plateau is one of the biodiversity hotspots around the globe for its unique
natural environment (Li and Fang 1999), which accounts for the rich occurrence of
endemic species of various taxa in this region, such as 77iplophysa cakaensis (Cobitidae)
(Cao and Zhu 1988), Schizothorax waltoni (Cyprinidae) (Chen and Chen 2010), and
Alona aliensis (Chydoridae) (Chiang et al. 1983). What about oligochaetes? In the 20th
century, there were only seven species of oligochaetes recorded in Tibet (Stephenson
1909; Cernosvitov 1942; Liang 1963, 1979; Liang et al. 1998). Recently, He recorded
26 species in Tibet (He 2011; He et al. 2012), though focusing mainly on large rivers

Copyright Yu Peng et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



60 Yu Peng et al. | ZooKeys 444: 59-68 (2014)

(Yarlung Zangbo River) and brackish lakes (Lake Nam Co and Lake Yamzho Yumco).
Some freshwater wetlands among mountains in Tibet had been neglected, which we
thought may be the ideal habitats for aquatic oligochaetes. In this paper, we describe one
new species, Nais badia sp. n., and one new record of Tubifex montanus Kowalewski,
1919 found in a freshwater wetland of Cuomujiri Mountain, southern Tibet.

Materials and methods

The sampling site was in a wetland of Cuomujiri Mountain, southern Tibet of China.
(29°47'46"N, 94°24'53"E), ca 3,990 m above sea level. The substrate type was silt, and
hydrophytes were abundant. Water depth was 10-20 cm, water temperature 11.5 °C,
pH 6.23, dissolved oxygen 9.14 mg/L, and conductivity 19.3 ps/cm.

The samples were collected with a D-frame dip net, and cleaned through a 250 pm
sieve. Large worms were sorted in a white porcelain dish manually and small individuals
were sorted with a dissecting microscope. Specimens were all preserved in 10% forma-
lin. Some specimens were investigated with a Scanning Election Microscopy (SEM) to
reveal more details of the chaetae. Some were stained with borax carmine, dehydrated in
a series of alcohol, cleared in xylene and mounted whole in Canada balsam for careful ob-
servation. Parameters of external morphology were established under glycerine mounts.
Other parameters were studied on permanent mounts. Drawings were made with a cam-
era lucida. All microscopic observations, including live observations, were documented
photographically. The types and other specimens were all deposited in the Institute of
Hydrobiology (IHB), Chinese Academy of Sciences (CAS), Wuhan, China.

Abbreviations in the figures

Roman numbers = segment number, SEM = Scanning Electron Microscopy, at = atri-
um, mp = male pore, pe = penis, pr = prostate gland, ps = penial sheath, sf = sperm
funnel, sp = spermatheca, spp = spermathecal pore, vd = vas deferens.

Taxonomy
Family Naididae
Subfamily Naidinae

Nais badia sp. n.
http://zoobank.org/B20893C6-27F2-4BF1-8A63-FEGEDA75BCF6
Figs 1, 2, 3; Table 1

Holotype. IHB XZ20130630a, whole-mounted specimen, immature.
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Figure 1. Nais badia sp. n. A anterior reddish brown pigment in segments I-VIII B dorsal view of the

head, live worm € habitat.

Type locality. Wetland in Cuomujiri Mountain (29°47'46"N, 94°24'53"E), southern
Tibet of China. 30 June 2013, collected by H.Z. Wang, Y.D. Cui, Y.J. He and Y. Peng,.

Paratypes. [HB XZ20130630b-f, 2 whole-mounted specimens (mature), 2 whole-
mounted specimens (immature), 1 specimen is used for scanning electron microscopy.
30 June 2013, collected from the type locality.

Other material. 40 specimens are preserved in 10% formalin. 30 June 2013, col-
lected from the type locality.

Etymology. The specific name “badia” is Latin for “badius”, and refers to this
worm’s large area of reddish brown pigment in anterior segments I-VIIL.

Description. Length 4.2-9.1 mm (Holotype 7.2 mm), width at V 0.3-0.6 mm
(Holotype 0.6 mm). Segments 24-54 (Holotype 52). Prostomium conical, eyes pre-
sent, large area of reddish brown pigment in segments I-VIII (Fig. 1A-B). Clitellum
inconspicuous. Coelomocytes present. Stomach dilatation sudden in VII-VIII. Wave-
like movements.

Dorsal chaetae beginning in VI onwards (Fig. 2A). Hairs (0)1-3 per bundle,
137-325 pm long, all serrate (Fig. 2B—C). Needles (0)2—3 per bundle, 80-90 pm
long, distal tooth slightly longer than the proximal one (VII 3.8 pum/3.2 um), com-
pletely pectinate with 1-2 intermediate teeth (Fig. 2D), nodulus often inconspicu-
ous, 1/3 from the distal end (Fig. 3C). Ventral chaetae in II-V 7-8 per bundle, the
rest 2—-6(7) per bundle, 105-128 pm long, distal tooth longer and thinner than the
proximal one (7.5 pm/5 pm), about 50% of ventral chaetae with 1-2 fine inter-
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b 4 m‘:’\ﬂ - 3 « 7. —

Figure 2. SEM micrographs A—F Nuis badia sp. n. A lateral view of anterior body B—C hairs in VIII
and VI D needles in VI E-F ventral chaetae in XIII and posterior. G=L Tubifex montanus G lateral view
of the head H hairs in X I needles in IT J-L ventral chaetae in IV, XIII and posterior. Scale bar: A 300 pum,
B,Dand 15 pm, C,Jand K 10 pm, E and L 20 um, F 40 pm, G 100 pm, H 2 pm.

mediate teeth (Fig. 2E-F), nodulus median or slightly distal (Fig. 3A-B). Penial
chaetae 4 on each side in VI, with a simple hook, 115-155 pm long, 4.2-6.3 pm
thick (Fig. 3D).

Pharyngeal glands in II-III. Clitellum in V-VI. Male genitalia paired in V-VI
(Fig. 3E). Vasa deferentias 260—273 pm long, with prostate gland cells covering
only on their posterior part, join atria subapically (Fig. 3E, vd and pr). Atrial
ampullae large and ovoid, 150-160 pm long, 70-90 um wide, ducts short and
narrow (Fig. 3E, at). Spermathecal ampullae globular, length 80-100 pm, width
75-90 pm, spermathecal ducts long and narrow, length 60-70 pum, width 15-16
um (Fig. 3E, sp).
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sp

—

Figure 3. Nuis badia sp. n. A-B ventral chaetae in V and X C dorsal bifid in X D penial chaeta in VI
E lateral view of male duct and spermatheca in segments V-VI. Scale bar: A-D 20 pm, E 120 pm.

Distribution. Known only from Cuomujiri Mountain, southern Tibet of China.
High mountain, wetland, hydrophytes abundant (Fig. 1C).

Remarks. The presence of eyes, dorsal chaetae beginning in VI consisting of hairs
and double-pronged needles, pharynx in II-1II, stomach beginning in VII, coelomo-
cytes present, spermathecae with distinct ducts, male ducts paired in V-VI, vas def-
erens with prostate glands joining atrium subapically, atrium without prostate, penial
chaetae present with a simple hook, indicate that this new species fits the definition of
Nais Miiller, 1773 (Sperber 1948; Brinkhurst and Jamieson 1971).

Nuais badia sp. n. is distinguished from congeners for having a large area of reddish
brown pigment in anterior segments I-VIII, hairs all serrate, needles pectinate with
1-2 intermediate teeth, ventral chaetae with (0)1-2 fine intermediate teeth (Only vis-
ible under SEM) and wave-like movements (Table 1). We are hence of the opinion
that it can be described as new to science.

This new species is similar to Nais africana Brinkhurst, 1966 for having pectinate
needles, but differs from it by its ventral chaetae in II-V differing from the rest, al-
though the position of Nais africana in the genus is regarded as uncertain due to a lack
of detailed examination of live worms and sectioned materials (Brinkhurst 1966). Nais
elinguis resembles the new species on the needles and simple pointed penial chaetae,
but its long and wide atrial duct, slow stomach dilatations and the vas deferens which is
completely surrounded by abundant prostate gland cells are significantly different from
the new species. With regard to the vas deferens completely surrounded by prostate
gland cells on their posterior part, this new species is similar to Nais communis, Nais
variabilis and Nais pardalis. However, some characteristic features of these species dis-
tinguish them from the new species. Nais communis eyes are generally absent, stomach
dilatations are slow and the atrium is as long as the duct. Nais variabilis, Nais pardalis
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and Nais bretscheri all have the ventral chaetae in II-V that differ from the remaining
segments. Nais pardalis the stomach has obvious elongated cells. Nais bretscheri the
ventral chaetae have typical giant chaetae.

Subfamily Tubificinae

Tubifex montanus Kowalewski, 1919
Figs 2, 4; Table 2

Tubifex montanus Kowalewski: Hrabé 1939, 1981; Brinkhurst and Jamieson 1971.

Examined material. IHB XZ20130630g-i, 2 whole-mounted mature specimens al-
though only 1 specimen has male ducts that can be observed and measured, 1 speci-
men is used for scanning electron microscopy. Wetland in Cuomujiri Mountain
(29°47'46"N, 94°24'53"E) of southern Tibet, China. 30 June 2013, collected by H.Z.
Wang, Y.D. Cui, Y.J. He and Y. Peng.

Description. Length 10-12 mm, width at XI 0.4-0.7 mm. Segments 41-56.
Prostomium obtuse. Clitellum inconspicuous. No coelomocytes.

Dorsal chaetae (0)1-3 hairs and 1-3 needles per bundle. Hairs smooth (Fig.
2H-I), 180463 pm long. Needles almost palmate (3—11 teeth or more, Fig. 21 and
Fig. 4D), 40-100 um long, two short outer teeth nearly equal (7.5 um/7.5 pm).
Ventral chaetae 60-100 pm long with (0)1-2 fine intermediate teeth partly (Fig.
2J-L and Fig. 4A-C), anteriorly 3—4 per bundle with upper tooth slightly thinner
than and nearly 2-3 times as long as the lower (7.5 pm/3 pum), in midbody 1-2 per
bundle with two nearly equal teeth (5 um/5 pm), posteriorly 1-2 per bundle with
upper tooth nearly 2 to 3 times as long as the lower (5 pm/2 pm). Ventral chaetae
in XI present but unmodified.

Pharyngeal glands in II-V. Chloragogen cells beginning in VI onwards. Male
ducts paired in X-XI (Fig. 4F). Vas deferens 722 pum long or more, nearly 2.2 times
longer than the atrium, uniform and forming numerous loops in X1, ciliated through-
out and entering narrow atrium subapically (Fig. 4F, vd). Atrium pear-shaped, with
quite long ejaculatory duct, and gradually becomes narrower toward the ectal end,
343 pm long (Fig. 4F, at). Large compact prostate gland empties into the atrial
ampulla near the sperm duct outlet, 137 pm long, 83 pm wide (Fig. 4F, pr). Penis
cylindrical, 132 pum long, surrounded by a cuticularized, funnel-like penial sheath
(Fig. 4E), 172 um long and 71 pm wide at the ental end. Spermatheca absent. Testes
paired in X. Ovaries paired in XI.

Distribution. Cuomojiri Mountain, southern Tibet of China. A wetland with
abundant hydrophytes. Tatra Mountains, Europe (Hrabé 1939; Brinkhurst and
Jamieson 1971).

Remarks. According to the characteristics of a long vas deferens entering pear-
shaped atrium subapically, large compact prostate gland with stalk-like attachments
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Figure 4. Tubifex montanus A—C ventral chaetae in II, XVIII and XXIX D dorsal chaetae in VI E penial
sheath F lateral view of male duct in segments X—XI. Scale bar: A-D 20 pm, E 80 um, F 160 pum.

Table 2. Comparison of Tubifex montanus from Tibet and Europe.

Regions Tibet Europe
Body length (mm) 10—12 8to 12
Body width (mm) 0.4-0.7 0.7
Segment number 41-56 40 to 50
Chaet Hairs smooth (1-3), needles palmate (1-3), | Hairs hispid (2-3), needles palmate (2-3),
actac ventral chaetae serrate partly (1-4) ventral chaetae serrate (3-5)
V. Ciliated along entire length, all one width, | Ciliated along entire length, all one width,
o entering narrow atrium subapically, nearly | entering narrow atrium apically, nearly 1.5
deferentia . . ; .
2.2 times longer than the atrium. times longer than the atrium.
Mal Atria Pear-shaped Asymmetrical, pear-shaped
c . N
Large compact prostate with stalk-like oo
ducts | Prostate . Large compact prostate empties into the
attachments to atrial ampulla near sperm .
glands Juct outlet atrial ampulla near sperm duct outlet
Penial . . . .
Funnel-like, cuticular tube Conical, somewhat bent cuticular tube
sheaths

Drawing ﬁ\\g‘—

Spermathecae Absent

Absent
Distribution Cuomujiri Mountain, southern Tibet, China Tatra Mountains, Europe
Hrabé 1939, 1981; Brinkhurst and
References Present research .
Jamieson 1971
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to atrium and penis with funnel-like penial sheath, the species fits the definition of
Tubifex Lamarck, 1816 (Brinkhurst and Jamieson 1971).

The new material resembles Tubifex montanus Kowalewski, 1919 in absence of
spermathecae, vas deferens nearly of a similar length with cilia throughout, pear-shaped
atrium with quite long ejaculatory duct gradually becoming narrower toward the ectal
end, large compact prostate gland empting into the atrial ampullae near the sperm duct
outlet, cylindrical penis, surrounded by cuticularized and funnel-like penial sheath,
and nearly the same type of dorsal ventral chaetae (Table 2).

However, the new material differs slightly from the description by Hrabé (1939,
1981) by having the vas deferens entering the atrium subapically, straight penis sheath
with ental end wider and smooth hair chaetae.
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Abstract

Twenty populations of Radopholus similis from three countries and different hosts (19 populations from
ornamental plants and one population from ginger) were compared using morphological characters, mor-
phometrics and karyotype between progeny from both single females and 30 females of each population.
Morphological diversity existed in and among the populations, even within the progeny nematodes from
single nematodes compared to that of 30 females. The labial disc shape, the number of head annuli, the
terminated position of lateral lips, the number of genital papillae before cloacal apertures and female and
male tail terminal shape showed variation. In addition, genital papillae arranged in a double row before
cloacal apertures was first found in two ornamental populations. The karyotype of all the 20 populations
was n = 5. Combining our results and previous studies, we support that R. citrophilus is a synonym of R.
similis, and that it is not possible to distinguish physiological races or pathotypes of R. similis according to
morphological characters or karyotype.
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Introduction

The burrowing nematode, Radopholus similis (Cobb, 1893) Thorne, 1949, is an impor-
tant parasitic plant nematode has made great damages on many economic crops, and
is on the list of quarantined pests in many countries (Anonymous 2004; Haegeman
et al 2010). Radopholus similis is widely distributed in tropical and subtropical regions
with extensive host ranges, up to 250 species (Holdeman 1986), including not only
Musa spp., Citrus spp., Piper nigrum, Saccharum sinensis, Camellia sinensis and other
economic crops, but also ornamental plants belonging to the Araceae, Marantaceae,
Bromeliaceae, Musaceae and Palmae (Williams and Siddiqi 1973, Bridge 1993, Dun-
can and Cohn 1990; Loof 1991, Anonymous 2004).

In the mid-1960s, Ducharme and Birchfield (1956) proposed that there were two
physiological races (pathotypes) of R. similis; the morphologically similar banana race
and the citrus race. The banana race infected only banana but not citrus and vice versa
(Ducharme and Birchfield 1956, Hahn et al. 1996b, Valette et al. 1998). Van Weerdt
(1958) measured the morphological characters of these two races, and did not find any
differences between the two. Huettel and Yaegashi (1988) reported that there were
some differences in the morphology of the female labial disc, the lateral lip position, the
number of annuli terminated at the vulva and the number of genital papillae anterior
to the cloacal aperture in the male between the two races when viewed by scanning
electron microscope (SEM). These morphological differences were thought to be used
to differentiate between the different races; therefore, Huettel et al. (1984) proposed to
treat the citrus race as an independent species, Radopholus citrophilus Huettel, Dickson,
David & Kaplan, 1984. However, Valette et al. (1998) did not agree, studying two ba-
nana races of R. similis from Africa by SEM, and finding that there were morphological
overlaps within the four proposed distinguishing characters, and thereby treated R. ciz-
rophilus as a synonym of R. similis. These findings were later confirmed by other studies
(Koshy et al. 1991, Elbadri et al. 1998, Elbadri et al. 1999a, 1999b).

Cytogenetics is an important tool to reveal the phylogenetic relationships within
nematode species (Triantaphyllou 1970), and the differences in karyotype is of phylo-
genetic significance in the study of indistinguishable races within species (Triantaphyl-
lou and Hirschmann 1966). Karyotype and cell development have been reported in
the study of many parasitic plant nematodes, i.e. root-knot nematodes, Meloidogyne
spp.> pine wood nematodes, Bursaphelenchus spp., and the burrowing nematodes Ra-
dopholus spp. Some nematologists thought chromosome number, egg cells and gonad
cells were helpful in distinguishing different populations (Huettel and Dickson 1981a,
Huettel et al. 1984a, 1984b, Aoyagi and Ishibashi 1983, Bolla and Boschert 1993, van
der Beek et al. 1998, Kaplan and Opperman 2000, Hasegawa et al. 2004, Liu and Wil-
liamson 2006). Huettel and Dickson (1981a, b) even reported that the haploid chro-
mosome number of karyotype of two physiological races of R. similis was n = 4 (banana
race) and n = 5 (citrus race). Huettel et al. (1984b) confirmed the result by studying
17 populations of R. similis, proposing that using haploid chromosome number of
karyotype was more reliable to distinguish citrus races from banana races. However,



Morphological and karyotypic differences within and among populations of Radopholus similis 71

Rivas and Roman (1985) and Hahn et al. (1996a) found that the haploid chromosome
number of some banana races was also 5. While Goo and Sipes (1999) studied the
haploid chromosome of six isolates of R. similis collected from Anthurium, banana and
Calathea in Hawaii, and found the chromosome number ranged within isolates from
n = 4-7. Kaplan and Opperman (2000) studied the karyotype of 56 populations of R.
similis, and demonstrated that citrus races and banana races could mate and produce
offspring showing a similar morphology of R. similis, and all the chromosome numbers
of these offspring was 5; therefore, it was inappropriate to determine different races
only according to different karyotypes.

In this study, morphometry, ultrastructural morphology and haploid karyotype of
the progeny of single females and 30 females from the same population of 20 popula-
tions of R. similis, collected from greenhouses and plants intercepted from abroad,
were studied and analyzed.

Materials and methods

Nematode populations

Twenty populations of R. similis were established on carrot disc cultures (Moody et
al. 1973). The populations were originally isolated from ornamental plants and ginger
(Table 1). Sterile water was added into the carrot disc dishes to get nematodes suspen-
sion in the benchtop, and a single young female was picked and inoculate to a new
carrot disc callus with a tiny sterile water drop on it. At the same time, 30 females from
the same population weretransferred to another new callus in the benchtop. Progeny
from 30 females and single females of each R. similis population were collected for
further study after 60 days on carrot discs.

