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In 1995-2019, marine algae were sampled in the intertidal and upper subtidal zones of the Amakusa
Archipelago (Shimoshima islands) and the southern islands of the Ryukyu Archipelago (Okinawa,
Sesoko, leshima, Akajima, Miyako, Ishigaki, Iriomote, and Yonaguni). A total of 569 species and tax-
onomic forms of benthic macroalgae were identified. Out of them, 57% belonged to red algae; 15%,
to brown algae; and 28 %, to green algae. On these islands, 153 taxa were found for the first time. During
the specified period, the benthic marine flora of individual islands was analyzed with varying degrees
of care. The most thoroughly studied island of the Amakusa group was Shimoshima (14 localities
during all seasons), and of the Ryukyu Archipelago, Sesoko (8 localities during all seasons). The com-
parison of taxonomic and biogeographic characteristics of marine floras of these two archipelagos — bio-
diversity of species and forms, taxonomic composition of algal communities, and potential capabilities
of geographic (latitudinal) distribution of taxa — give us the grounds to classify the Shimoshima Is-
land as a warm-temperate region of the Northern Hemisphere in East Asia, and the southern islands
of the Ryukyu Archipelago, as a tropical biogeographic region.

Keywords: macroalgae, Amakusa Archipelago, southern islands of the Ryukyu Archipelago,
comparison of the marine flora

The southern islands of Japan are situated in warm waters of two biogeographic regions of the North-
ern Hemisphere — Indo-West Pacific warm-temperate region and tropical region — in geographic
latitudes from 32°23’N to 24°03’N, according to the scheme of J. C. Briggs [1974] modified
by K. Liining [1990] (Fig. 1).

The benthic marine flora of the southern islands of Japan has been fairly well studied mainly
by Japanese algologists since 1897 [Okamura, 1897, 1930] and during the 1930s-2000s (see Sup-
plement 1: https://marine-biology.ru/mbj/article/view/422/655). Only one work was dedicated
to the benthic flora of Amakusa islands [Segawa, Yoshida, 1961].

The authors of the present article initiated the research on the benthic flora of the islands
of the Ryukyu Archipelago in 1995 within the framework of ecological studies of Sesoko Is-
land coral reef ecosystem (the west of Northern Okinawa) at the Tropical Biosphere Research
Center Sesoko Station of the University of the Ryukyus. In parallel to eco-physiological investi-
gations, the study of the benthic marine flora of the Amakusa Archipelago (Shimoshima islands)
and the Ryukyu Archipelago (Okinawa, Sesoko, Ieshima, Akajima, Miyako, Ishigaki, Iriomote,
and Yonaguni) was carried out (Fig. 1).
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Fig. 1. Sites of algal sampling (marked with red circles) on islands of the Amakusa and Ryukyu archipela-
gos. A, islands where algae were sampled. B, sampling sites in Okinawa Prefecture: Cape Hedo (site 1);

Ieshima Island (2); Sesoko Island (3); Oura Bay (4); Henoko point (5); Maeda coast (6); Arasaki Beach (7, 8);

Ohdo coast (9). C, sampling sites along Tomioka Peninsula, Shimoshima Island: Magarizaki coast (1, 2);

Akaiwa coast (3, 4); Shikizaki Bay (5); Shiraiwazaki Bay (6-8); Reihoku coast (9); Tomioka Har-
bor (10-13); Tsujishima Island (14, 15). D, sampling sites along Sesoko Island (1-8). E, sampling sites
along Iriomote Island: Hoshidate coast (1); Kanoka coast (2). F, sampling sites along Yonaguni Island:
Sonai locality (1-3); Higawa Bay (4); Tojima coast (5). G, sampling sites along Akajima Island, upper sub-
tidal of the western coast (1-3). H, sampling sites along Miyako Island: Karimata coast (1, 2); Cape Higashi
Hennasaki (3). I, sampling sites along Ishigaki Island: Shiraho coast (1); Kabira Bay (2). J, sampling sites
along Ieshima Island, southeastern coast (1, 2)

Material partially published earlier provided the dynamics of algal growth on damaged and dead
coral colonies in the sea and in aquariums of Sesoko Island [Titlyanov et al., 2008, 2010, 2018], decadal
changes in algal assemblages of Yonaguni Island [Titlyanov et al., 2016], and historical changes in the ma-
rine flora of Tomioka Peninsula, Shimoshima Island [Titlyanov et al., 2019a, b]. For other islands
we studied, the data are published for the first time.