Morphological study. Specimens were heat-killed and fixed by adding 4% hot
formaldehyde, and transferred to anhydrous glycerin according to Seinhorst’s method
(Seinhorst 1959). Females and males were separated and mounted on permanent slides
(Seinhorst 1959), and 20 females and 20 males were measured for progeny of single
female and 30 females of each population, respectively. All measurements and photo-
micrographs were made using a Nikon 90i microscope with camera. For ultrastructure
morphological observations, the method described by Xu et al. (2009) was utilized,
and the parameters were measured according to de Man’s formula (de Man 1890). All
the progeny of single females were coded by adding “s” behind the population code
number, e.g. RsA represented the progeny of 30 females of Calathea zebrina popula-
tion inoculated on carrot discs, and RsAs represented the progeny of single female
inoculated on carrot discs of the same population.

Karyotypic study. In order to observe choromosomes in eggs or adult nematodes
of R. similis, fluorescence staining method was used as described by Kaplan and Opper-
man (2000) only with minor modifications. In brief, nematodes and eggs were collect-
ed from the carrot disc dishes and washed twice with sterile distilled water. After the
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Table 1. Origin of Radopholus similis populations used in this study.

Code Original collection locations Host plant
RsA Netherlands (intercepted) Calathea zebrina
RsB China Ravenea rivularis
RsC Netherlands (intercepted) Calathea sp.
RsD China Chamaedorea cataractarum
RsE China Philodendron sp.
RsG China Chamaedorea cataractarum
RsH China Philodendron sp.
RsI China Anthurium andraeanum
Rs] China Anthurium andraeanum
RsK China Calathea zebrina
RsL China Epipremnum aureum
RsM Malaysia (intercepted) Stranvaesia sp.
RsN China Chrysalidocarpus lutescens
RsP China Calathea zebrina
RsT China Calathea sp.
RsS China Calathea makoyana
RsV China (Hong Kong) Anthurium andraeanum
RsW China Anthurium andraeanum
RsY China Anthurium andraeanum
RsXj Singapore (intercepted) Zingiber officinale Roscoe

supernatant was removed, 200 pl of Carnoy’s solution was added to fix the pellet for
5 minutes. After removal of the fixative, the pellet was incubated in 100% methanol
for 20 minutes. The pellet was rinsed twice with phosphate buffered saline (PBS) for
5 minutes, then incubated in a washing buffer for 10 minutes and washed again with
PBS and sterile water. The nematodes and eggs were stained with DAPI (4’, 6-diamid-
ino-2-phenylindole) (Sigma-Aldrich Inc.) (1 pg/ml) for 5 minutes, washed once with
PBS, and incubated overnight in fluorescence quenching agent. The specimens were
made in half permanent slides, and viewed with a Nikon fluorescent microscope (90i).

Results

Morphological characteristics

All 20 populations of R. similis exhibited all of reported morphological characters (Ta-
bles 2, 3). The female body was almost straight to slightly ventrally curved after heat
killed (Figure 1A). The head was low and a little rounded, continuous or slightly offset
with body contour (Figure 1E, Figure 5A—C). Lateral field had four incisures and obvi-
ously areolated (Figure 4G—H). The middle band was equal or a little wider than the
two lateral bands. The stylet was well-developed, shape and size of dorsal basal knobs
and two subventral knobs almost identical in shape and size; dorsal gland orifice was
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Figure |. Morphology of Radopholus similis Female: A whole body C anterior part of body E lip region
and stylet G vulva region H tail. Male: B whole body D anterior part of body F lip region and stylet
I cloacal region J tail Scale bar: A = 50 pm; B, H =20 pm; C, E, G, I, J = 10 um; D, F = 5 um.
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Table 2. Morphometrics of Radopholus similis females from offspring of mixed females and single female
from 20 populations (n = 20), respectively (measurements: pum).

Code* L a b b ¢ c |4 v’ G,
ReA 781.6+31.48 | 27.9+1.61 6+0.35 | 4.9+0.29 | 9.120.52 | 4.4+0.28 | 55.1+1.2 62.2+1.25 | 28.7¢3.21
(700-842.5) | (24.4-30.6) | (5.3-6.6) | (4.3-5.3) | (8.4-10.5) | (3.9-4.9) | (52.4-56.7) | (59.4—64.3) | (20.6-33.4)
RsAs 743.4+26.54 | 35.1+2.2 6+0.34 | 4.840.19 | 8.7+0.37 | 5.6+0.38 | 55.5+0.83 62.840.9 | 20.3£2.22
(705-798.8) | (31.6-39) |(5.5-6.9)| (4.4-5.1) | (8.1-9.7) | (4.8-6.4) | (53.2-57.7) | (60.2-64.8) | (18.1-26.7)
RsK 706.8+52.57 26.242.2 | 6.1+0.54 | 4.7+0.37 | 8.4+0.68 | 4.3+0.3 | 57.9+6.13 | 64.1+1.78 | 35.0+5.25
(513.8-776.3)| (17.9-28.7) | (4.8-7) | (3.3-5) | (5.7-8.9) | (3.7-4.9)| (52.4-83) | (60-68.6) |(25.3-47.2)
ReKs 682.4+41.81 | 31.5+#2.58 |5.620.47 | 4.5+0.3 | 8.2+0.39 | 5.2+0.59 56+0.92 63.7+1.17 | 23.1+3.3
(617.5-755) | (26.3-36.1) | (5-6.9) | (3.7-5.1) | (7.5-9) |(4.2-6.4)| (53.1-58.7) | (60-66) |(19.5-32.5)
Rep | 674:8£33.08 | 3145181 | 55503 | 43:0.18 | 92:0.51 | 435036 | 56.9:182 | 63.4:0.69 | 23.5:2.79
(597.5-748) | (28.1-34.2) | (4.9-6) | (44.6) | (7.7-9.9) | (3.6-4.9) | (55.3-64.2) | (62.1-64.9) | (19-30.2)
RePs 667.7+21.87 | 33.1+1.46 | 5.4+0.4 | 4.1+0.19 | 9.120.39 | 4.5£0.32 | 56.8+1.55 | 63.9+1.81 | 22.9+2.36
(613-713.8) | (30.1-36.4) | (4.5-6.1)| (3.8-4.5) | (8.3-9.7) | (4-5.1) | (53.2-62.4) | (59.8-70.2) | (19.9-29.9)
RsC 795.9427.64 | 27.142.3 |5.8+0.58 | 4.8+0.18 | 8.840.42 | 4.6+0.32 | 55.2+0.91 | 62.3+1.06 | 33.6+2.49
(730-843.8) | (22.1-29.4) | (4.9-6.7)| (4.5-5.1) | (7.9-9.6) | (4.1-5.3) | (53.2-57.1) | (60.2-65.1) | (30.1-37.7)
RsCs 722.3+34.64 | 33.6+2.79 |5.8+0.42| 4.6£0.23 | 8.840.31 | 5.2+0.47 | 55.1+1.82 | 62.4+1.77 | 23.6+3.56
(647.5-767.5)| (28.5-37.9) | (4.8-6.6) | (4.1-5.2) | (8.2-9.4) | (4.5-6.4) | (49.1-57.9) | (55.6-65.5) | (18.4-30.9)
RsS 743.8+23.6 28+1.47 6.3+0.7 | 4.9+0.16 | 8.5+0.34 | 4.8+0.32 | 55.3+1.55 62.7+¢1.8 | 27.7+¢2.53
(702.5-778.8) | (25.5-30.6) | (5.3-7.9) | (4.5-5.1) | (8-9.3) | (4.1-5.7)| (51.9-60.2) | (58.3-68.4) | (23.2-31.5)
RsSs 719.9+29.35 | 30.8+3.04 |5.9£1.59 | 4.5:£0.22 | 8.6£0.44 | 5:0.52 | 56.4£1.89 | 63.8+2.12 | 23+3.24
(670-778) | (26.2-36.6) | (5-14.2) | (4.1-4.9) | (7.9-9.7) | (3.9-6.1) | (54.1-61.6) | (61.2-70.3) | (18.6-29.9)
RsT 736.9+22.67 | 29.6£1.96 |5.3+0.32| 4.4+0.19 | 9.3+0.52 | 4+0.33 | 56.2+0.92 | 63.1x0.97 | 22.9+1.59
(701.3-775) | (26.9-33.7) | (4.7-6.1) | (4.1-4.8) | (8.4-10.6) | (3.4—4.5)| (54.3-57.9) | (61.2-65.1)| (20-26.6)
ReTg | 664822697 | 3341269 | 54029 | 4.1:0.22 | 93:0.41 | 46:0.31| 5732144 | 64.2:146 | 209249
(610-718.8) | (28.2-39.1) | (4.7-5.9)| (3.7-4.5) | (8.3-10) | (3.9-5.1)| (51.2-59.4) | (58-66.4) |(18.2-28.5)
RsB 678.5+¢29.83 | 27.9+1.34 |5.1+0.35| 4.3+0.18 | 8.8+0.48 | 4+0.24 | 56.4+0.81 | 63.7+0.99 | 23.7+2.87
(625-742.5) | (25.5-30.5) | (4.5-5.6)| (4-4.6) | (8.2-9.8) | (3.6-4.6) | (54.7-57.7) | (61.7-65.3) | (19.5-31.4)
RsBs 677.9+34.8 31.1£1.73 | 5.4+0.33 | 4.2+0.2 | 9.120.36 | 4.4+0.36| 56.8+1.24 | 63.6+1.37 | 22.3+2.56
(608.8-743.8)| (27.8-34.9) | (4.8-6.2)| (3.8-4.6) | (8.5-9.8) | (3.9-5.5)| (54.2-61) | (61-68.6) |(19.1-27.4)
RsD 735.4+30.88 | 28£1.66 |5.9+0.41| 4.8+0.24 | 9.6+0.44 | 3.7£0.25| 57.1x0.71 | 63.8+0.91 | 27.8+2.62
(687.5-785) | (25.2-31.1) | (5.4-6.9)| (4.3-5.1) | (8.9-10.3) | (3.4-4.4) | (55.4-58.3) | (62.2-65.7) | (23.8-31.4)
RsDs 651.6+16.06 | 32.9+2.41 |5.5+0.24 | 4.4+0.19 | 9.5+0.43 | 4.3+0.31 | 57.4+1.29 | 64.2+1.41 | 20.7+1.55
(617.5-692.5)| (28.7-37.6) | (5-6) | (3.9-4.7) | (8.6-10.4) | (3.8-5.1)| (54.3-62) | (60.9-69.4) | (18.1-25.5)
RG 741.1430.95 | 28.9+1.75 |5.620.27 | 4.5+0.24 | 9.1+0.37 | 4.120.19| 56.2+0.81 | 63.2+0.97 | 26.6+3.72
(681.3-810) | (25.8-32.4) | (5.2-6) | (4.1-5) | (8.4-9.8) | (3.6-4.4)| (54.7-57.5) | (61.6-64.9) | (21.7-35.6)
RsGs 661.6+24.14 | 34.6+£2.18 | 5.6+0.37 | 4.1+0.18 | 9.2+0.32 | 4.6+0.32| 56.5+0.84 | 63.5+0.92 | 20.9+1.95
(606.3-713.8)| (28.6-38.8) | (4.9-6.5)| (3.8-4.5) | (8.5-9.9) | (4-5.3) | (55.2-59) |(62.2-66.7) | (16.8-25.6)
RsE 676.9429.04 | 28.9+1.91 |5.240.25| 4.4+0.16 | 8.9+0.48 | 4.1£0.31 | 56.7+0.81 | 63.9+0.95 | 23.7+2.91
(612.5-727.5)| (25.7-32.3) | (4.7-5.6)| (4-4.6) | (8.2-9.8) | (3.54.7)| (54.5-58.3) | (61.1-65.5) | (19.4-31.5)
RsEs 661.9+50.81 | 33.1+2.76 | 5.4+0.39 | 4.2+0.28 | 9.2+0.44 | 4.6+0.45 57+1.06 64+1.22 22.2+2.96
(545-747.5) | (27.4-37.3) | (4.6-6.2)| (3.5-4.7) | (8.5-10.3)| (3.9-5.6) | (54.9-59.7) | (61.3-67.3) | (16.8-29.2)
ReH 764.1427.22 30+2.9 6£0.53 | 4.9+0.21 | 8.8£0.34 | 4.7+0.33 | 55.9+1.08 | 63.4t1.48 | 28+2.73
(705-803.8) | (25.6-35.7) | (5.4-7.1)| (4.4-5.4) | (8.2-9.4) | (4.2-5.1)| (53.5-58.2) | (60.6-67.9) | (22.8-33.3)
RsHs 682.9+32.03 | 32.741.97 |5.7+0.33 | 4.4+0.32 | 8.4+0.27 | 5.6+0.34 | 56.1+2.04 | 63.6£2.32 | 19.3+1.6
(622.5-743.8)| (28.6-37) |[(4.9-6.4)| (3.8-4.9) | (7.9-9.1) | (5-6.6) | (53.9-61.6) | (60.9-70) |(16.4-22.7)
Rl 680.8+21.62 | 29.9+1.88 |5.7£0.49 | 4.5£0.19 | 9.6+0.58 | 4+0.32 | 56.7+1.08 | 63.3+1.06 | 23.6+3.61
(643.8-730) | (26.7-34.6) | (5-6.8) | (4.1-4.9) | (8.7-11.2) | (3.4-4.5) | (54.6-58.7) | (61.1-65.1) | (18.7-31.6)
Rels 666.6+25.04 | 32.7+2.16 |5.5+0.28 | 4.4+0.19 | 9.5+0.55 | 4.5+0.42 | 57.4+1.68 | 64.1+1.32 | 21.843.4
(611.3-725) | (26.7-35.2) | (5-6.1) | (3.9-4.8) | (8.6-11.1)| (3.1-5) | (56-64.2) |(62.4-68.3)| (18-30.2)
RsJ 718.2+¢18.03 | 26.5¢1.22 | 5.8+0.4 | 4.9+0.15 | 8.6+0.46 |4.2+0.18 | 57.3+1.81 | 64.9+2.05 | 31.5+2.47
(682.5-742.5) | (24.8-29.6) |(5.1-6.9) | (4.6-5.1) | (8-9.5) |(3.9-4.5)| (55-63.8) |(62.4-72.2)|(27.4-35.8)




Morphological and karyotypic differences within and among populations of Radopholus similis 75

Code* L a b b c c |4 %6 G,
ReJs 661242538 | 3214277 |5.6+0.32 | 4.5£0.23 | 8.1+0.33 | 5.2£0.39 | 56.5+1.19 | 64.3+1.17 | 21.5+2.24
(617-718.8) | (24.7-37.1) | (5.1-6.4) | (4-4.9) | (7.5-8.8) | (4.1-5.8) | (54.6-60.4) | (62.1-67.4) | (18.8-28.4)
Rey | 7305%29.23 | 303:17 5.340.26 | 4.4+0.19 | 9.3+0.56 | 4.1+0.33 | 56.4+0.81 | 63.3+0.83 | 27.7+2.96
(675=775) | (27-33.9) | (4.9-6) | (4—4.8) |(8.5-10.2) | (3.6-4.7) | (54.9-57.5) | (61.7-64.5) | (22.4-32.8)
RsVs 693.8+41.54 | 32.121.69 | 5.5+0.4 | 43+0.24 | 9.2+0.44 | 45+04 | 57.3+1.3 | G44+1.4 | 22.3+3.62
(632.8-797.5)| (29.3-35.1) | (4.9-6.9)| (3.9-5) |(8.4-10.5)|(3.7-5.2) | (54.8-60.8) | (61.9-67.7) | (17.7-31.5)
RsW 742.7+20.94 | 26.7+0.95 | 6.120.28 | 5.10.26 | 8.6+0.38 | 4.3+0.33 | 56.4%1.18 | G4+1.27 | 31.524.39
(717.5-790) | (24-28) |(5.8-6.8)| (4.3-5.5) | (7.8-9.3) | (3.44.8) | (54.7-59.7) | (61.7-67.8) | (24.4-40.3)
ReWs 659.3+26.3 | 29.3+2.6 |5.6+0.45 | 4.5+0.35 | 8.2+0.37 | 5+0.48 | 56+0.91 | 63.7+1.21 | 23.7+3.06
(617.5-731.3)| (24.9-33.9) | (5-6.6) | (3.9-5.2) | (7.7-9.2) | (4.3-5.8) | (54.4-58.2) | (60.3-65.5) | (19.3-28.9)
Rey | 7317£19.73 26.5+1.3 | 6.2+0.35| 4.7+0.2 | 9.5+0.43 | 3.7+0.12| 57.1x0.79 | 63.8+0.89 | 29+4.79
(690-756.8) | (24.3-28.2) | (5.8-6.8)| (4.5-5.1) | (8.9-10.1)| (3.64) | (56-58.5) |(62.1-65.4) | (19.1-34.5)
RsYs 689.7+24.91 | 32.9+1.82 |5.5+0.32 | 4.3+0.14 | 9.240.34 | 4.6£0.29 | 57.1+0.96 | 64.1+1.09 | 20.9+1.88
(628.8-732.5)| (29.6-38) |(4.9-6.2)| (4-4.6) | (8.8-10) | (4.1-5) | (55.5-59.1) | (62.2-66.4) | (18.3-26.1)
Rel. 665.8+45.12 | 31.7¢1.89 |5.440.44 | 4.130.26 | 9.130.34 | 4.5:¢0.31 | 57.4:+0.95 | 64.4+0.9 | 21.7+1.6
(615.5-812.5)| (28.8-36.1) | (5-6.8) | (3.7-4.7) | (8.6-9.9) | (3.9-4.8)| (55.5-58.8) | (62.5-66) | (20-25.1)
Rels 661.8+33.1 3141.86 | 5.5¢0.26 | 4.3+0.19 | 9.240.5 | 4.2+0.26| 56.4+1.27 | 63.3+1.52 | 22.1+2.23
(597.5-742) | (27.1-34.7) | (5-6) | (3.8-4.6) | (8.4-10.4) | (3.7-4.6) | (54.1-60.6) | (61.1-67.9) | (19.5-30.1)
ReM 656.7+21.99 | 30.8+1.29 |5.1+0.31 | 4.3+0.23 | 9.2+0.42 | 4.3+0.28 | 56.4+1.16 | 63.24¢1.52 | 20.1+1.2
(595-688.8) | (28.8-33.7) | (4.6-5.9)| (3.9-4.7) | (8.1-10.2)| (3.7-5) | (52.9-58.2) | (59.1-65.8) | (17.8-22.8)
RsMs 666.9+32.64 | 33.8+1.78 |5.5£0.33 | 4.3+0.2 | 9.3:0.46 | 4.5+0.39 | 57+0.75 | 63.940.89 | 20.7+1.49
(613.8-788.8)| (28.8-37.2) | (4.9-6.2) | 3.9-4.7) | (8.2-10) | (3.8-5.4) | (55.7-59.3) | (62.1-66.5) | (17.1-24.4)
RN 689.3+30.12 | 30.8+1.77 |5.3+0.26| 4.4+0.17 | 9+0.47 | 4.5¢0.38 | 56.3+1.03 | 63.4+1.34 | 24.2+2.14
(630-735) | (25.9-33.5) | (4.8-5.9) | (4.2-4.7) | (8.2-10.2) | (3.6-5.3) | (54.5-58.7) | (60.5—66.1) | (19.7-28.7)
ReNs 666.3:19.02 | 33.3:2.36 | 5.4+0.22 | 4.240.17 | 9.1:0.36 | 4.6£0.29 | 57.2+0.86 | 64.4+0.95 | 20.4+2.36
(632.5-705) | (29-37.6) |(4.9-5.8)| (3.9-4.5) | (8.4-9.9) | (3.7-5) | (55.8-58.7) | (62.4-66) | (17.6-27.8)
ReX] 7083+21.11 | 26.5+1.38 | 5.3+0.2 | 4.840.13 | 8.4%0.33 | 4.2+0.22 | 56.71.45 | 64.4%1.59 | 30.4%3.66
(671.3-756.3)| (24.4-28.9) | (4.9-5.7)| (4.5-5) | (7.5-8.9) | (3.8-4.5)| (54.2-61.1) | (61.6-69.3) | (26.3-40.3)
RsXjs 659.9+16.65 | 29.9+1.08 | 5.7+0.3 | 4.6£0.2 | 8.5:0.37 | 4.9+0.27 | 56.8+1.31 | 64.2+1.76 | 21.1x1.31
(631.3-691.3)| (27.6-32.6) | (5.2-6.4)| (4.2-5.1) | (7.9-9.5) | (4.3-5.3)| (55.1-61) |(58.5-69.2) | (17.5-23.3)
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Table 2. Continued.

Distance from

Code| G, Stylet Tail b Ran MB stylet knob to Pl*e‘;gh“"
dorsal gland origin
ReA 25.5+2.93 | 18.520.71 | 85.945.28 | 11.9+1.84 | 47.1+4.23 | 63.7+2.35 4.6£0.52 144.2+9.8
(20.6-30) | (17.3-19.4) | (77.5-95) | (8.7-15.3) | (40-54) |(59.2-67.8) (4.1-5.1) (131.6-170.3)
ReAs 18.7£1.65 | 19.1+0.44 | 85.3+4.05 | 10.5+2.6 |50.3+4.09 | 63.8+2.59 4.6+0.48 138+7.46
(163-22.7)| (18.4-19.4) | (77.5-95) | (7.1-18.9) | (44-57) |(59.2-69.4) (4.1-5.1) (123.4-154)
RsK 31.745.79 | 17.8+0.62 | 84.442.97 | 9.6+2.06 |43.4+4.29| 62.9+2.69 4.5£0.5 134.1+4.79
(22.6-47.7)| (17.3-19.4) | (78.8-90) | (6.1-14.3) | (38-55) |(57.1-69.4) (4.1-5.1) (123.4-139.7)
RekGe | 211196 | 18:5:0.47 | 8335412 | 9.5+175 [44.1:3.13| 60.212 43:0.41 132.248.15
(18.2-25.6)| (17.3-19.4) | (76.3-90.5) | (6.1-13.5) | (38-52) |(56.1-64.3) (3.1-5.1) (114.2-153)
ReP 22.7£2.26 | 19.1£0.45 | 73.4%4.52 | 11.2£1.01 | 50.9£6.96 | 60.6+2.08 4.4+0.53 140+6.36
(20-28.6) | (18.4-19.4) | (66.3-82.5) | (9.2-13.3) | (32-61) |(55.1-64.3) (3.1-5.1) (130.6-151)
RsPs 21.3£1.56 | 19.1£0.43 | 73.8¢4.22 | 11.6x1.17 |51.845.37 | 62.1+1.91 4.1£0.26 143.9+7.94
(17.9-24.7)| (18.4-19.4) | (67-83.8) | (9.2-14.1) | (38-60) |(58.1-66.3) (4.1-5.1) (126.5-159.1)
RsC 28.9+2.21 | 18.7£0.67 | 90.9+4.18 | 12.3+2.13 | 45.4+3.79 | 65.8+1.67 5+0.4 144.6+6.72
(24.9-32.4)| (17.3-19.4) | (85-102.5) | (9.2-17.3) | (39-52) |(63.2-69.9) (4.1-5.6) (133.6-160.1)
ReC | 2056301 [ 192051 [ 8245481 [ 974149 [44.454.84 | 646235 43+0.42 139.2+7.36
(16.3-28.3) | (17.9-19.4) | (72.5-92.5) | (7.1-13.8) | (36-57) |(60.2-70.4) (4.1-5.1) (125-154)
RsS 25.9+2.79 | 18.50.6 | 87.5+3.79 | 11#2.37 |46.1+3.54| 63.9+1.63 4.3+0.41 133.6+7.59
(20.4-30) |(17.3-19.4) | (80-93.8) | (8.2-15.3) | (40-51) |(61.2-66.3) (3.6-5.1) (124.4-158.1)
Rege | 2072228 | 1912042 | 83.9+5.79 | 941238 |48.8+5.37 | 64.8:2.68 42+0.33 141.7+8
(17.1-26.6) | (18.4-19.9) | (72.5-93.8) | (2.6-133) | (39-59) |(60.2-70.4) (4.1-5.1) (124.4-154)
RsT 21.7£¢3.19 | 18.8£0.51 | 79.3+3.88 | 12.8+1.28 | 47.7+4.88 | 63+1.67 4.2+0.31 147.7+7.26
(18.4-30.7) | (18.4-19.4) | (72. 5-86.3) | (10.7-15.8) | (37-58) | (60.2-66.3) (4.1-5.1) (134.1-163.2)
ReT | 1964172 | 19049 | 7182357 | 13+1.04 |45.8:3.46 | 63.4:2.67 4.240.39 143.7£6.91
(17.4-24.9) | (18.4-19.9) | (63-78.8) |(11.2-14.8)| (39-53) |(57.1-67.3) (3.1-5.1) (131.6-164.2)
RsB 22.2+1.6 | 18.120.47 | 77.6+¢4.57 | 13.9+1.63 | 46.7+5.67 | 61.5+2.2 3.9+0.43 140+6.5
(19.5-24.) | (17.3-18.4) | (67.5-85) |(10.2-16.3)| (34-58) |(56.1-64.8) (3.1-5.1) (125-155)
Reps | 2054215 | 19.420.25 | 74.253.42 | 12.721.66 | 46.5:4.36 | 63.352.56 431053 145.249.18
(17.4-25.9)| (18.4-19.9) | (65-80) | (8.2-15.3) | (37-58) |(59.2-67.3) (3.1-5.1) (125.5-165.2)
RC 23.8+2.4 | 18.3:0.52 | 81.3+4.39 | 14.2+1.45 | 47.1+3.46 | 63.2+1.91 4.3+0.58 145.9+5.04
(19.1-27.5)| (17.3-19.4) | (72.5-90) |(11.2-16.3) | (40-53) |(60.2-67.3) (3.1-5.1) (135.7-157.1)
RCs 19.7£1.74 | 19.1£0.42 | 72.3+3.64 | 13.1£1.06 | 46.4£3.19 | 62.7+2.32 4.4+0.53 140+5.83
(16.5-26.2) | (18.4-19.4) | (63.8-78.8) | (10.7-15.3) | (41-53) | (58.1-67.3) (3.1-5.1) (129.5-151)
RsD 24.6+2.49 | 19.1:0.6 | 76.5+4.01 | 12.7+1.03 | 46.4+4.43 | 63.2+1.86 4.3£0.45 133.9+5.44
(21.2-30.4) | (18.4-20.4) | (67.5-81.3) | (11.2-15.3) | (39-58) | (61.2-67.3) (4.1-5.1) (125-143.8)
ReDs | 1982108 | 19.3:0.42 | 68.843.39 | 11.8+1.16 | 45.5¢3.43 | 61.1:2.57 4.6£0.5 130.2+6.89
(17.8-22.6)| (18.4-20.4) | (59.5-76.3) | (8.7-14.3) | (35-51) |(54.1-66.3) (4.1-5.1) (121.4-152)
RsE 21.3+2.04 | 18.6£0.45 | 75.9+3.93 | 13.3+1.22 | 47.3+4.36 | 60.8+1.94 3.7+0.5 137+6.35
(16.8-23.6)| (18.4-19.4) | (70-85) |(11.2-16.3)| (40-60) |(58.1-64.3) (3.1-4.1) (126.5-149.9)
Refs | 2056249 | 189:0.51 | 7195526 | 12,9149 | 45.5+4.16 | 62.752.49 43:0.41 142.247.27
(16.9-26.4) | (18.4-19.9) | (61.3-80) |(10.2-16.8)| (35-52) |(57.1-67.3) (4.1-5.1) (126.5-156.1)
Rel 24.7£2.75 19+0.5 86.9+4.4 | 10.3+1.62 |46.1+4.17 | 642.52 4.3+0.42 137.4+6.97
(19.5-28.9)| (18.4-19.4) | (80-95) | (6.6-13.3) | (38-53) |(57.1-68.3) (4.1-5.1) (126.5-152)
RsHs 18.4+1.49 | 19.1:0.5 | 81.6+4.17 | 8.9+1.61 |48.1+3.61 | 62.7+2.41 4.6£0.49 139+8.68
(15.7-23.1)| (17.3-19.4) | (73.8-88.8) | (5.6-12) | (41-54) |(59.2-70.4) (4.1-5.1) (124.4-159.1)
Rl 20.9+2.23 | 18.520.6 | 71.2+3.81 | 13.8+1.41 |43.5£3.56 | 57.6£1.78 4.1£0.62 132.5£5.92
(17.7-25.6) | (17.3-19.4) | (62.5-77.5) | (11.2-17.3) | (38—49) | (54.1-60.2) (3.1-5.1) (119.3-145.9)
Rels 20.2+¢2.06 | 18.9+0.55 | 70.7+4.5 | 12.3x1.6 |44.2+¢4.62| 61£2.25 4.3+0.39 135.246.78
(17.5-25.2)| (17.3-19.4) | (55-76.3) | (8.2-14.8) | (33-54) | (53-64.3) (4.1-5.1) (119.3-148.9)
Ry 27.5+2.92 | 18.120.69 | 83.5+4.23 | 12.6x1.75 | 41.842.59 | 62+1.79 4.5£0.55 130+4.37
(22.6-32.7)| (17.3-19.4) | (72.5-90) | (8.7-15.3) | (37-45) |(59.2-65.3) (3.6-5.1) (122.4-138.2)
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Distance from Ph
Code| G, Stylet Tail b Ran MB stylet knob to legt‘h"‘
dorsal gland origin
Rgs | 1982181 | 18:5:042 | 816:384 | 10:194 | 4472417 [ 5924187 431051 127.6+6.6
(17.5-24.6) | (17.3-19.4) | (75-88.8) | (6.1-14.3) | (39-55) |(56.1-62.2) (3.1-5.1) (118.3-143.8)
ey | 2524282 [ 1884075 | 7916493 [ 11.6:1.13 [485+4.62] 6234132 43£034 147+8.66
(21.8-31.7)| (17.3-19.4) | (67.5-87.5) | (9.2-13.3) | (38-57) |(59.2-65.3) (4.1-5.1) (132.6-164.2)
Reve | 20-8:1.92 [ 1924035 | 75.9¢5.56 | 11.4:1.66 |46.3£4.78 | 62.8+1.89 4.4+0.42 141.315.86
(18-26) | (18.4-19.4) | (67.5-86.3) | (8.2-14.3) | (38-56) |(58.1-67.3) (4.1-5.1) (129.5-153)
RSW 29.4+3.24 | 18.4+0.47 | 86.9+4.62 | 11x1.73 |41.4+4.45| 61.7+2.05 4.4+0.48 128.1+7.37
(25-36.2) | (17.3-19.4) | (77.5-95) | (8.2-15.3) | (36-53) |(55.1-64.3) (4.1-5.1) (114.2-151)
Rews | 2252349 | 1832041 | 80.224.57 | 10.1:1.96 | 42.8+3.92 | 59.2¢1.92 4.1£0.43 127.8+9.39
(17.9-30.4) | (17.3-19.4) | (71.3-86.3) | (6.6-14.3) | (36-52) |(55.1-62.2) (3.1-5.1) (113.2-146.9)
Rey | 2784368 | 196:0.43 | 772422 | 1274131 [46.422.59 | 64.2:1.76 460,51 136.146.67
(21.9-34.5) | (19.4-20.4) | (72.5-85) |(10.7-14.8)| (42-51) |(61.2-68.3) (4.1-5.1) (128.5-146.9)
Reys | 1995121 | 19.420.46 | 7495327 | 12.421.32 | 47.952.98 | 6375196 4.6:0.7 140.3+5.44
(17.7-23.5) | (18.4-20.4) | (69.5-81.3) | (10.2-15.8) | (41-53) |(59.2-67.3) (3.1-6.1) (125.5-153)
Re | 2032147 | 1932048 | 72,945,590 | 123:0.91 | 4949 | 63.8+2.58 45+0.51 147+9.47
(18-23.2) | (18.4-20.4) | (65.5-90) |(10.7-13.8)| (38-58) |(58.1-67.3) (4.1-5.1) (120.4-161.2)
Rels | 20:62222 [ 192606 [ 721544 | 126122 [48625.13 | 59.5:2.02 4£0.31 133.8£10.06
(18.3-30) | (18.4-20.4) | (64.8-83.8) | (9.2-14.3) | (38-57) |(56.1-64.3) (3.1-5.1) (106.1-156.1)
RsM 18.4+1.1 | 18.6+0.53 | 71.6+3.18 | 12.1+1.25 [45.3+3.39 | 59.1+2.14 3.9+0.63 133.3+7.06
(15.7-20.4) | (17.3-19.4) | (66.3-77.5) | (9.2-14.3) | (39-52) |(55.1-63.2) (3.1-5.1) (123.4-144.8)
ReM| 1995115 | 193106 [ 7174443 | 1232122 [46.243.53 | 62.143.42 4.6:0.47 137.4+8.07
(17.7-22.6) | (18.4-21.4) | (65-83.8) |(10.2-14.8) | (40-55) |(56.1-70.4) (4.1-5.1) (122.4-155)
R | 2132199 | 189:0.62 [ 76.9:3.96 | 13.541.49 |44.423.15 | 60.8:2.33 411023 139.2+6.68
(19-27.6) | (18.4-20.4) | (70-82.5) |(10.2-16.3)| (39-51) |(56.1-64.3) (4.1-5.1) (128.5-149.4)
Repg | 195186 | 19.2:0.39 | 735:3.1 | 13.2¢1.17 | 47.84497 | 63:2.81 43+0.45 142.8+7.96
(16-24.3) | (18.4-19.4) | (68.8-81.3) | (10.7-15.3) | (37-56) |(58.1-72.4) (3.1-5.1) (128.5-168.3)
Rex | 2512303 | 1772051 | 848428 | 842.96 3754161 59.943.07 3.740.5 130.8:3.65
(22.8-34) | (17.3-18.4) | (80-90) | (5.6-19.4) | (35-40) | (53-65.3) (3.1-4.1) (122.4-136.7)
RsXjs 20.1+1.42 | 18.4+0.38 | 77.5#3.9 | 7.5t+1.44 |37.9+3.61 | 61+2.08 4.1+0.4 127.1+6.67
(16.9-23.6) | (17.3-19.4) | (67.5-86.3) | (3.6-10.2) | (24-46) |(58.1-65.3) (3.1-5.1) (116.3-144.8)

*Code of progeny from 30 females (Codes as RsA et al) and a single young female nematode (Coded as

RsAs et al) of different population of Radopholus similis, RsA/RsAs: intercepted from Calathea zebrine in
Netherlands; RsB/RsBs: collected from Ravenea rivularis in China;RsC/RsCs: intercepted from Calathea
sp. in Netherlands; RsD/RsDs, RsG/RsGs: collected from Chamaedorea cataractarum in China; RsE/
RsEs, RsH/RsHs: collected from Philodendron sp.in China; RsI/Rsls, RsJ/Rs]s, RsV/RsVs, RsW/RsWs,
RsY/RsYs: collected from Anthurium andraeanum in China; RsK/RsKs, RsP/RsPs: collected from Cala-
thea zebrine in China; RsL/RsLs: collected from Epipremnum aureum in China; RsM/RsMs:intercepted

from Stranvaesia sp. in Malaysia; RsN/RsN:collected from Chrysalidocarpus lutescens in China; RsT/RsTs:
collected from Calathea sp. in China; RsS/RsSs: collected from Calathea makoyana in China; RsXj/RsXjs:

intercepted from Zingiber officinale Roscoe in Singapore.
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Table 3. Morphometrics of Radopholus similis males from offspring of mixed females and single female
from 20 populations (n = 20), respectively (measurements: pum).

Code® L a c ¢ stylet MB genital length | testis length
RsA 660.2+20.45 37.242.67 | 7.5£0.36 | 6.8+0.49 13.7+£0.9 52.9+2.27 | 186.6+16.11 | 54.2+10.23
(601.2-692.5) | (32.1-41) | (6.8-8.3) | (6-7.7) |(11.2-15.3)| (49-57.1) | (162.5-222.5) | (33.7-79.6)

RsAs 708.5+21.67 43£3.11 7.4+0.93 | 7.5¢1.47 | 13.3+0.83 | 58.9+2.44 | 179.1x16.41 | 51.2+10.18
(660-763.8) | (37.1-47.6) | (4.1-8.1) | (6.3-13.1) | (11.2-14.3) | (53-64.3) | (146.9-217.5) | (30.6-78.5)

RsK 644.1¢40.47 | 38.1+2.49 | 7.3+0.32 | 6.9+0.49 12+0.73 53.9+2.03 | 206.3+18.45 | 59.5+17.08
(577.5-770) | (31.8-44) | (6.3-7.7) | (6.2-7.8) | (11.2-13.3) | (52-60.2) (180-245) | (27.5-89.8)

ReKs 618.8+33.06 38+2.85 7.4+0.45 | 6.5£0.51 | 11.9+0.94 | 54.842.29 | 191.5+23.06 | 46.3+18.76
(542.5-732.5) | (32.5-43.1) | (6.4-8.7) | (5.7-7.7) | (10.2-13.3) | (50-59.2) | (127.5-232.6) | (24.5-108.1)

RsP 647.9+22.15 37.3+1.8 8.4+0.35 | 5.7¢0.29 | 11.6+0.57 | 56+1.79 206.4+23.65 | 77.1£14.19
(612.5-702.5) | (32.9-40.8) | (7.9-9.4) (5-6.1) |(11.2-13.3) | (52-58.1) (155-240) (54.1-98.9)

RsDs 632.6+24.35 38.6+2.41 8.5£0.37 | 5.7¢0.35 | 11.9+1.24 | 59.422.50 | 196.4+23.71 | 57.4+12.82
(567.5-676.3) | (32.9-43.2) | (7.8-9.3) | (5.2-6.3) | (10.2-14.3) | (54.1-63.2) | (157.5-247.5) | (27.5-90.8)

RC 666.4+26.44 41.4+2.8 7.7+0.23 | 6.8+0.34 | 13.2+0.34 | 55.9+£3.35 | 218.8+27.7 63.6+£12.7
(605-707.5) | (38.4-47.5) | (7.4-8.2) | (6.4-7.5) | (12.2-13.8) | (51-65.3) | (163.2-250.9) | (41.8-84.7)

RCs 662.8+30.59 | 40.9+2.41 7.7+0.3 6.8+0.42 | 13.5+0.48 | 57.6+3.07 | 174.2+26.64 | 38.2+8.39
(613.8-730) | (36.2-45.8) | (7.2-8.5) | (6-7.7) | (12.8-14.8)| (52-62.2) | (122.4-232.5) | (22.4-56.1)

RsS 656.3+16.05 38.1+1.61 7.6+0.26 | 6.6£0.41 | 13.6+0.74 | 55.6+2.61 | 215.2+14.67 57.3+6.66
(621.3-677.5) | (35.541) | (7.28.3-) | (5.8-7.4) | (12.2-14.8) | (53-63.2) | (192.8-247.9) | (45.9-69.4)

RsSs 670.3+26.22 | 38.5+3.27 | 7.6+0.43 | 6.8+0.65 | 13.2+1.36 | 58.4+3.28 | 208.4+19.83 | 49.6+17.73
(622.5-717.5) | (33.1-43.8) | (6.6-8.7) | (5.2-8.1) | (10.2-14.8) | (50-62.2) | (170-257.5) |(27.5-111.7)