The aim of this work was to present an annotated list of benthic algae in coral reef ecosystems
of the Ryukyus and ecosystem of hard substrata with coral settlements of Amakusa islands, using all
papers on the inventory of the benthic flora of the islands and our published and unpublished sampling
data of 1995-2019. Moreover, based on a comparison of taxonomic and biogeographic characteristics
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of recent benthic algal floras of the islands of these two archipelagos [diversity of species and forms,
taxonomic composition of algal communities, and potential opportunities for geographical (latitudinal)
distribution of taxa], we aimed at assigning them to specific biogeographic regions of the Northern
Hemisphere in East Asia.

MATERIAL AND METHODS

Sampling sites and time. The study of the marine flora along the coast of Okinawa Island was car-
ried out in November—December 2006 in the following localities: Cape Hedo, Oura Bay, Henoko point,
Maeda coast, and Ohdo coast; in March 2013 and February 2014, the investigation was carried out along
Arasaki Beach (Fig. 1B). In the west of Northern Okinawa, along the coast of Sesoko Island, algae were
collected in 1995 (May—October), 1997 (September—December), 1998 (January—April), 2002 (October—
December), 2003 (January—September), 2004 (July), 2005 (February—May), 2006 (November—
December), 2007 (January), 2014 (February), and 2019 (January—February) (Fig. 1D). In Decem-
ber 2006, marine algae were sampled along the southeastern coast of Ileshima Island (Fig. 1J).
In August 1995, algal sampling was carried out on a coral reef along the western coast
of Akajima Island (the group of Kerama islands) at three localities (Kubamanohama, Kushibaru,
and Hanase) (Fig. 1G), Kohama Island (the group of Yaeyama islands), and at two localities of Ishi-
gaki Island (Kabira Bay and Shiraho Reef) (Fig. 11). In March 2013, marine algae were sampled around
Yonaguni Island (Sonai, Higawa, and Tojima bays) (Fig. 1F) and along the coast of Miyako Island (Kari-
mata locality and Cape Higashi Hennasaki) (Fig. 1H). In February 2017, algal sampling was carried out
along the coast of Iriomote Island (Hoshidate and Tanaka bays) (Fig. 1E). On Shimoshima Island, marine
algae were sampled in November and December 2012, April and August 2013, January 2014, October
and November 2015, and November 2017 at seven localities of Tomioka Peninsula: Akaiwa, Magarizaki,
Shikizaki Bay, Shiraiwazaki Bay, Tomioka Harbor, Tsujishima Island, and Reihoku-cho (Fig. 1C).

Collection, conservation, and floristic analysis of samples. Macroalgae were sampled in the up-
per, middle, and lower intertidal and the upper subtidal (from 0.5-m to 4-m depth during low tide) zones
of Ryukyu islands by T. Titlyanova, E. Titlyanov, and O. Belous; on Amakusa islands, by T. Titlyanova,
E. Titlyanov, and M. Tokeshi. In the upper subtidal zone, marine plants were sampled via snorkel-
ing (by T. Titlyanova) and scuba diving (by E. Titlyanov and M. Tokeshi) during low and high tides.
Algae were collected from all types of substrata. The algal samples are deposited at the A. V. Zhir-
munsky National Scientific Center of Marine Biology, Far Eastern Branch of the Russian Academy
of Sciences (Vladivostok, Russian Federation).

Fresh and dried specimens were identified by T. Titlyanova, E. Titlyanov, and O. Belous using
the data of monographic publications, floristic studies, and systematic articles cited in previous pa-
pers [Titlyanov et al., 2011; Titlyanova et al., 2012]. The systematics and nomenclature follow Algae-
Base [2023]. Hierarchical classification of the phylum Rhodophyta is given according to [Saunders, Hom-
mersand, 2004; Schneider, Wynne, 2013; Wynne et al., 2014]. The classification system of the phyla
Chlorophyta and Ochrophyta is given in accordance with [Tsuda, 2003, 2006].