RsT 615.3+£29.52 37.4+2.38 8.2+0.27 | 5.840.26 | 12.6x1.32 | 55.5£2.32 | 180.8+23.16 | 49.6+17.65
(548.8-680) | (33.4-42) | (7.7-8.6) | (53-6.2) | (11.2-15.3) | (50-60.2) | (142.5-225) | (23.5-96.9)

ReTs 615.2429.1 37.3+2.84 8.4+0.4 5.8+0.28 | 11.9£2.19 | 60.7+2.77 | 190.5£19.95 | 52.3+19.84
(545-695) (31.1-43) | (7.8-9.3) | (5.4-6.3) | (9.2-16.3) | (55.1-65.3) | (142.8-230) |(12.2-107.1)

RsB 607.1£15.75 | 32.5£1.93 8+0.33 5.9+0.42 | 12.6£1.46 | 54.7+2.08 | 174.1+21.71 | 39.1+19.73
(571.3-637.5) | (29.1-36.8) | (7.4-8.6) | (5.2-6.8) | (10.2-16.3) | (51-59.2) | (132.5-217.5) | (16.3-78.5)

ReBs 613.7+20.8 36.4+2.8 8.2+0.31 | 5.8+0.39 14.1+0.7 57.7+2.49 201.7+18.7 75+25.33
(555-662.5) | (31.1-42.1) | (7.7-8.9) (5-6.6) |(12.2-15.3) | (53-62.2) | (167.5-230) |(31.6-123.4)

RsG 621.5421.13 35.1+2.2 8.2+0.33 | 5.8+0.43 | 14.120.53 | 56.3+2.72 | 197.5£13.45 | 57.1£13.56
(572.5-657.5) | (30.8-38.6) | (7.7-8.8) | (5.2-6.6) | (13.3-15.3) | (51-62.2) | (180-222.5) | (35.7-84.7)

RsGs 605.9+20.04 37+2.59 8.4+0.31 | 5.7+0.38 | 11.9+1.56 | 56.8+2.81 170.2+17.31 42+14.63
(550-643.8) | (33.7-42.9) | (7.8-9.2) | (4.1-6.2) | (10.2-14.3) | (51-62.2) | (133.6-215) | (21.4-95.9)

RsD 620.3+26.7 34.4+2.7 8.4+0.34 | 5.5+0.37 | 12.6+0.94 55.7+1.8 190.8+16.55 | 68.7+10.39
(575-670) | (31.3-42.3) | (7.6-8.9) | (5.1-6.2) | (11.2-14.3) | (52-59.2) | (170-220) | (34.7-82.6)

RsDs 594.8+23.14 38+1.84 8.6x0.49 | 5.5+0.37 | 12.4+1.68 | 58.1+2.53 | 179.7£22.53 | 50.3+16.14
(547.5-632.5) | (33.1-42) (8-9.9) (4.8-6.2) | (10.2-16.3) | (53-62.2) | (137.5-224.4) | (27.5-105.1)

RsE 611.4+21.39 34.1+1.4 8+0.24 5.8+0.37 | 12.5£0.71 | 54.1+2.21 190.1£12.02 | 59.5+12.47
(556.3-641.3) | (30.5-36.5) | (7.7-8.7) | (5.3-6.4) | (11.2-13.3)| (9-58.1) (160-205) (27.5-83.6)

R<Es 616.8+33.67 38.4+2.5 8.4+0.47 5.840.3 13.5¢1.54 | 58.3+2.18 | 175.5+22.26 46+14.18
(540.5-723.8) | (32.6-44.5) | (7.6-10.3) | (5.1-6.3) | (10.2-15.3) | (53-63.2) (125-217.5) | (23.5-84.7)

ReH 676.9+26.49 35.4+2.1 7.4+0.24 | 6.9+0.51 13+0.87 55.1+1.4 195.4+16 49.749.07
(631.3-717.5) | (31.9-38.7) | (6.7-7.7) | (6.2-8.1) | (11.2-14.3) | (52.5-57.1) | (167.5-227.5) | (35.7-71.4)

ReHs 651.6+41.32 39+3.08 7.6£0.27 7+0.5 12+1.22 58.3+2.7 188.3+16.89 | 45.3+20.32
(527.5-710) | (33.3-47.3) | (6.9-8.3) (6.2-8) (9.2-14.3) | (50-65.3) (155-232.6) | (23.5-95.9)

Rsl 612+20.85 38.6+1.5 8.3+0.29 | 6.1+0.34 | 12.9+0.67 53+1.87 175.3+21.38 | 51.9+12.75
(572.5-641.3) | (35.4—42.3) | (7.7-8.8) | (5.4-6.7) | (11.2-13.8) | (50-56.1) (140-215) | (30.6-77.5)

Rsls 609+22.36 37.5£2.19 | 8.4£0.29 5.840.3 12.4£1.22 | 56.5+3.04 | 173.3+18.33 | 44.3+12.74
(551.3-641.3) | (33.9-41.8) | (7.8-9.2) | (5.2-6.4) | (10.2-14.3) | (49-61.2) | (122.5-207.1) | (20.4-84.7)

Ry 615.5+33.84 35.9+2.1 7.4+0.26 | 6.5+0.47 | 12.2+0.89 52.5+2.2 202.5+¢21.52 | 61.8+10.88
(536.3-672.5) | (30.6-40.7) | (6.9=7.9) | (5.6-7.3) | (11.2-14.3) | (46.9-58.1) | (162.5-260) | (27.5-78.5)
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Code® L a c c stylet MB genital length | testis length
RyJs 605.9429.72 | 36.9+2.78 | 7.5£0.27 | 6.2+0.42 | 12.4+0.94 | 55.1+2.16 | 193.7#19.45 | 41.6+13.32
(554.5-650) | (31.7-42.8) | (6.8-8) | (5.4-7.1) | (11.2-15.3)| (52-60.2) | (160-233.6) | (27.5-82.6)

RSV 614.8422.17 | 36.1+2.3 | 8.3:0.26 | 5.7£0.47 | 14.840.69 | 56.6x2.74 | 196.7£16.22 | 74.4£16.95
(570-650) | (31.9-41.6) | (7.8-8.8) | (5.1-7.4) | (13.3-15.3) | (52-62.2) |(161.2-222.4) | (37.7-98.9)

RsVs 620.8+28.16 38+1.83 8.3+0.34 | 5.8£0.47 | 11.6£1.9 | 58.5+1.63 188+15.62 | 52.7+14.08
(568-713.8) | (35.4-41) (7.579) | (5.1-7.1) | (9.2-14.3) | (55.1-63.2) | (150-217.5) | (16.3-82.6)

ReW 602.2+20.24 37.143.7 | 7.3%7.28 | 6.5¢6.57 | 11.1£0.71 | 53.1+53.24 | 196.1+18.2 47.5+8.7
(567.5-627.5) | (31.4-41.7) | (6.5-7.8) | (5.5-7.4) | (10.2-12.2) | (51-57.1) | (157.5-232.5) | (32.6-62.2)

RsWs 600.2+30.42 35.1+£2.33 7.5£0.3 6.3+0.39 | 13.4+0.85 | 54.7+2.17 | 194.2+13.23 | 45.8+21.71
(555-675) (30.1-39.1) | (6.9-8.1) | (5.3-7.3) | (12.2-15.3) | (50-58.1) | (176.5-227.5) | (22.4-119.3)

RY 619.5+18.67 35.5+2.0 8.4+0.28 5.5£0.5 14.840.68 | 55.5+¢1.96 | 194.7+15.86 65.8+17.7
(578.8-648.8) | (31.5-40.4) (8-9) (4.5-6.6) | (13.8-16.3) | (52-58.1) | (155-222.4) | (34.7-87.7)

RsYs 632+26.48 37.7+2.58 8.5+0.3 5.8+£0.7 12+1.78 60.3+2.04 | 202.4+21.84 | 59.9+16.67
(586.3-687.5) | (29.3-41.7) | (8.1-9.2) | (4.9-9.1) | (10.2-15.3) | (57.1-64.3) | (147.5-253) | (30.6-104)

Rel. 618.3+22.94 38.8+2.7 8.3+0.36 | 5.6+0.31 | 15.1+0.83 61.3+1.8 182.8+16.68 38.1£9.71
(581.3-658.8) | (34.6-43.6) | (7.7-9) | (5.1-6.2) | (13.3-16.3) | (58.1-64.3) | (143.8-227.5) | (24.5-56.1)

RsLs 611.9430.33 | 36.84¢1.98 | 8.2+0.34 | 5.6+£0.33 | 11.3+1.41 | 57.2+2.85 201.6+28 66.7+20.69
(560-658.8) | (33.5-39.4) | (7.7-8.7) | (5.3-6.3) | (9.7-14.3) | (47.9-61.2) | (152.5-247.5) | (31.6-106.1)

RsM 638.5+£16.48 36.242.1 8.5£0.27 | 5.7¢0.34 | 13.1+1.03 | 55.1x2.17 | 195.2+21.54 | 64.5£17.27
(610-662.5) | (32.2-40.7) | (7.9-9) | (5.3-6.5) | (11.7-15.3) | (52-60.7) | (157.5-237.5) | (41.8-104)

RsMs 622+27.21 37.6+1.97 | 8.4+0.34 | 5.7+0.35 | 13.9+1.08 | 59.1+2.63 | 188.8+21.89 | 59.5+18.89
(577.5-687.5) | (33.7-40.3) | (7.7-9.2) | (4.9-6.5) | (11.2-15.3) | (54.1-65.3) | (147.5-227.5) | (17.3-93.8)

RN 619.4+22.21 37.6+2.1 8.1+0.37 620.32 13.3+0.92 | 55.4+2.18 | 189.4+22.92 57.4+14.3
(572.5-655) | (33.141.2) | (7.5-9) | (5.6-6.8) | (11.2-14.3) | (51-60.2) | (147.5-235) | (28.6-80.6)

ReNs 605.4+18.97 38.62.62 8.2+0.31 | 5.9+0.43 13+2.18 58.843.37 | 185.9+28.28 | 60.1+28.12
(567.5-637.5) | (32.5-43.8) | (7.5-9.2) | (5.1-7.3) | (9.2-15.3) | (53-66.3) | (150-244.8) | (28.6-124.4)

RsX] 617.2429.31 32.843.3 7.7+7.8 6£6.09 | 11.6£0.49 | 52.74#53.22 | 187+14.09 | 51.2+¢11.37
(570-712.5) | (30.3-37.8) | (7.2-8.6) | (5.5-6.7) |(11.2-12.2) | (51-61.2) (160-205) (35.7-70.4)

RsXjs 624.3+15.12 36.1+1.81 7.7+0.22 610.39 12.2+¢1.88 | 56.3+2.18 203.249.63 57.7+10.23
(583.8-645) | (31.3-39.8) | (7.2-8.2) | (4.9-6.8) | (10.2-15.3) | (51-60.2) | (177.5-222.5) | (41.8-75.5)
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Table 3. Continued.

b ul icul distance from bod number
Code Tail b gubernaciium, | - spieu e anterior to | lip heigt o of genital
length length diameter .
excretory core papilla
RsA 88.8+5.84 | 7.2+1.07 10.7+0.68 18.7+£1.09 89.3+2.86 | 6.3+0.24 | 17.8+1.32 0-6
(77.5-98.8) | (5.1-9.2) (9.2-11.7) (16.3-20.4) | (84.7-94.9) | (6.1-6.6) | (16.3-20)
RAs 97.6£18.2 | 7.5+1.43 11.1+£0.9 19.8+1.7 96.143.33 | 6.2+0.25 | 16.5+1.22 0-6
(85-163.8) | (5.6-12.2) | (8.2-12.4) | (14.3-21.4) | (87.7-104) | (5.6-6.6)| (15-18.8)
RsK 88.8+5.35 | 6.2+1.09 10.7+0.6 18.4+1.77 92.2+4.03 6£0.37 | 16.9+1.08 0
(775-101.3)| (4.6-87) | (9.7-12) |(163-23.5)| (86.2-102) | (5.6-7.1)| (15-18.8)
ReKs 83.3+5.62 | 6.5+1.38 10.1+0.66 18.1+1.23 88.8+3.21 5.9+0.3 16.4+1.43 0-1
(72.5-96.3) | (4.6-9.7) (8.2-11.2) | (16.3-21.4) | (81.6-94.9) | (5.3-6.6) | (14.5-20)
ReP 77+3.48 7+1.02 11.1£0.48 19.7+1.45 92.4+3.73 | 6.1£0.11 | 17.4+1.09 29
(72.5-87.5) | (5.1-8.7) (10.2-12.2) | (15.3-21.4) | (83.6-97.9) | (5.6-6.1) (15-20)
RsDs 74.8+3.84 | 6.5+1.25 11.2+£0.52 20+0.93 91.1+¢3.58 | 6.1+0.25 | 16.4+1.27 3
(66.3-82.5) | (4.1-9.2) (9.7-12.8) | (18.4-21.4) | (85.7-99.5) | (5.1-6.6) | (15-19.8)
RsC 86.8+4.55 8.5+2.47 10.8+0.56 18.9+0.9 91+4.07 5.9+0.34 | 16.2+1.43 03
(77.5-95) | (4.6-12.8) | (9.7-11.7) |(17.3-20.4) | (84.2-97.9) | (5.1-6.2) | (13.8-17.8)
RsCs 86+4.64 7.2+1.59 10.8+0.68 18.9+1.2 91.7+4.28 6+0.25 16.2+1.01 03
(78.8-96.3) | (5.1-13.3) | (9.7-11.7) | (16.3-22.4) | (84.7-101) | (5.6-6.6) | (14.8-18.8)
RsS 86%3.79 7.7+1.6 10.8+0.62 18.50.6 93.1+£3.95 6+0.21 17.3+0.47 0
(80-92.5) | (5.1-10.7) | (9.7-11.7) |(17.9-19.4) | (86.2-100) | (5.6-6.1) | (16.3-17.8)
ReSs 83.9+5.79 | 6.6£1.61 11.2+0.9 19.3+1.14 94.7+¢3.39 | 6.1£0.19 | 17.5+1.27 0
(72.5-93.8) | (3.6-9.7) (9.2-12.2) (16.3-21.9) | (86.7-100) | (5.6-6.6) (15-20)
RsT 75.4+3.12 7£1.05 10.8+1.06 20.1+1.43 95.9+5.39 5.9+0.33 | 16.5+1.18 0-5
(70-83.8) | (5.1-92) | (82-12.2) | (17.3-23) | (87.7-109.1) | (5.3-6.6)| (15-18)
RsTs 73.143.22 | 7.6+1.06 10.6+0.72 20.1+1.28 94.7+3.8 5.9+0.25 | 16.6+1.38 45
(67.5-78.8) | (5.6-9.7) (8.7-11.7) | (16.3-22.4) | (87.7-102.5) | (5.6-6.1) |  (15-20)
RsB 76.3£3.33 | 7.8£1.24 10.8+1.05 20.5£1.55 90.4+3.11 5.9+0.26 18.8+1.2 46
(67.5-81.3) | (5.6-10.2) (9.2-12) (17.3-23.5) | (83.6-96.4) | (5.6-6.1) | (16.3-20.5)
RsBs 74.8+3.73 | 7.6£1.38 11+0.63 20.2+1.02 95.1+3.25 5.8+0.31 17£1.54 is
(663-82.5) | (5.1-10.7) | (8.7-12) | (18.4-22.4)| (89.8-102) |(5.1-6.1)| (15-20)
RG 76.1£3.73 | 7.9+0.82 11.1+0.63 20.5+1.5 94.2+2.58 6+0.24 17.7+£0.98 3
(67.5-82.5) | (6.6-9.2) (10.2-12.2) | (18.4-23.5) | (89.8-98.9) |(5.6-6.1)| (16.3-20)
RsGs 72.1+3.02 | 7.4+0.92 10.840.72 20.1+1.42 91.244.53 | 5.7+0.29 16.4+1.1 3
(67.5-78.8) | (5.1-9.2) (8.7-11.7) (17.3-25.5) | (78.5-97.9) | (5.1-6.1) | (14.8-18)
RsD 74.2+3.9 7.9£1.05 11.4+0.58 21+1.41 92.7+4.26 6.1£0.3 18.1+1.56 0-6
(663-83.8) | (4.6-9.2) | (10.2-12.2) |(18.4-24.5)| (85.2-100) | (5.2-6.5)| (15-20)
RsDs 69.4+4.28 7+0.83 10.9+0.6 19.8+0.97 90.9+3.33 5.9+0.3 15.7+0.82 27
(60-76.3) | (5.6-8.7) (9.4-12.2) | (17.3-21.4) | (84.7-96.4) | (5.1-6.1) | (14.5-18)
RsE 76.4+3.11 7.7£0.6 11+0.48 19.8+£1.09 91.3+4 5.9+0.25 | 17.9+0.85 is
(71.3-82.5) | (6.1-8.7) | (102-11.7) |(18.4-22.4) | (84.2-98.4) | (5.6-6.1)| (16.3-20)
RsEs 73.9+3.83 | 7.3+0.94 10.7+0.7 19.8+1.07 94.6+4.13 | 5.9+0.29 | 16.1+1.27 0-6
(65-81.3) | (5.1-9.2) (9.2-11.7) (17.3-21.4) | (85.7-103) | (5.1-6.1) | (13.8-19.5)
RH 91.1+4.07 | 6.8+1.92 11.2+1.03 19.2+1.26 94.5+5.05 610.21 19.2+0.92 5
(82.5-98.8) | (4.1-10.7) (9.2-12.2) (17.3-22.4) | (83.1-106.1) | (5.6-6.1) | (17.5-21.3)
RsHs 86.3+5.99 | 5.1+1.03 10.4+0.81 18.7+1.49 91.7+5.11 5.7¢0.29 | 16.8+1.36 04
(713-963) | 3.1-7.7) | (87-117) |(163-23.5)| (78-102) |(5.1-6.1)| (15-18.8)
Rsl 7424291 | 7.6£0.95 10.9+0.65 19.7£0.99 | 91.123.62 |5.6£0.35 | 15.9+0.68 5
(67.5-78.8) | (6.1-9.2) (9.7-11.7) | (18.4-21.4) | (84.7-98.9) | (5.1-6.1) | (15-17)
Rals | 727#401 | 785142 | 111505 | 2041092 | 895:3.9 | 59:0.25 | 1631091 S5
(62.5-79.8) | (6.1-12.8) | (9.4-12.2) |(18.4-22.4)| (82.1-97.9) | (5.6-6.1) | (15-17.5)
Ry 82.9+3.42 | 7.5+1.85 10.1£0.66 17.2+0.78 87.9+4.06 | 6.1+0.35 | 17.2+1.08 0
(77.5-91.3) | (4.6-12.2) | (9.2-11.2) | (16.3-19.4) | (83.6-96.9) | (5.1-7.1)| (15-18.8)
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b ul icul distance from bod number
Code Tail b gubemnaciium, | - spicu e anterior to | lip heigt o of genital
length length diameter .
excretory core papilla
Ryjs 80.5+4.63 | 6.9+1.39 10.1+0.58 18.4+0.93 88.6+4.06 | 6.110.17 | 16.5+1.27 0
(73.8-87.5) | (4.6-10.2) | (9.2-11.2) |(17.3-20.4) | (80.6-95.9) | (5.6-6.2) | (13.8-18.8)
RsV 74+2.62 6.4£1.03 11+0.47 20.1+0.87 93.3+3.47 | 5.9+0.26 | 17.1+1.28 47
(68.8-80) | (4.6-82) | (102-117) |(18.4-21.9) | (85.7-98.9) | (5.6-6.1)| (15-20)
RsVs 74.6£5.12 | 6.6£1.31 110.58 20.3+1.05 | 93.243.79 | 5.840.33 | 16.4£1.04 4
(66.3-88.8) | (3.6-9.7) (9.2-11.7) | (17.3-21.4) | (85.7-103) | (5.1-6.6) | (15-17.5)
ReW 83.1+4.54 7+1.1 10.2+0.88 17.4+1.37 | 87.6+¢2.52 | 6x0.19 | 16.3%1.11 0
(75-92.5) | (5.1-9.2) (8.2-11.2) | (15.3-20.4) | (82.6-93.3) | (5.6-6.1) | (15-18.8)
RsWs 80.3+4.56 | 6.5t1.76 10+0.68 18.1+1.08 86.3+4.92 6+0.31 17.1£1.02 1
(71.3-92.5) | (3.6-10.1) (8.7-11.2) (16.3-20.4) | (74.5-95.9) | (5.1-6.3) | (15-18.8)
RsY 73.7+¢3.16 | 6.8+1.28 11.5+0.4 20.8+1.1 96.9+3.96 | 6.1+0.05 | 17.5+1.08 0
(67.5-78.8) | (4.6-9.7) | (10.7-12.1) | (18.4-22.4) | (88.2-104.6) | (6.1-6.3) | (15.3-20)
ReYs 74.6£3.96 | 7.5+1.12 11+0.69 20.5£1.03 | 95.4+2.47 60.3 16.9+1.24 0
(66.3-81.3) | (5.6-102) | (8.7-11.7) | (16.3=22.4)| (89.8-100) |(5.1-6.6) | (15-20)
ReL. 74.8+4.24 | 6.8+1.25 10.9+0.51 200.71 94.1+2.94 | 5.9+0.27 | 16x1.16 2,6
(67.5-83.8) | (4.6-10.2) | (10.2-12) | (18.9-21.9) | (87.7-97.9) | (5.3-6.1)| (15-18)
Rels 73.5+4.22 | 6.9+14 11.2+0.53 20.5+1.01 | 89.943.27 | 6:0.24 | 17.4£1.42 6
(67-81.3) | (4.6-11.7) (9.7-12) (18.4-22.4) | (82.6-94.9) | (5.6-6.1) | (14.8-20)
RM 75.3+2.94 | 7.1:1.03 11.420.53 20.2+¢1.12 | 95.8+¢3.53 | 6+0.23 | 17.7¢1.25 7.8
(67.5-81.3) | (5.6-9.2) (10.2-12.2) | (18.4-22.4) | (90.8-104) | (5.6-6.1)| (15-20.5)
ReMs | 745489 | 66£1.22 | 104511 | 202:2.01 | 94.1:3.84 | 61027 | 16.6¢1.06 s
(67.5-86.3) | (4.6-9.2) (7.7-12) (15.3-24.5) | (87.7-102) | (5.6-6.6) | (15-18.8)
RN 76.7+4.27 | 6.9+1.25 10.9+0.61 20+1.15 92.4+4.03 | 5.9+0.26 | 16.5£0.75 46
(70-86.3) | (4.6-9.2) (9.7-12.2) (18-24) (85.7-100) | (5.6-6.1) | (15-18)
RNis 73.5£3.43 | 7.2+0.8 10.7+0.76 20+1.1 94.1¢3.94 | 5.8£0.31 | 15.7+1.18 36
(663-83.8) | (6.1-9.2) | (82-117) |(17.3-21.4)| (88.7-102) | (5.1-6.1) | (13.8-18.8)
RsX] 79.8+3.55 | 6£1.26 10.6+0.44 19.4+1.4 90.3+3.23 | 6x0.29 | 18.8+1.09 0
(72.5-86.3) | (4.6-9.7) (9.7-11.2) | (17.3-19.8) | (84.7-95.9) | (5.1-6.1) | (16.3-20)
RsXjs 80.8+2.87 | 6+1.06 10.4+0.73 19.3¢1.11 92.9+2.6 5.8¢0.3 | 17.3:0.89 0
(73.8-85.5) | (4.6-8.2) (8.2-11.7) | (15.3-20.9) | (88.7-97.4) |(5.3-6.1)| (15-20)

Code of progeny from 30 females (Codes as RsA et al) and a single young female nematode (Coded as
RsAs et al) of different population of Radopholus similis, RsA/RsAs: intercepted from Calathea zebrine in
Netherlands; RsB/RsBs: collected from Ravenea rivularis in China; RsC/RsCs: intercepted from Calathea
sp. in Netherlands; RsD/RsDs, RsG/RsGs: collected from Chamaedorea cataractarum in China; RsE/
RsEs, RsH/RsHs: collected from Philodendron sp. in China; RsI/Rsls, RsJ/Rs]s, RsV/RsVs, RsW/RsWss,
RsY/RsYs: collected from Anthurium andraeanum in China; RsK/RsKs, RsP/RsPs: collected from Cala-
thea zebrine in China; RsL/RsLs: collected from Epipremnum aureum in China; RsM/RsMs: intercepted

from Swzranvaesia sp. in Malaysia; RsN/RsNs:collected from Chrysalidocarpus lutescens in China; RsT/
RsTs: collected from Calathea sp. in China; RsS/RsSs: collected from Calathea makoyana in China; RsXj/
RsXjs: intercepted from Zingiber officinale Roscoe in Singapore.
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Figure 2. Tail morphology of Radopholus similis Female: A-B Typeltail C-DType II tail E-H Type
I tail 1) Type IV tail. Male: L-M Typeltail K, N Type II tail O-R Type III tail. A, E: RsB; B, F, G,
P: RsW; C: RsP; D, I: RsA; H: RsC; J: RsHs; K-L: RsH; M—N: R:RsN; O: RsL; Q: RsX]J. Scale bar:
A-R =10 pm.

near the stylet base (Figure 1E). The excretory pore opened ventrally 0-2 annuli behind
the hemizonid, approx. 2-3 annuli long in diam. The oesophageal gland overlapped
the intestine dorsally (Figure 1C). The vulva situated in the postmedian part of the
body. The vulva was flat or slightly projecting (Figure 1G). The reproductive system
was didelphic, extended, with oocytes in a single row. The spermatheca was round or
oval, with rod-shaped sperm (Figure 1G). The gonad inflexion exists in some popula-
tions and the anterior gonad was longer than the posterior one. The tail was mostly
subconoid (Figure 1H, Figure 2A-I), longer than 70 um, with average hyaline part
of tail longer than 5.6 um. Male: The lip region was high and round, hemispherical,
clearly offset with body contour, bearing 3—5 annuli (Figure 1E Figure 5D-F). The
stylet was weak, without base knob or only with slightly expanded base. The median
bulb and gland of the esophagus degenerate (Figure 1D). The excretory pore opened
ventrally at 0—1 annulus behind hemizonid. Single testis extended forward. The guber-
naculum extended over cloacal pore, approx. half length of spicule. The bursa wasobvi-
ous, extending more than 47%-90% length of tail (Figure 11-J, Figure SR-V).
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Morphological observations of progeny of 30 females

Females. The shortest individual female (513.8 pm) was found in the RsK population
from C. zebrina, and the shortest females with average length of 656.7 um were from
the RsM population from Stranvaesia sp.. The longest individual female (843.8 pm)
and the longest females with average length of 795.9 pm were found in the RsC popu-
lation from Cualathea sp.. Head diameter and height were almost identical in all the
populations and ranged from 9.8x4.3 um to 9.1x4 pum. The number of head annuli
varied in and among populations, with 2 annuli in the RsS and RxXj populations,
3—4 annuli in the RsL, RsT, RsV and RsY populations, and 3 annuli in the remain-
ing populations. The stylet length varied from 17.3 pm to 19.6 pm. Tail length and
shape varied in and among populations. The longest tails with average length of 90.9
pm was found in the RsC population. The shortest tails with average length of 71.2
pm was found in the Rsl population. The most and least tail annulations (61 and 32,
respectively) were all found in the RsP population. The average length of the hyaline
part of the tail of all populations was longer than 5.6 um, 97.5% of these individu-
als was longer than 7 pm, and only 0.5% was 5.6 pm. In addition, the shortest and
longest hyaline part of tail were all from the RsH population (3.1 pm and 10.7 pm,
respectively). Tail shape showed four differenttypes (I-1V). The type I tail is conoid,
slightly or abruptly slender to tail terminus, tail terminus sharp or blunt round, which
showed in the RsB, RsI, RsL and RsW populations (Figure 2A, B; Figure 5K, L, N,
Q). The type II tail is conoid, then sub-cylindrical, tail terminus round which showed
in the RsP and RsA population (Figure 2C, Dj; Figure 5]). The type III tail is conoid
with a fingerlike terminus which showed in the RsB, RsW and RsC populations (Fig-
ure 2E-H). The type IV tail is conoid with forked ends showed in the RsA population
(Figure 2I). Among these, type I and II tail shapes were more frequent than the other
two. In addition, tail shapes were not identical within the same population. The RsA
population showed types II and IV, and the RsW population showed types I and II.
The RsB, RsN and RsV populations showed types I, II and III, whereas the other
populations showed most tail shapes as types I and II.

Males. The shortest individual male (572.5 pm) was found in the population from
A. andraeanum coded as Rs], and the shortest males with average length of 602.2 pm
were from the same host population but RsW. The longest male (770 pm) was found
in the RsK population from C. zebrina, and the longest males with average length of
676.9 pm were found in the RsH population from Philodendron sp. The longest spic-
ule (20.8 pm) was found in the RsY population, and the shortest (17.2 pm) in the Rs]
population. Tail shape varied in and among populations: RsA, Rs] and RsW popula-
tions had type I and type III tails (Figure 2P). The RsB, RsI, RsL and RsT populations
had type II and type III tails (Figure 20). The RsX] population had type I, II and IIT
tails (Figure 2Q)). The RsK, RsG, RsP and RsV had type I, II and III tails. The RsN
population had type I (Figure 2M), II (Figure 2N) and III tails (Figure 2R). The re-
maining populations had type I and type II tails.
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Morphological observations of progeny of single females. Females. The shortest
female was found in the RsEs population (545 pm), and the shortest females with aver-
age length of 651.6 um were found in the RsDs population. The longest individual fe-
male and longest females were found in the RsAs population (body length = 798.8 pm,
the average body length = 743.4 pm, respectively). The head diameter and height varied
from 9x4 pm—9.6x4.1 um, and the stylet length varied from 18.3 um to 19.4 pm. The
head annuli varied in and among the populations. Two head annuli were found in the
RsXJs population, 3 in the RsAs, RsEs, RsHs, Rsls, RsKs, RsLs, RsTs, RsKs and RsYs
populations, 4 in the RsBs, RsDs, RsGs, Rs]s, RsNs and RsPs populations, and 3—4 in
the RsCs, RsMs and RsVs populations. The longest tails of female with average length
of 85.3 um were from the RsAs population, and shortest tails (68.8 pm) were from the
RsDs population. The highest number of tail annuli (60) was from the RsPs population,
and the least (24) was from the RsX]Js population. Tail shape varied also. The tail type I
predominated in the RsBs, RsCs, RsEs, RsLs, RsMs, RsPs, RsSs and RsYs populations
(Figure 5I). Tail type I and II were found in the RsGs and RsT's population. Tail type I
and III were found in the RsJs population (Figure 50). Tail type I and III were found
in the RsWs population (Figure 5G). Tail types II and III were found in the RsGs and
RsTs population. Tail types I, I and III were each found in the RsAs, Rsls, RsNs and
RsVs populations. Tail types II, III and IV were found in the RsHs populations (Figure
2]). And tail types I, II and III were found in the RsKs population.

Males. The shortest male was found in the RsHs population (527.5 pm), and the
shortest males with average length of 594.8 um were found in the RsDs populations. The
longest male and longest males were both from the RsAs population (body length = 763.8
pm, the average length = 708.5 pm, respectively). The longest spicule was found in the
RsLs and RsYs populations (20.5 um), and the shortest spicule was found in the RsKs
and RsWs population (18.1 pm). The tail shape varied also. In the RsJs and RsX]Js popu-
lation, the tail type was I. In the RsAs and RsSs population, the tail type was I and II; in
the RsKs population, the tail types were I and III. In the RsMs and RsPs populations, the
tail types were II and III. In the remaining populations, tail tail types were I, II and III.

Scanning electron microscopy observation. Nematodes progeny of 30 females.

Females. The main differences in morphological characters of females observed by
SEM were shape of labial disc, terminal position of lateral lip and annuli terminated
at vulva. The shape of the labial disc of all the 20 populations was divided into three
types: hexagonal (RsC) (Figure 3B), with the two dorsal lip and ventral lip obviously
not fused; round-elongate, due to the fusion of the two dorsal lips and the ventral lips,
respectively (RsD, RsG, RsH and RsL populations) (Figure 3D); and sub-hexagonal,
because of the two dorsal lips and two ventral lips partially fused, with a depression
formed between the two dorsal lips and two ventral lips (all the other populations)
(Figure 3A, E). The lateral lips terminated differently depending on the population.
In the RsS and RsX] populations, the lateral lips appeared to terminate at the end of
second head annulus (Figure 31, P). In the RsA, RsG, RsV and RsW populations, the
lateral lips terminated before the third annulus (Figure 3M). In the RsB, RsC, RsD,
RsH, RsJ, RsM and RsN populations, the lateral lips extended to the end of the third
head annulus (Figure 3C, G). In the RsI, RsK, RsP and RsY populations, the lateral
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B Face view of RsC € Face view of RsD D Face view of RsT E Face view of RsT F Lateral view of RsE
G Lateral view of RsE H Lateral view of RsK I Lateral view of RsX] J Lateral view of RsT K Lateral view of
RsP L Lateral view of RsL M Lateral view of RsY N Lateral view of RsEs O Lateral view of RsT P Lateral
view of RsX]. Male: Q Face view of RsT's R Lateral view of RsY' S Lateral view of RsV T Lateral view of RsN.

lips terminated at the end of the fourth head annulus (Figure 3H, K). In the RsL popu-
lation, the lateral lips terminated over the end of the last annulus (Figure 3L). In the
RsE population, one side of the lateral lips terminated at the end of the third annulus,
and the other side of lateral lips terminated in middle of the second head annulus (Fig-
ure 3F). In the RsT population, one side of the lateral lips terminated before the third
annulus, and the other side of lateral lips terminated at the end of third annulus (Figure
3], O). The annuli terminated differently in the vulval area also varied in and among
the populations. Among them, one annulus terminated at the vulva were found in the
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Figure 4. Annuli terminated at vulvar, incisures and genital papillae in cloacal region of Radopholus simi-

Jis Annuli terminated at vulvar region of females: A One annulus in RsC B One and two annuli on each
side in RsN € One and three annuli on each side in RxXJs D Three annuli in RsP E Two annuli in RsK
F Four annuli in RsW. Incisures in lateral region of femlaes G RsH H Rs]Js. Number of genital papillae in
cloacal region of males: I 0 genital papillac of RsEs J 1 genital papillae of RsKs. 2 genital papillae of RsP
L 3 genital papillac of RsC M 4 genital papillae of RsB N 5 genital papillae of RsTs O 5 genital papillae
of RsI P 6 genital papillae of RsB Q 7 genital papillaec of RsM R 8 genital papillae of RsG S 8 genital
papillae in double row of RsD T 9 genital papillae in double row of RsP.

RsC and RsM populations (Figure 4A), two annuli in the RsA, RsB, RsD, RsG, RsE,
RsH, Rsl, Rs], RsK, RsL, RsT, and RsV populations (Figure 4E), and three annuli in
the RsP and RsS populations (Figure 4D). In addition, two or four annuli terminated at
the vulva were found in the RsW population (Figure 4F). Whereas one on one side and
two on the other side were found in the RsN, RsY and RsXj populations (Figure 4B).

Males. The main differences in morphological characters of males observed by SEM
were in head shape and number of genital papillae on the anterior cloacal apertures.
The head region was four-lobed, formed by a longitudinal constriction, and the first
annuli were wider than the remaining head annuli (Figure 3Q-T). Three annuli were
found in the RsA, Rsl, RsJ, RsK and RsN populations (Figure 3T), and four annuli in
the remaining populations (Figure 3R). The number of genital papillae on the anterior
cloacal apertures varied in and among populations, usually 0-9 in a single row (Figure
41-R), but in the RsD and RsP populations, the genital papillae were arranged in a
double row (Figure 45-T).
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Figure 5. Anterior region and tail of Radopholus similis Anterior region. A Female RsTs B Female RsL
C Female RsLs D Male RsV E Male RsX]J F Male RsAs Female tails G Female type I of RsWs H RsXJs
I RsCs J RsP K RsW L RsI M RsXJs N RsW O RsJs P RsXJs Q RsL. Male tails: R RsG S RsLs T RsHs
U RsVs V RsS.

Nematode progeny of the single females. Observation of the progeny of the single
female by SEM showed no obvious differences between the progeny of the 30 females
and the single female inoculated on carrot discs, but some variations were found within
the same population. Regarding the terminal position of lateral lips, only the RsBs,
RsDs, RsMs and RsSs populations showed the same position with their counterpart
of progeny of the 30 females, but the remaining populations did not. In the RsHs and
RsXjs populations, the lateral lips terminated at the end of the second head annulus. In
the RsCs population, the lateral lips terminated before the third head annulus. In the
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Figure 6. Haploid chromosomes and genital cells of Radopholus similis stained with DAPI Haploid

chromosomes. A RsB population B RsL population € RsN population D RsY population; Genital cells
E Female stained with DAPI F Male stained with DAPI G Female Non-stained with DAPI H Male non-
stained with DAPI Arrows Arrow a: Cap cell; Arrow b: Somatic cells; Arrow c: Germinal zone; Arrow d:

growth zone; Arrow e: spermatheca; Arrow f: testis; Arrow g: seminal vesicle.

RsAs, RsEs, RsKs, RsT's and RsVs populations, the lateral lips terminated in the middle
of the third head annulus. In the RsGs, Rsls, RsLs, RsWs and RsYs populations, the
lateral lips terminated at the end of the third head annulus. In the RsJs, RsNs and RsPs
populations, the lateral lips terminated at the end of the fourth head annulus. Popula-
tions RsAs, RsBs, RsCs, RsDs, RsFs, RsGs, Rsls, RsJs, RsLs, RsMs, RsT's, RsVs and
RsYs had the same annuli termination at the vulva as their counterpart of progeny of the
30 females, whereas the remaining populations did not. They were one annulus in the
RsHs, RsSs and RsWs populations, two in the RsNs RsPs and RsYs populations, one on
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one side and two on the other side in the RsEs and RsKs populations, and one on one
side and three annuli on the other side in the RsXjs population. Regarding the number
of genital papillae on the anterior cloacal apertures of males, the same variations were
observed within and among the populations with the progeny of the 30 nematodes.

Morphological comparison between single female progeny and 30 females
progeny. There were no obvious morphological differences between single female prog-
eny and corresponding 30 female progeny. Some variations within some measurements
were noted but overlap of morphological measurements existed. Among them, in all
populations except the RsM population, the average female body length of progeny of
single female was shorter than that of 30 females from the same population. However,
the average male body lengths were similar. Tail type varied within and among the same
populations from progeny of single female and 30 females, and only the female tail type
of the RsT's, RsNs and RsVs populations and the male tail type of the RsVs populations
were identical with the corresponding 30 females from the same population. All other
populations showed divergence but with morphological character overlap.

Karyotype analysis. Staining burrowing nematode eggs at the single cell stage
with DAPI enabled counting of chromosomes in polar bodies, and the result showed
that all the twenty populations of R. similis have the same haploid karyotype n = 5
(Figure 6A-D).

Specimens that had not been stained with DAPI were also examined to ensure that
we were not observing auto-fluorescence. After staining adult nematodes of R. similis,
strong fluorescence in the spermatheca and testis was detected in females and males.
Highly condensed chromosomes in meiosis were detected in genital ovaries (Figure
6D-H). We also observed the female reproductive system to be didelphic and the
ovotestes to have extended glands, which were made up with ovary, oviduct, sperma-
tozoa and uterus. A cap cell and three somatic cells were found at the tip of each ovary,
and germina zone showed strong fluorescence because of highly condensed nucleic
acids. The next growth zone showed the cytoplasm of single cells because of less con-
densed nucleic acid (Figure GE).

Discussion

Morphological variations within different populations

All the morphological characters of R. similis populations in this study were similar to
those described by Huettel et al. (1986), Koshy et al. (1991) and Elbadri et al. (1999a,
1999b), even though there were some variations of morphological characters and meas-
urements in and among populations. Our results showed that the lateral field structure
and all morphometric values were almost stable. The main morphological diversity was
manifested in number of female head annuli, shapes of female labial disc, terminal posi-
tion of female lateral lips, number of annuli terminating at the vulval area, number of
genital papillae before the male cloacal aperture, and tail shapes of females and males.
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Elbadri et al. (1999a) analyzed the morphological characters in and among ten ba-
nana populations of R. similis from Africa. The number of head annuli varied between
2-5. The labial disc was round or flat round. The lateral lip was terminated before the sec-
ond or third head annulus, or at the end of the fourth or fifth head annulus. In addition,
the lateral lips of the Ugandan and South African populations terminated at the different
positions on both sides of the body. The annuli terminated at the vulva varied between
2-3 and the number of genital papillae on the anterior cloacal apertures varied between
0-8. Elbadri et al. (1999b) also compared the morphological characters in and among
eight populations of R. similis extracted from different hosts (banana, pepper, citrus and
ornamental plants) from different continents (Asia, the Americas, Europe and Oceania),
and found that in the banana and pepper populations, the number of head annuli varied
between 2—4 and the shape of labial disc varied from hexagonal, subhexagonal and flat
round. In the ornamental populations, the number of head annuli was 3, and the shape
of labial disc was hexagonal. The lateral lips terminated at the end of the third annulus, or
in the middle of the second or third annuli in all these populations. The number of an-
nuli terminated at the vulva area varied from 1-3 on both sides, and in some nematodes.
the number of annuli terminated at the vulva was different on both sides of the vulva. In
addition, the number of genital papillae varied between 0—7 in and among populations.

Our study showed that the shape of female labial discs was hexagonal, sub-hex-
agonal and round-elongate. The number of female head annuli varied from 2—4. The
terminated position of female lateral lips showed different situations which varied in
and among populations. The number of genital papillae before male cloacal aperture
varied from 0-9 in and among populations. What is interesting is that the genital
papillae were arranged in double rows in two of the ornamental populations, RsP
population from C. zebrina and RsD from C. cataractarum, and this number was 9 and
8 respectively. The tail shape varied the most, was usually conoid, widely cylindrical
or bearing a pointed end, and only one intercepted RsA population from C. zebrina
showed forked ends. All 20 populations showed much more variations in tail shape
than as described by Huettel et al. (1986) and Elbadri et al. (1999a, 1999b). Although
the differences of morphological characters in and among various populations existed,
these differences exist not only among the populations but also exist between the indi-
viduals within the same populations, so based on these morphological characters, we
cannot separate different geographic or host populations of R. similis.

Huettel and Yaegashi (1988) treated two physiological races of R. similis sensu lato
as two independent species, R. similis sensu stricto (not attacking citrus) and R. citro-
philus (attacking citrus) according to the four different ultrastructures observed by
SEM. They separated R. similis sensu stricto from R. citrophilus by the former having
a hexagonal labial disc, the lateral lips terminated at the end of the third annulus, the
annuli terminated at the vulva being 2, the number of genital papillac of male cloacal
aperture varying between 0-2, and the latter having a round labial disc, the lateral lips
terminated at the end of the third annulus, the annuli terminated at the vulva number-
ing 3, and the number of genital papillae of male cloacal aperture varied between 3-7.
However, Koshy et al. (1991), Elbadri et al. (1998), Valette et al. (1998) and Elbadri et
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al. (1999a, 1999b) studied more populations of R. similis sensu lato, and demonstrated
that the four specific morphological characters between R. similis sensu stricto and R.
citrophilus described by Huettel and Yaegashi (1988) showed considerable overlap, and
they also treated R. citrophilus as a synonym of R. similis. Our results also show that
the four morphological characters of the 20 populations showed considerable overlap
in and among populations, even between the progeny of single females and that of 30
females from the same population. In addition, all 20 populations showed other mor-
phological divergences, whether in morphometric values or in morphological charac-
ters. Even most of morphometric values and characters showed some variation in the
progeny of the single females. The ultrastructure of nematodes from the progeny of
single females also showed some variations compared to their corresponding progeny
of 30 females. Therefore, according to the our and reported morphological characters,
we cannot separate R. citrophilus as a separate species, and we cannot even separate dif-
ferent populations of R. similis.

Karyotype variations analysis of Radopholus similis. Huettel and Dickson
(1981a) and Huettel et al. (1984a) reported the chromosome numbers of banana and
citrus races of R. similis as n = 4 and n = 5, respectively. Huettel et al. (1984a) reported
the karyotype of three ornamental plant populations, and the karyotype from Philo-
dendron sp. and Calathea sp. populations as n = 4, while that of Anthurium was n = 5;
therefore, they proposed that citrus race can be distinguished from banana race based on
the haploid number of chromosomes. Hahn et al. (1996a) and Kaplan and Opperman
(2000) reported that the chromosome number of banana races of R. similis was 5. In this
study, among the 20 populations, including two Philodendron, six Calathea sp. and five
Anthurium populations, the results showed that the haploid chromosome number of all
the populations was 5. Therefore, our results confirm previous studies, and we can con-
clude that it is impossible to separate different races of R. similis according to karyotype.

Conclusion

According to the morphological characters and karyotype of the 20 populations of R. si-
milis, a diversity of morphological characters of R. similis exists in and among the popu-
lations. According to our and previously reported results, we also suggestthe banana race
and citrus race of R. similis cannot be separated, and R. citrophilus cannot be accepted as
a sibling species by optical or SEM morphological values and characters or by karyotype.
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Abstract

‘The calanoid copepod, Acartia bispinosa Carl, 1907, is reported for the first time in the Red Sea, where it
is found to be an important copepod in the mesozooplankton community structure of the Sharm El-Maya
Bay. Female and male are fully redescribed and illustrated of as the mouthparts of this species have never
previously been described and figured. Acartia bispinosa was collected in the plankton samples throughout
the year and showed two peaks of abundance, a pronounced one in April (4234 individuals m), and
second smaller peak during November (1784 individuals m). The average total length of females varied
between 1.32 and 1.53 mm at the end of June and January respectively. For males, the average total length
fluctuated between 1.07 and 1.16 mm at end of June and March respectively. Temperature showed an
inverse relationship with the body length (P > 0.001) and seemed to be one of the prime factors affecting
the body length of both sexes.
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Introduction

Acartiidae Sars, 1903 is a speciose family of copepods, that inhabits estuarine and
neritic environments all over the world from boreal to tropical regions (Bradford 1976,
Mauchline 1998, Belmonte and Potenza 2001). They are thought to be mainly adapt-
ed to high food concentrations, which are encountered in estuaries and upwelling
regions. They are key organisms to link between the primary producers and secondary
consumers in many neritic and inlet waters (Putland and Iverson 2007), since they are
the major consumers for phytoplankton and microzooplankton and serve as a prey for
fish larvae (Seki and Shimizu 1997). A number of Acartia species produce diapause
eggs, which allow them to lie dormant in the sediment and to appear in the plankton
when the conditions are favorable (e.g. Engel 2005).

So far, nine species of Acartia have been recorded from the Red Sea (Halim 1969,
Razouls et al. 2014), namely, Acartia (Acanthacartia) fossae Gurney, 1927, Acartia
(Acartia) danae Giesbrecht, 1889, Acartia (Acartia) negligens Dana, 1849, Acartia
(Acartiura) clausi Giesbrecht, 1889, Acartia (Acartiura) longiremis (Lilljeborg, 1853),
Acartia (Odontacartia) centrura Giesbrecht, 1889, Acartia (Odontacartia) erythraea
Giesbrecht, 1889, Acartia eremeevi Pavlova & Shmeleva, 2010 and Acartia mollicula
Pavlova & Shmeleva, 2010. During a year round study of the planktonic copepods
in the coastal waters of a semi-enclosed bay near Sharm El-Sheikh, northern Red Sea,
four species of Acartia (A. centrura, A. fossae, A. danae and A. negligens) were collected,
in addition to a newly recorded species to the Red Sea (Acartia (Odontacartia) bispinosa
Carl, 1907), which was found to be a dominant species in our samples. In this paper,
Acartia bispinosa is redescribed and illustrated, since the original description is limited
as well as the mouthparts of this species have never previously been described. Also,
the seasonal variations in their abundance and body size in relation to the different
environmental parameters were discussed.

Materials and methods

Acartia bispinosa specimens were collected at monthly intervals from Sharm El-Ma-
ya Bay (with an average depth of 3 m), in the northern Red Sea (27°51'36"N and
34°17'39"E) using a conical 0.1 mm mesh plankton net (mouth diameter of 0.4 m
and total length of 160 cm) fitted with a Hydro-Bios flowmeter, from January to
December 2009. The net was towed horizontally for ten minutes 0.5 m beneath the
sea surface and filtered volume was estimated from the flowmeter reading and the net
diameter. Immediately after collection, samples were fixed in a final concentration of
4% formaldehyde-seawater until analyses after several months. According to Durbin
and Durbin (1978), the period of preservation has no significant effect on the length
of Acartia. From each sample, 50 specimens of both adult females and males of A.
bispinosa were measured for the total length and the prosome length using a Nikon
stereomicroscope (205A) equipped with the software LAS (Leica Application Suite).
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Microscopic examinations and dissections were made in lactophenol using bright-field
and differential interference microscopes (Nikon E600). For detailed observation,
specimens were stained with a 0.1% chlorazol-black E solution. Drawings were made
with a camera lucida. Terminology follows Huys and Boxshall (1991). For scanning
electronic microscopy (SEM), whole copepods or the dissected parts were mounted
on stubs, dehydrated with liquid nitrogen, coated with white gold, and examined in
a JEOL, JSM-5600LV scanning electron microscope. Temperature, pH, salinity and
dissolved oxygen from the surface water were measured using a multiparameter wa-
ter quality meter (Horiba U-50). For chlorophyll 4, five liters of surface water were
collected and filtered through 35 mm diameter Sartorius membrane filters (pore size
0.45 pm), extracted in 90% acetone and analyzed spectrophotometrically following
Parsons et al. (1984). The Pearson correlation coefficient at a confidence limit of 95%
was applied to study the relationship between the abundance of Acartia and the other
environmental factors. Also, ANOVA was used in order to test if differences between
months regarding body size were significant or not. All these statistical analyses were
performed with the help of SPSS software (Version 16).

Results

Description

Order Calanoida G. O. Sars, 1902
Superfamily: Diaptomoidea Baird, 1850
Family: Acartiidae Sars, 1903

Genus: Acartia Dana, 1846

Acartia (Odontacartia) bispinosa Carl, 1907

Acartia amboinensis (F): Sewell 1914 a (p. 242, figs 1-7 Only female).
A. tokiokai Mori 1942 (p. 556, pl. 11, figs 1-18)
A. hamata C.B. Wilson 1950 (p. 152, figs 1-5)

Description. Female: Body (Fig. 1A, B) slender; prosome 5-segmented; rostrum
(Fig. 1C) with two long rostral filaments and paired frontal sensilla (Figs 1C, 2A). Nau-
plius eye present. Cephalosome and first pediger completely separate; fourth and fifth
pediger fused; fifth pediger with lateral strong projection, posterodorsal spine and fine
setule on each side (Fig. 1A, F-G). Urosome 3-segmented; genital compound somite
(Fig. 1D-G) slightly longer than wide, carrying two spines postero-dorsally reaching
nearly one-third of second urosomite, posteroventral margin furnished with very fine
hairs (Figs 1E, 2B); second and third segments naked. Caudal rami symmetrical; with
5 transverse rows of fine setules dorsally and 1 row anteroventrally (Fig. 1D-E), each
ramus bearing six setae.
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Figure 1. Acartia bispinosa female from the northern Red Sea. A habitus, dorsal view B habitus, lateral
view € rostrum and proximal part of the antennule, lateral view D urosome, dorsal view E urosome,

ventral view F urosome, later view right G urosome, lateral view left H-I antennule. All scale bars in mm.
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Figure 2. SEM micrographs of Acartia bispinosa female from the northern Red Sea. A rostrum, ventral
view B urosome, fine hairs on the posterior margin of genital compound somite indicated by arrow, ventral
view € proximal part of antennule, claw-like curved spine indicated by arrow, lateral view D Female leg 5.

Antennule (Fig. 1H, I) incompletely 19-segmented; second to third and fourth
to sixth segments partly fused on dorsal surface; segmentation and setation patterns as
follows (SS specialized spine): (1) I=1+2SS, (2) II-VI=6+SS+1 aesthetasc (ae), (3) VII-
VIII=2, (4) IX-X=2 (1 spiniform), (5) XI-XII=2+ae, (6) XIII=1, (7) XIV-XV=3+ae,
(8) XVI=1+ae, (9) XVII=1, (10) XVIII=1+ae, (11) XIX=1, (12) XX=1, (13) XXI=1+ae,
(14) XXII=1, (15) XXIII=1, (16) XXIV=1+1, (17) XXV=1+1+ae, (18) XXVI=1+1,
(19) XXVII-XXVIII=4+ae. First segment with short spine at distal half and 2-3 spi-
nules on dorsal surface; second segment with strong claw-like spine curved proximally
from mid-posterior margin (Figs 1C, 2C), transverse row of 23 spinules on proximal
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Figure 3. Acartia bispinosa female from the northern Red Sea. A antenna B mandible € maxillule
D maxilla E maxilliped F Leg 1 G leg 2, posterior surface H Leg 3, posterior surface | leg 4, posterior
surface ] third exopodal segment of leg 1, anterior surface K second endopodal segment of leg 3, anterior
surface L basis of leg 4, anterior surface | leg 5 anterior surface. All scale bars in mm.
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half of dorsal surface and transverse row of 4 spinules on distal half of dorsal surface;
fourth segment with 2 spines dorsally.

Antenna (Fig. 3A): long; coxa with one seta; basis and first endopodal segment
completely fused forming elongate allobasis carrying 9 setae along medial margin and
oblique row of tiny spinules on distal part of anterior surface; exopod short, 4-seg-
mented with setal formula of 1, 2, 2, 3. Second (first free) endopodal segment elon-
gated bearing 7 setae and furnished with hairs along lateral margin; third (second free)
endopodal segment short bearing 7 setae.

Mandible (Fig. 3B): coxa with well-developed gnathobase; basis with 1 medial
seta and group of fine spinules posteriorly; exopod 5-segmented, with setal formula of
1, 1, 1, 1, 2; endopod 2-segmented, with 2 and 9 setae on first and second segment
respectively.

Maxillule (Fig. 3C): praecoxa and coxa incompletely fused; praecoxal arthrite (en-
dite) with 9 setae; coxal endite with 3 setae, coxal exite bearing 9 setae; basis with thick
medial seta and short lateral seta; exopod 1-segmented and bearing 2 setae laterally and
5 setae terminally; endopod absent.

Maxilla (Fig. 3D): precoxa and coxa incompletely fused; with 4 endites, each car-
rying short seta on each and 3, 1, 1, 2 long setae, respectively; basis with 1 long seta and
1 short seta; endopod 4-segmented, with 5 long setae, 2 medium setae and 1 short seta.

Maxilliped (Fig. 3E) comprising robust syncoxa, basis, and 2-segmented endopod;
syncoxal endite with 6 setae (2 short, 2 medium and 2 long); basis bearing 1 short
spiniform seta; endopod 2-segmented, first segment with 3 medial spine-like setae, sec-
ond segment tapered at end carrying 2 setae (later one spiniform and elongated at tip).

Swimming legs 1 to 4 (Fig. 3F-I) biramous, with 3-segmented exopod and 2-seg-
mented endopod; third exopodal segment of leg 1 with 4-5 spinules proximally on the
ventral surface(Fig. 3]); second endopodal segment of leg 3 with group of tiny spinules
proximally on the ventral surface (Fig. 3K); basis of leg 4 with 4 spinules ventrally
(Fig. 3L). Seta and spine formula as follows:

Coxa Basis Exopod segments Endopod segments

1 2 3 1 2
Leg 1 0-0 0-0 1-1; I-1; 21,4 0-1; 1,3,2
Leg 2 0-0 0-0 0-1; 0-1; 0,1,5 0-2; 1,2,4
Leg 3 0-0 0-0 0-1; 0-1; 0,1,5 0-2; 1,2,4
Leg 4 0-0 0-1 0-1; 0-1; 0.5 0-3; 1,2,3

Leg 5 (Fig. 3M): coxae completely fused to intercoxal sclerite; basis about 1.5
times longer than wide; lateral seta nearly as long as claw-like exopod; exopod reduced
and swollen at the base posteriorly and distal two-third furnished medially with very
fine spinules (Fig. 2D).

Male: Body (Fig. 4A) slender; rostral filaments long and thin (Fig. 4B). Fifth pedi-
ger with 2 subequal pointed posterior processes, smaller than in female, 2 dorsolateral
spines and fine setules on each side (Fig. 4C, D). First urosomite with rows of soft
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Figure 4. Acartia bispinosa male from the northern Red Sea. A habitus, dorsal view B rostrum, ventral
view € urosome, dorsal view D urosome, latero-ventral view E left antennule F right antennule G leg 5
H terminal segment of left exopod of leg 5 I terminal segment of right exopod of leg 5. All scale bars in mm.
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Figure 5. SEM micrographs of Acartia bispinosa male from the northern Red Sea. A abdomen, lateral
view B leg 5, posterior surface.
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hairs on lateral and posterior margin (Fig. 4C, D). Second urosomite with 2 strong
dorsolateral spines on posterior margin reaching slightly more than two-thirds of the
following somite, 2 ventrolateral small spines, 2 dorsolateral groups of fine spinules
ventrolaterally on both sides and dorsolateral row of fine setules along posterior mar-
gin (Figs 4C, D, 5A). Third and fourth urosomites with very fine setules along pos-
terior margins. Anal somite bearing short hairs on lateral surface. Caudal ramus with
transverse rows of fine setules at the base of medial dorsal seta and with hairs along
lateral margin and along distal half of medial margin.

Left antennule (Fig. 4E) 21-segmented; segmentation and setation patterns as fol-
lows: (1) I1=1, (2) II-IV=3, (3) V-IX=4+ae, (4) X=2+ae, (5) XI=2+ae, (6) XII=unarmed,
(7) XIlI=unarmed, (8) XIV=2 (1 spiniform)+ae, (9) XV=1+ae, (10) XVI=1+ae, (11)
XVII=1, (12) XVIII=1, (13) XIX=1, (14) XX=1, (15) XXI=1+ae, (16) XXII=1, (17) XX-
IMI=1, (18) XXIV=1+1, (19) XXV=1+1+ae, (20) XXVI=1+1, (21) XXVII-XXVII[=4+ac.

Right antennule (Fig. 4F) 17-segmented, with geniculation between thirteenth and
fourteen segments; second to fourth segments partly fused on dorsal surface; segmentation
and setation patterns as follows: (1) 1=2, (2) II-VI=3, (3) VII-VIII=3+ae, (4) IX-XI=4
(1 spiniform)+ae, (5) XlI=unarmed, (6) XIII=unarmed,(7) XIV=2 (1 spiniform)+ae,
(8) XV=1+ae, (9) XVI=1+ae, (10) XVII=1, (11) XVII=1+ae, (12) XIX=1, (13) XX=1,
(14) XXI-XXIII=2+process, (15) XXIV-XXV=2+2+ae, (16)XXVI=1+1, (17) XXVII-
XXVIII=4+ae. Ninth segment covered with tiny spinules on the dorsal surface.

Other mouthparts and leg 1 to leg 4 as in female. Male leg 5 (Figs 4G, 5B) asym-
metrical; intercoxal sclerite completely fused to both coxae. Left leg 5 basis nearly two
times longer than wide and armed with long later seta; exopod 2-segmented; proximal
exopodal segment shorter than distal exopodal segment carrying one seta distally; distal
exopodal segment carrying 2 terminal spines, a stout spine at mid-anterior surface with
fine setae near its base, 5 groups of very tiny spinules along medial margin, and sev-
eral spinules along lateral margin (Fig. 4H). Right leg 5 comprising basis armed with
lateral seta and 3-segmented exopod; first exopodal segment with 1 long seta; second
exopodal segment with distal projection carrying 1 small spine medially and 2 groups
of fine spinules on the posterior surface; third exopodal segment armed with terminal
stout spine and 1 spine medially near distal end (Fig. 4I).

Variations

Acartia bispinosa showed some variations in both sexes. In female left projection of
prosome can be bifurcated (Fig. 6A), genital compound somite sometimes bearing
2 posterodorsal spines on right side (Fig. 6B), genital compound somite with row of
fine spinules anterodorsally on both sides (Fig. 6C), and the degree of leg 5 exopod
curvature also varied (Fig. 6D). In male, the lateral projections are with three spines
on the posterior corner of fifth pediger (Fig. 6E, F). Also, the number and position
of posterodorsally spines of the last pediger varied within species (Fig. 6F-H). Second
urosomite sometimes with 2 spines on the right locus (Fig. 6I).
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Figure 6. Variations in Acartia bispinosa from the northern Red Sea. A-C female genital compound
somite D female leg 5 E=H male last pediger | male second urosomite. All scale bars in mm.

Seasonal patterns of environmental factors, abundance and body size

Temperature, salinity and chlorophyll 2 measurements over the 12 months investiga-
tion are presented in Figure 7. Temperature shows a cyclical annual pattern with the
highest value recorded in the end of July (31.2 °C), and the minimum at the end of
December (20.1 °C). Salinity was fairly stable (Fig. 7A), showing slight variation be-
tween 40 psu in the colder period and 40.3 psu in July-August (annual average: 40.1
psu). Hydrogen ion and dissolved oxygen concentrations showed nearly the same pat-
tern varying between minima of 7.73 and 6.4 mg/l in July and maxima of 8.16 and
7.3 mg/l in January respectively (Fig. 7B). Chlorophyll 2 showed an annual average
of 0.54 pg "' with the maximum recorded in July (1.35 pg I"") with a small increase of
0.82 pg I'" in April (Fig. 7C).

Adults of A. bispinosa were present in the plankton samples throughout the year
in our study area with an annual average of 716 individuals m?, forming 12.7% of
total zooplankton community. Their abundance pattern showed two peaks (Fig. 7C),
a more pronounced one occurred at the end of April (4234 individuals m, constitut-
ing 84% of total zooplankton community) and the second peak was in November
(1784 individuals m?). During December-March, very low numbers were found in
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Figure 7. Seasonal patterns at Sharm El-Maya Bay, the northern Red Sea. A Temperature and Salinity
B pH and dissolved oxygen concentrations (DO), and € Chlorophyll # concentration (chl #) and abun-

dance of Acartia bispinosa.
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Figure 8. Seasonal variation in males/females sex ratio in the copepod Acartia bispinosa in the study area.

the samples (not more than 12 individuals m?). Statistically, no significant correlation
was observed between the abundance and temperature as well as between the former
and chlorophyll 2 concentration (P > 0.05, r = 0.065 and 0.288 respectively). In this
study, the sex ratio (males/females) of A. bispinosa showed a clear variation pattern
with higher proportion of females observed during the end of April (Spring) and end
of October (Autumn) as compared to early summer (end of May and June). The males
ratio increased only at the end of May and December forming 60 and 55% of the adult
density (Fig. 8).

The minimum, maximum, mean, standard error and standard deviation of total
length as well as the prosome length of A. bispinosa are given in Table 1. In females the
highest body size in terms of total length (1.57 mm) and prosome length (1.34 mm)
appeared in January and the lowest of 1.20 and 1.02 mm were observed at the end
of June. The highest total and prosome length of the male (1.19 and 0.99 mm) were
observed in March respectively (Table 1). On the other hand, their lowest value ap-
peared in June.

In Figure 9, box and whisker plots for total and prosome length of both sexes are
shown depicting the median value within a box defined by the interquartile range,
and the whiskers representing the range. The total body and prosome length of female
decreased from a maximum in January to a minimum at the end of June with a slight
increase in late summer and early winter (Fig. 9A). In males, the pattern of variation
in total and prosome length showed the maximum in late winter-early spring and
minimum in June (Fig. 9B). Also mean values total and prosome length of A. bispinosa
showed nearly the same pattern with minima in June for both sexes and maxima in
January for female and in March for male.
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Table |. Minimum, maximum, mean, standard error (SE) and standard deviation (SD) in total and pro-

some length of Acartia bispinosa sampled in the study area.

Sex Length (mm) | Minimum (mm) | Maximum (mm) | Mean (mm) | SE (mm) | SD (mm)
Total 1.20 (June) 1.57 (Jan.) 1.42 0.017 0.059
Female
Prosome 1.02 (June) 1.34 (Jan.) 1.16 0.020 0.071
Mal Total 1.04 (June) 1.19 (Jan.) 1.12 0.007 0.026
€ Prosome 0.83 (June) 0.99 (Mar.) 0.88 0.008 0.028

Table 2. Pearson’s correlation coefficient between length measurements of Acartia bispinosa and environ-

mental factors in the northern Red Sea.

Sex Length Temp. pH Salinity DO Chl. a
Toul 20.631 0.621 0.658 0.771 -0.523
Female 0.028 0.031 0.020 0.003 0.081
€ Prosome -0.647 0.610 0.590 0.704 -0.461
-0.023 0.035 0.043 0.011 0.132
Toul 20.609 0.708 -0.597 0.851 0.677
0.036 0.010 0.041 0.000 0.016

Male
Procome -0.333 0.394 0.571 0.544 -0.350
0.290 0.205 0.052 0.067 0.269

Table 3. Regression analysis of mean total and prosome length (mm) of Acartia bispinosa against surface
water temperature in the northern Red Sea. (TL: Total length, PL: Prosome length and T: Water temperature).

Sex Temperature regression equation r’ Sign.
Female TL=-0.012T+1.721 0.398 0.028
PL=-0.013 T+1.499 0.419 0.023

Male TL=-0.005T+1.241 0.371 0.036
PL=-0.002T+0.950 0.111 0.290

Results of analysis of variance (ANOVA) showed significant differences between
months for both female and male total length (F= 36.97, P < 0.000 for female and
F=15.29, P < 0.000 for male). Statistically, total and prosome length of females are in-
versely correlated with temperature (7= -0.639 and -0.664 respectively, P < 0.05) and posi-
tively with pH, salinity and dissolved oxygen (Tables 2,3). It did not show any significant
correlation with chlorophyll z concentration (= -0.512 and -0.441 respectively, P> 0.05).
Concerning the male, total length showed negative correlations with temperature, salinity
as well as chlorophyll 4, and positive with other parameters (Tables 2, 3), while prosome
length did not show any relationship with the measured environmental variables.

Discussion

The original descriptions of A. bispinosa were brief and the drawings incomplete. Some
morphological features were probably overlooked or undescribed by the previous au-



110 Mohsen M. El-Sherbiny & Ali M. Al-Aidaroos | ZooKeys 444: 95-118 (2014)

thors (Carl 1907, Steuer 1923, Nishida 1985, Mulyadi 2004). Examination of the A.
bispinosa from the Red Sea revealed some shortcoming in earlier descriptions. Newly
confirmed features include: (1) the posteroventral margin of female genital compound
somite furnished with fine hairs, (2) the female caudal rami carrying a row of setules
anteroventrally, (3) the distal two-third of female leg 5 exopod furnished medially with
fine spinules, (4) the last metasomal segment of the male has 2 unequal dorsolateral
spines on each side. (5) the second urosomite of the male with 2 dorsolateral groups
of fine spinules ventrolaterally on both sides and dorsolateral row of fine setules along
posterior margin, (6) the third and fourth urosomites with very fine setules along pos-
terior margins, and (7) the second exopodal segment of the male right leg 5 carrying 2
groups of fine spinules on the posterior surface. This species was more precisely illus-
trated from the Japanese waters by Nishida (1985) than in the original description. In
his paper the above stated feature (4) was already mentioned. The antennules, mouth
parts and legs 1—4 of this species are first illustrated and describe herein, according to
the conventions of Huys and Boxshall (1991).

In genus Acartia, there are currently 62 valid species (Razouls et al. 2014) provi-
sionally divided into seven subgenera: Acartia Dana, 1846, Acartiura Steuer, 1915,
Euacartia Steuer, 1915, Hypoacartia Steuer, 1915, Acanthacartia Steuer, 1915, Od-
ontacartia Steuer, 1915, and Planktacartia Steuer, 1915. The Acartia subgenus Odon-
tacartia includes twelve species (A. amboinensis Carl, 1907, A. australis Farran, 1936,
A. bispinosa, A. bowmani Abraham, 1976, A. centrura, A. erythraea, A. japonica Mori,
1940, A. lilljeborgii Giesbrecht, 1889, A. mertoni Steuer, 1917, A. ohtsukai Ueda &
Bucklin, 2006, A. pacifica Steuer, 1915, and A. spinicauda Giesbrecht, 1889) which
is categorized into 3 species group as proposed by Steuer (1923) and Ueda and Buck-
lin (2000), i.e. erythraea group (A. erythraea, A. amboinensis, A. australis, A. bispinosa,
A. japonica), the centrura group (A. centrura, A. spinicauda) and the pacifica group
(A. pacifica, A. mertoni and A. obtsukai) and two intermediate species, A. bowmani
and A. lilljeborgii.

Acartia bispinosa closely resembles A. amboinensis and A. erythraea, but it differs
from the latter two species in the following characteristics in the female: (1) the second
segment of antennule with strong claw-like spine curved proximally from midposterior
margin, (2) the exopod of the female leg 5 reduced and swollen at the base posteriorly
and distal two-thirds furnished medially with very fine spinules; in the male: (1) left
leg 5 distal segment with 2 terminal spines, a stout spine on the mid-anterior surface
with fine setae near its base and tuft of hairs proximally, row of spinules along medial
margin, and several spinules along lateral margin.

We report this particular species from the Red Sea for the first time. There are
three possible explanations of this discovery: 1) most of the plankton studies in the
Red Sea were focused mainly in oceanic regions resulting in ruling out of this species
which were dominant mainly in the neritic waters, 2) it may have been present but
overlooked or misidentified in the previous studies and 3) it may be a representative of
an invasive species transported in the Red Sea by human activities (possibly in ballast
water). In a way we can conclude that the presence of this species in the Red Sea is
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obviously due to the overlooking by previous authors (e.g. Khalil and Abd El-Rahman
1997, Aamer et al. 2007), due to the resemblance of this species with A. amboinensis,
A. centrura and A. erythraea. Also, it can be considered as a normal extension or distri-
bution of the species since most of the Red Sea fauna is Indo-West Pacific in origin.

Acartia bispinosa is distributed mainly in the Indo-West Pacific region. It has been
recorded from Ambon Bay, Malaysian coastal waters (Carl 1907, Mulyadi 2004), Per-
sian Gulf (Pesta 1912), coastal water of Sri-Lanka (Sewell 1914), neritic waters of Sey-
chelles, south western Indian Ocean (Steuer 1923, Conway et al. 2003), Tudor Creek,
Kenya (Revis 1988), Butaritari lagoon, Gilbert Island and the Fiji Island (Wilson 1950
as A. hamata), Great Barrier Reef of Palau (Hamner and Carleton 1979, Saitoh et
al. 2011), Dee Why Lagoon, Sydney, Australia (Rissik et al. 2009), New Caledonia,
South Pacific Ocean (Binet 1984, 1985), Katae Bay (Simane Peninsula) and Kabira
Bay (Ishigaki Island, Japan) (Mori 1942 as A. rokiokai, Nishida 1985 respectively),
coastal waters of western Bay of Bengal, northern Indian Ocean (Madhupratap and
Haridas 1986). From the distribution pattern, it is evident that this particular species
is recorded mainly from tropical and subtropical neritic waters and lagoons which are
inhabited with coral reefs and mangrove forests with an average temperature more
than 20 °C which is quite similar to the coral reef distribution patterns in these areas
(Fig. 10).

The seasonal distribution patterns of A. bispinosa clearly showed a pronounced
peak at the end of April (temperature: 24.9 °C) and a smaller one at the end of October
(temperature: 26.4 °C). This pattern is similar to those found in a tidal mangrove-
fringing reef lagoon in Kenya, western Indian Ocean (Revis 1988). In his study, Revis
(1988) reported the presence of A. bispinosa in the plankton samples from December
to July with prominent peaks during March-April and also in December with a some-
what similar temperature of the present investigation. Also, Tafe and Grifliths (1983)
during their studies in Port Hacking, New South Wales, Australia pointed out the
disappearance of A. bispinosa from the plankton samples during June-August and its
further re-emergence in higher numbers during March-April (4736 ind. m?) when the
temperature was in a range between 20.5-22.6 °C. This may suggest that 20-28 °C is
the optimal temperature for maximum production of A. bispinosa.

Monthly variations in the abundance of A. bispinosa did not show correlation with
any of the measured environmental parameters (temperature, pH, salinity, dissolved
oxygen and chlorophyll # concentration). This implies that water temperature alone
could not explain the variation in the abundance of A. bispinosa, although water tem-
perature as well as food quantity and quality has been suggested as key parameters in-
fluencing the abundance of many Acartia species (Dam et al. 1994, Pagano and Saint-
Jean 1994, Jonasdottir 1994, Jonasdottir and Kiorboe 1996, Gubanova 2000). In the
present study, despite the high chlorophyll # concentration in summer due to outbreak
of the diatom, Hemiaulus hauckii Grunow ex Van Heurck, 1882 and the cyanobacte-
ria, Trichodesmium spp., no subsequent significant changes in the abundance or body
sizes were noticed. This may be due to the particular food preference of A. bispinosa and
further non usage of the available food matter effectively. Also, the current species is
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Figure 10. Distribution of Acartia bispinosa based on previous records and on the present study (Note
that its distribution is restricted between 35°N and 32°S).

well known for its omnivorous behavior (Tafe and Griffiths 1983), which revealed the
importance of other non-algal food items (bacteria, ciliates and detritus). Moreover,
the quality of the food may be more important rather than its high concentration to
assure optimal growth (Klein Breteler et al. 1990, Hart and Santer 1994).

The character of changes in the population dynamics of A. bispinosa as well as the
very low densities of this species in the plankton from December to March allow us to
conclude that the dominance of adult females in April and October, during the condi-
tion of gradual warming and cooling of coastal water, is linked to resting eggs, that are
capable to give a new generation. Correspondingly, resting eggs of Acartia were found
in bottom sediment of the different bays all over the world (Lee and McAlice 1979,
Liang and Uye 1996). Some authors (Uye and Kasahara 1979, Uye 1980, Onoue et al.
2004) emphasize the importance of such eggs of neritic copepods for maintaining their
population potential in the bays and bights through unfavorable seasons.

Seasonal variations in the body sizes have often been observed in marine inverte-
brates including copepods. In our study, the total length of A. bispinosa varies less than
51.9% and 41.2% around the annual means for both the females and the males respec-
tively. The observed seasonal variability of the body size, seems to be inversely related
to temperature, as confirmed by the Pearson correlation. Similar seasonal variability in
size with a winter maximum are commonly observed in copepods (Deevey 1960, Uye
etal. 1982, Liang and Uye 1996, Belmonte and Cavallo 1997, Mauchline 1998, Ric-
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cardi and Mariotto 2000, Ara 2002, Gaudy and Verriopoulos 2004, Tellioglu 2006,
Bozkurt and Can 2014). Among the other factors affecting copepod body size, food
availability seems to be of great importance, at least in some ecosystems (Deevey 1960,
Durbin et al. 1983, Viitasalo et al. 1995). According to Deevey (1960) the seasonal
temperature range determines its relative importance along with food in affecting the
copepod body size: when the annual mean range was 14 °C or more. In the present
study, the temperature range was 10.1 °C and this may explain the weak correlations
between Acartia abundance with that of temperature and chlorophyll z concentration.

Variations in prosomal ends, genital somite and leg 5 of both sexes are common within
other species of Acartia as reported in many previous works (e.g. Ueda 1986, Garmew et
al. 1994, Hirst and Castro-Longoria 1998, Soh and Suh 2000, Ueda and Bucklin 2006).

In the present study, A. bispinosa has been observed as a monospecific aggregation
in the study area during daytime at the end of April. In tropical reef environments
many acartiid copepod species exhibit swarming. For example, Acartia (Acanthacar-
tia) spinata Esterly, 1911 and A. tonsa Dana, 1849 were reported by Emery (1968)
on Caribbean reef and A. australis and A. bispinosa, were observed in aggregations on
Great Barrier Reef (Hamner and Carleton 1979). Similarly, swarms of A. hamata were
found in the fringing coral reefs of Sesoko island, southern Japan (Ueda et al. 1983)
as well as Acartia swarms in Conch Reef off Florida (Heidelberg et al. 2010). Most of
the swarms of this species appeared as monospecific aggregations, which is a common
phenomenon in copepods (Ueda et al. 1983, Ambler et al. 1991). According to many
authors (Hamner and Carleton 1979, Ueda et al. 1983, Ambler et al. 1991, Buskey
1998), the advantages of swarming behavior in copepods are: (1) protection against
predation, (2) reduction of dispersion by currents, (3) facilitating and enhancing mat-
ing opportunity, and (4) keeping in good position to feed on coral mucus.

Conclusion

In this study we have reported the presence of A. bispinosa in the Red Sea for the first
time with full redescription. There are three possible explanations of this discovery:
1) most of the plankton studies in the Red Sea were focused mainly in oceanic regions
resulting in ruling out of this species which were dominant mainly in the neritic waters,
2) it may have be present but overlooked or misidentified in the previous studies and
3) it may be a representative of an invasive species transported in the Red Sea anthro-
pogenically (possibly in ballast water). The seasonal distribution patterns of A. bispinosa
clearly showed a pronounced peak at the end of April and a smaller one at the end of
October during the condition of gradual warming and cooling of coastal water, that may
be linked to resting eggs, that are capable to give a new generation. Females showed their
highest total and prosome length in January and the lowest were observed at the end
of June. The highest total and prosome length of the male were detected in March and
the lowest value appeared in June. This variability of the body size, seems to be inversely
related to temperature, indicating the influence of other environmental parameters.
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Abstract

One new species of the delphacid genus Kakuna Matsumura, K. taibaiensis Ren & Qin, sp. n. is described
from Mt. Taibai in Shaanxi Province, China. Dicranotropis montana (Horvath, 1897) is reported for the
first time from China. Habitus photos and illustrations of male genitalia of the two species are given.

Keywords
Auchenorrhyncha, planthoppers, Fulgoromorpha, taxonomy, distribution

Introduction

The genus Kakuna was established by Matsumura (1935) for the type species K. kuway-
amai Matsumura, 1935 from Japan (Hokkaido, Sapporo). Ding (20006) regarded Para-
metopina Yang as a junior synonym of Kakuna Matsumura and transferred Parametopi-
na yushaniae Yang to Kakuna. Recently, Chen and Yang (2010) redefined the generic

Copyright Feng-Juan Ren et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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characteristics and added three more species, K. /i, K. nonspina and K. zhongtuana to
the genus from southwestern China (Guizhou). To date, five Kakuna species are known
all distributed in China and Japan. In this paper, we add a new species, K. taibaiensis
from Mt. Taibai (China: Shaanxi) and provide a key to all species in this genus.
Another delphacid species, Dicranotropis montana, was described by Horvath (1897),
which was originally arranged as a member of the genus Sziroma Fieber. Asche (1982)
studied the type material of this species and transferred it into Dicranotropis Fieber. This
species is currently distributed in the Palacarctic Region. After checking the specimens
collected in 2010 (now deposited in the Entomological Museum in NWAFU), we found
this species in Hebei (northern China) and record it for the first time in the Chinese fauna.

Material and methods

All specimens examined in this study are deposited in the Entomological Museum,
Northwest A & F University, Yangling, Shaanxi, China (NWAFU). The genital seg-
ments of the examined specimens were macerated in 10% KOH and drawn from
preparations in glycerin jelly with the aid of a light microscope. Illustrations of the
specimens were made using a Leica MZ 12.5 stereomicroscope. Habitus photos were
taken using a Scientific Digital micrography system equipped with an Auto-montage
imaging system and a highly sensitive QIMAGING Retiga 4000R digital camera
(CCD). Multiple photographs were compiled into final images. The terminology in
this paper follows that of Ding (2006). Measurements of the body length were from
the apex of the vertex to the posterior tip of the abdomen (macropterous) or to the
tip of abdomen (brachypterous). All measurements are in millimeters (mm).

Taxonomy

Kakuna Matsumura, 1935

Kakuna Matsumura 1935: 76; Ding 2006: 404; Chen and Yang 2010: 30. Type species:
Kakuna kuwayamai Matsumura, 1935, by original designation.

Parametopina Yang, 1989: 308. Type species: Parametopina yushaniae Yang 1989: 308,
synonymized by Ding 2006: 404.

Diagnosis. Relatively large, brown delphacids. Head including eyes narrower than
pronotum. Submedian carinae uniting at apex of vertex. Fastigium in lateral view
rounded. Dorsum of body with a milky longitudinal stripe from middle of vertex to
middle of posterior margin of forewing. Median carina of frons forked at extreme base.
Antennae cylindrical. Forewing with large, longitudinal, brown marking. Metabasitar-
sus longer than tarsomere 2 + 3 combined, calcar thin, tectiform, with many black-
tipped teeth on lateral margin. Male pygofer in lateral view with laterodorsal angle
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produced, medioventral process absent. Diaphragm of pygofer narrow, dorsal margin
produced dorsad. Suspensorium ventrally ring-like. Aedeagus tubular, long. Parameres
fairly developed, apically convergent. Anal segment deeply sunk into dorsal emargina-
tion of pygofer, ring-like, caudoventral processes present or absent.

Distribution. China (Guizhou, Taiwan, Zhejiang, Fujian, Shaanxi), Japan.

Key to species in the genus Kakuna (males)

1 Male anal segment produced caudoventrally............ccoceiiiiiiiiinnnn 2
- Male anal segment not produced caudoventrally...........ccccooeiiiiiiiinnnn 3
2 Male anal segment with two spine-like processes along caudoventral margin;

mediodorsal processes of diaphragm separated at bases; aedeagus not bearing
spinous processes at apex. China (Guizhou)........cceeoivveeniiineiinccinceen
....................................................................... K. nonspinata Chen & Yang
- Male anal segment with an elongate process at caudoventral margin; medi-
odorsal processes of diaphragm fused at their bases; aedeagus bearing spinous
processes at apex. China (Taiwan) .....c..cccoeveeevcennncne. K. yushaniae (Yang)
3 Aedeagus in profile distinctly expanded at apex, dorsal margin with spinous
PIOCESSES .ttt ettt eaeete st es e s et be bt ebtebe st ebe st e st ebesneneeneas 4
- Aedeagus in profile not expanded at apex, dorsal margin without spinous
PIOCESSES ..evnvieire et et et sit ettt et et sat et sa e b e b et seae s ae e st e e e a e eaaesanesaees 5
4 Mediodorsal processes of diaphragm curved laterad apically; aedeagus with-
out spinous processes ventrally near apex. China (Guizhou) .......c.ccccovvueunnee.
..................................................................................... K. lii Chen & Yang
- Mediodorsal processes of diaphragm straight apically; aedeagus with spinous
processes ventrally near apex. China (Zhejiang, Fujian, Guizhou), Japan
(Hokkaido, Honshu, Kyushu) ....c.cccccovveenee. K. kuwayamai Matsumura
5 Mediodorsal processes of diaphragm long, reaching to the level of anal seg-
ment; aedeagus in profile curved ventrad medially; inner margins of para-
meres with denticles medially. China (Shaanxi) .......cccocecevviincinicnncnnen
................................................................. K. taibaiensis Ren & Qin, sp. n.
- Mediodorsal processes of diaphragm short, not reaching to the level of
anal segment; aedeagus in profile curved dorsad medially; inner margins of
parameres without denticles but with a nipple-like process medially. China
(GUIZhOU) .. K. zhongtuana Chen & Yang

Kakuna taibaiensis Ren & Qin, sp. n.
http://zoobank.org/ 0DE83AE8-F62C-4649-8 C6E-459D960AA940
Figs 1-16

Description. Macropterous male: Body length: male 5.82—5.91 mm; forewing length:
male 5.06-5.13 mm (n=2).
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Figures 1-5. Kakuna taibaiensis Ren & Qin, sp. n. | male adult, dorsal view 2 male adult, left lateral
view 3 head and thorax, dorsal view 4 frons and clypeus 5 metatarsus and post-tibial spur. Scale bars =

1.0 mm (Figs I, 2); 0.5 mm (Figs 3-5).

Color. General color brown. Ocelli reddish brown, eyes black. Dorsum of body
with a milky longitudinal stripe from the junction of Y-shaped carina to the middle of
posterior margin of forewing. Forewing yellowish brown, membrane has a large, lon-
gitudinal, fuscous marking from base of costal area to apex, veins fuscous, longitudinal
veins ornamented with blackish brown granules. Abdomen fuscous. Fore and middle
legs brown, hind legs yellowish brown, apices of spines on tibiae and tarsi black.

Structure. Head including eyes narrower than pronotum (about 0.81:1) (Figs 1,
3). Vertex shorter in midline than wide at base (about 0.82:1), narrower at apex than
at base (about 0.78:1), lateral margins slightly concave in dorsal view, submedian
carinae convex, originating from near 1/3 base of lateral carinae and uniting at apex
of vertex (Figs 1, 3). Y-shaped carina distinct, basal compartment shallowly concave
(Fig. 3). Fastigium rounded (Fig. 2). Frons longer in midline than maximum width
about 2.05:1, widest above the level of ocelli, median carina conspicuous, forked
at extreme base (Fig. 4). Postclypeus wider at base than frons at apex, post- and
anteclypeus together approximately 0.86 x of the length of frons (Fig. 4). Rostrum
almost reaching mesotrochanters. Antennae terete, nearly attaining middle level of
postclypeus, scape longer than wide at apex (about 1.83:1), shorter than pedicle
(about 0.52:1) (Fig. 4).

Pronotum in midline slightly shorter than length of vertex (about 0.79:1), lateral
carinae developed, slightly curved, not reaching posterior margin (Fig. 3). Mesonotum
medially ca. 1.64 times longer than vertex and pronotum together, lateral carina almost
straight, reaching posterior margin, median carina obscure apically (Fig. 3). Forewings
long and narrow, longer than widest part about 3.35:1, widest in middle (Figs 1, 2,
16). Spination of apex of hind leg 5 (3+2) (tibia), 8 (6+2) (basitarsus) and 4 (2nd
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Figures 6—16. Kakuna taibaiensis Ren & Qin, sp. n. 6 male genitalia, posterior view 7 male genitalia,

left lateral view 8 male pygofer, posterior view 9 male pygofer, left lateral view 10 anal segment, poste-
rior view Il anal segment, aedeagal complex, connective and parameres, left lateral view 12 aedeagus,
dorsocaudal view 13 aedeagus, left lateral view 14 suspensorium, posterior view |5 parameres, posterior
view 16 forewing. Scale bars = 0.2 mm (Figs 6-9, 11, 15); 0.1 mm (Figs 10, 12-14); 0.5 mm (Fig. 16).
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tarsomere) (Fig. 5). Metabasitarsus distinctly longer than tarsomere 2+3 combined
(about 1.79:1), calcar shorter than metabasitarsus (about 0.77:1), thin, bearing 29
black-tipped teeth on lateral margin (Fig. 5).

Male genitalia. Male pygofer slightly wider ventrally than dorsally, laterodorsal
angles roundly produced caudad; in posterior view with opening longer than wide,
ventral margin shallowly excavated, medioventral process absent (Figs 6-9). Suspenso-
rium ventrally ring-like, dorsally with a process at each side leading to the anal segment
ventrolaterally (Fig. 14). Diaphragm narrow, mediodorsal processes fairly developed,
pillar-like, basally with a broad common stalk, thence contiguous apicad, apical part
separated and curved laterad, tips truncated (Figs 6, 8). Parameres fairly long, reaching
to the level of anal segment, in posterior view contiguous basally, apical 2/5 conver-
gent mesad, apices rounded, inner margins expanded and ornamented with denticles
medially (Figs 6, 11, 15). Aedeagus tubular, arch-shaped in profile, moderately dilated
near the base, near apex on the dorsal side to the ventral apex provided with small
teeth, gonopore apical on the slightly membranous dorsal side (Figs 12, 13). Male
anal segment deeply sunk into dorsal emargination of pygofer, ring-like, caudoventral
processes absent (Figs 6, 7, 10, 11).

Type materials. Holotype. &' (macropterous, NWAFU), China, Shaanxi Prov-
ince, Mt. Taibai, 13-VIII-2010, by light trap, coll. A. P. Dong. Paratype. 1 (macrop-
terous, NWAFU), same data as holotype.

Female. Unknown.

Host plant. Unknown.

Etymology. The species epithet is named after the type locality, Mt. Taibai in
Shaanxi, China.

Distribution. Known currently from the type locality in northwest China (Shaanxi
Province).

Remarks. Kakuna taibaiensis is similar to K. zhongtuana Chen & Yang (2010)
in the male anal segment not produced caudoventrally, aecdeagus not bearing spinous
processes and mediodorsal processes of diaphragm having a common stalk basally.
However, the new species differs from the latter in the mediodorsal processes fairly
long, reaching to the level of anal segment (mediodorsal processes short, not reaching
to the level of anal segment in zhongtuana), aedeagus curved ventrad medially in pro-
file (aedeagus curved dorsad medially in profile in zhongtuana), parameres rounded at
apex in posterior view, inner margins ornamented with denticles medially (parameres
acute at apex and adorned with a nipple-like process medially along each inner margin
in zhongtuana).

Discussion. The Himalaya-Qinling-Huai River line is the most distinctive bar-
rier and may serve as the division of the Palacarctic and Oriental Regions since the
Pleistocene. However, the north-south transitional affects have been much more pro-
nounced in species and a broad transitional zone has resulted (Zhang 2002). The new
finding in this paper based on the specimens from Mt. Taibai (the main peak of Mts.
Qinling in Shaanxi, China) confirms the suggestion of Chen and Yang (2010) that
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the members of the genus Kakuna have extended into the southern area of the Pal-
aearctic Region. During our investigations of Delphacidae on Mt. Taibai, we found
many species in this family have extended into the border of the two Regions which
were traditionally thought to be confined in the Palacarctic or Oriental Region only,
including some new species described in recent years (Qin 2007, Qin et al. 2012).
We suspect that the delphacid fauna in this border area will be more extensive if more
investigations are conducted.

Dicranotropis montana (Horvath, 1897)
new record to China

Figs 17-34

Stiroma montana Horvath 1897: 625.

Dicranotropis tenellula Dlabola 1965: 84; Emeljanov 1977: 109, synonymized by
Asche 1982: 30.

Dicranotropis gratiosa Dlabola 1997: 315, synonymized by Holzinger 1999: 259.

Dicranotropis montanus Vilbaste 1965: 15, synonymized by Asche 1982: 30.

Dicranotropis montana (Horvath), Asche 1982: 30; Holzinger 1999: 259; Holzinger et
al. 2003: 267; Nickel 2003: 55; Trivellone 2010: 100.

Description. Macropterous male: Body length (from apex of vertex to the tip of fore-
wing): male 3.40-3.64 mm, female 3.44-3.90 mm; forewing length: male 2.72-2.96
mm, female 3.04-3.24 mm. Brachypterous male: Body length (from apex of vertex to
the tip of abdomen): male 2.24-2.56 mm, female 2.64-2.96 mm; forewing length:
male 0.99-1.08 mm, female 1.04—1.24 mm.

Color. General color of male (macropterous) blackish brown. Ocelli reddish black,
eyes grayish black. Vertex anteriorly, frons, clypeus, lateral area of pronotum behind
eyes black. Antennae yellowish brown except apex of scape and base of pedicle fuscous.
Pronotum between lateral carinae and laterobasal angles sordid whitish. All carinae
and margins of vertex, frons and clypeus whitish. Rostrum fuscous at apex. Mesono-
tum mostly dark brown, scutellum whitish apically. Abdomen dark. Legs brown to
yellowish brown. Tegmina subhyaline, veins yellowish brown. Female with ovipositor
brown. Male (brachypterous) with the same color as macropterous except pronotum,
mesonotum and tegmina yellowish brown, abdomen of female mostly yellowish white,
abdomen with small brown spots dorsally and ventrally on each segment.

Structure. Head including eyes slightly narrower than pronotum (about 0.92:1).
Vertex shorter in midline than wide at base (about 0.62:1), narrower at apex than at
base (about 0.89:1). Submedian carinae originating from near 1/4 base of lateral cari-
nae, not uniting at apex of vertex. Y-shaped carina distinct (Figs 17, 19, 21). Frons
longer in midline than maximum width about 1.64:1, widest above the level of ocelli,
carinae conspicuous, median carina forked at basal fourth (Fig. 22). Postclypeus broader
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Figures 17-22. Dicranotropis montana (Horvath, 1897) 17 macropterous male, dorsal view 18 macrop-
terous male, left lateral view 19 brachypterous male, dorsal view 20 brachypterous male, left lateral view
21 head and thorax (macropterous male), dorsal view 22 frons and clypeus (brachypterous male). Scale
bars = 1.0 mm (Figs 17, 18); 0.5 mm (Figs 19-22).

at base than frons at apex, postclypeus and anteclypeus together approximately 0.80 x
the length of the frons (Fig. 22). Rostrum almost reaching mesotrochanters. Antennae
terete, reaching frontoclypeal suture, scape longer than apical width (about 1.59:1),
shorter than pedicle (about 0.64:1) (Figs 18, 20, 22).

Pronotum shorter than vertex in midline (about 0.91:1), lateral carinae straight,
not reaching to posterior margin (Figs 17, 19, 21). Mesonotum medially ca. 1.34
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Figures 23-34. Dicranotropis montana (Horvath, 1897). 23 male genitalia, posterior view 24 male geni-

talia, left lateral view 25 male pygofer, posterior view 26 anal segment, posterior view 27 anal segment,
aedeagal complex, connective and parameres, left lateral view 28 acdeagus, left lateral view 29 aedeagus,
right lateral view 30 aedeagus, dorsal view 3| suspensorium, posterior view 32 parameres, posterior view
33 macropterous forewing 34 brachypterous forewing. Scale bars = 0.2 mm (Figs 23-25, 27); 0.1 mm
(Figs 26, 28-30, 32); 0.04 mm (Fig. 31); 0.5 mm (Fig. 33); 0.25 mm (Fig. 34).
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times longer than vertex and pronotum together, lateral carina reaching posterior
margin, median carina obscure apically (Figs 17, 21). Macropterous forewings sur-
passing tip of abdomen approximately 2/5 of its total length (Figs 17, 18), longer
than widest part (about 2.86:1). Spinal formula of hind leg 5-7-4, post-tibial spur
shorter than metabasitarsus, sparsely with about 8 tiny teeth along hind margin.

Male genitalia. Male pygofer in profile wider ventrally than dorsally, anteri-
or margin distinctly convex submedially (Fig. 24); in posterior view opening of
pygofer obcordate, medioventral process absent (Figs 23, 25), below laterodorsal
angle interiorly with a spine-like process on each side, transverse-directed (Figs
23, 25). Suspensorium n-shaped, dorsally arched medially with two small trian-
gular processes on both ends (Fig. 31). Diaphragm broad, mediodorsal processes
strongly sclerotized and laterally beset with many granulations, incised medially
(Figs 23, 25). Opening for parameres large, dorsal margin nearly straight, lateral
margins slightly sinuate (Fig. 25). Parameres long, contiguous at bases, narrowed
and divergent apically, inner margins expanded subapically, in profile apical mar-
gin emarginated in two triangular processes (Fig. 27). Aedeagus tubular, short and
broad, with five rows of teeth on surface, including four longitudinal rows and one
transverse row basad of gonopore (Figs 28, 29, 30). Male anal segment ring-like,
laterodistal angles produced into a short, stout spinose process on each side (Figs
23, 24, 26, 27).

Species examined. 23 J 22 99 (macropterous) and 35 3 46 9 (brachypter-
ous), China: Hebei Province, Mt. Xiaowutai, 24-VI-2009, coll. D. Z. Qin.

Distribution. China (Hebei), Russia, Austria, Switzerland, Germany, France,
Italy, Hungary, Romania, Mongolia.

Host plant. Unknown.

Discussion. Dlabola (1965) established D. tenellula Dlabola based on the spec-
imens from Mongolia; Vilbaste (1965) described D. montana Vilbaste from Russia
but it was regarded as a junior synonymy of D. renellula Dlabola by Emeljanov
(1977). Asche (1982) treated both D. tenellula Dlabola and D. montana Vilbaste
as junior synonyms of D. montana (Horvath, 1897). However, the treatment of D.
tenellula Dlabola was not accepted by Anufriev and Emeljanov (1988). Holzinger
et al. (2003) studied the Dicranotropis species in central Europe, in D. montana
(Horvath) part, they redrew the male genitalia of this species and noted: “accord-
ing to Emeljanov and Gnezdilov (pers. common.), the central Asian Dicranotropis
tenellula Dlabola, 1965 is not conspecific with D. montana (Horvath, 1897)”. After
checking the specimens deposited in NWAFU, and also these illustrations of male
genitalia provided by Dlabola (1965, 1997), Vilbaste (1965), Anufriev and Emel-
janov (1988), Holzinger (1999) and Holzinger et al. (2003), we found D. tenellula
Dlabola to be very similar to D. montana (Horvath) and very difficult to distin-
guish. We hope the status of D. renellula can be reconsidered and firmly established
using more advanced methods in the future. Here we consider D. zenellula Dlabola
as a junior synonym of D. montana (Horvath).
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