RESULTS

Species composition. The results of the present study are provided in Table (see Supplement 2:
https://marine-biology.ru/mbj/article/view/422/656). It documents 569 species and taxonomic forms
of benthic macroalgae sampled off the southern islands of Japan in 1995-2019; 153 species of marine
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algae were new records for the Amakusa and Ryukyu archipelagos (see [Titlyanov et al., 2016, 2019a, b]).
The phylum Rhodophyta (Rh in Fig. 2) was comprised of 4 classes, 17 orders, 47 families, 128 genera,
and 324 species (57% of all species). The phylum Ochrophyta (Oc) was comprised of 2 classes, 10 orders,
16 families, 43 genera, and 86 species (15% of all species) belonging to the class Phaeophyceae. The phy-
lum Chlorophyta (Ch) was comprised of 2 classes, 7 orders, 23 families, 49 genera, and 159 species (28%
of all species) (Suppl. 2, Fig. 2).
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Out of red algae, the highest number of taxa belonged to four orders: Ceramiales (129),
Gigartinales (35), Corallinales (29), and Rhodymeniales (24). Brown algae were mostly represented
by Ectocarpales (26), Dictyotales (22), and Fucales (23). Out of green algae, Bryopsidales (67),
Cladophorales (47), and Ulvales (23) prevailed (Suppl. 2, Fig. 3A).

All species of our collection were found earlier by other authors in tropics and/or subtropics.
Out of them, 79% were recorded in tropics and/or subtropic alone; 13% were registered in tropics
and/or subtropics and in temperate latitudes as well; and 8% were noted in tropical and/or subtropical,
temperate latitudes, and Arctic and/or Antarctic.

More than a half (58%) of all species of our collection were found in the seas of Pacific, Indian,
and Atlantic oceans; 27% inhabited only the Indo-Pacific; and 15% inhabited only the seas of the Pacific
Ocean (Fig. 4A).

On all investigated islands of the Ryukyu Archipelago, 428 species of marine algae were docu-
mented. Out of them, 54% were red algae, 12% were brown, and 34% were green (Suppl. 2, Fig. 2).
Species of red algae belonged to 4 classes, 16 orders, 40 families, and 104 genera; species of brown algae,
to 2 classes, 7 orders, 10 families, and 28 genera; and species of green algae, to 2 classes, 7 orders, 22 fam-
ilies, and 46 genera. In terms of species number, the richest families and orders were the following ones:
out of red algae, Rhodomelaceae (50), Ceramiaceae (32), and families of Corallinales (23); out of brown
algae, Dictyotaceae (17), Sargassaceae (11), and Scytosiphonaceae (6); and out of green algae, Cauler-
paceae (23), Cladophoraceae (21), and Ulvaceae (13) (Suppl. 2, Fig. 3B). All species of our collection
were previously found by other authors in tropics and/or subtropics. Out of them, 84% were registered
only in tropical and/or subtropical latitudes; 8% were noted in temperate latitudes; and 8% were recorded
in Arctic and/or Antarctic. Also, 28% of marine algae belonged to the Indo-Pacific, and 8% inhabited
only the seas of the Pacific Ocean (Suppl. 2, Fig. 4B).
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Fig. 3. Number of marine algal species in the richest taxa: A, all investigated southern islands of Japan;
B, islands of the Ryukyu Archipelago; C, Sesoko Island; D, Shimoshima Island

Out of the islands of the Ryukyu Archipelago, the highest number of species (329) were sampled
along the coast of Sesoko Island (26°38'N, 127°51’E); out of them, 55% were red algae, 12% were
brown, and 33% were green (Suppl. 2, Fig. 2). Species of red algae were represented by 4 classes,
16 orders, 38 families, and 94 genera; brown algae, by 2 classes, 7 orders, 10 families, and 26 genera;
green algae, by 2 classes, 6 orders, 21 families, and 42 genera. The highest species richness was regis-
tered for the following orders and families. Out of red algae, Rhodomelaceae (32), Ceramiaceae (23),
and families of Corallinales (14) prevailed; out of brown algae, Dictyotaceae (12), Sargassaceae (9),
and Acinetosporaceae (5); and out of green algae, Cladophoraceae (14), Caulerpaceae (14), and Ul-
vaceae (11) (Suppl. 2, Fig. 3C). In the collection representing Sesoko Island, 83% of all species belonged
to tropics and/or subtropics alone; 8%, temperate latitudes; 9%, Arctic and/or Antarctic. Moreover, 28%
of algae represented only the Indo-Pacific, and 7%, the seas of the Pacific Ocean (Suppl. 2, Fig. 4C).

Off the most northern island of investigated ones, Shimoshima (the largest island of the Amakusa
Archipelago, 32°31’N, 130°02’E), located 6° north of Sesoko Island, we sampled 321 species and forms.
Out of them, 63% were red algae, 17% were brown, and 20% were green (Suppl. 2, Fig. 2). Species
of red algae represented 4 classes, 17 orders, 40 families, and 93 genera; species of brown algae,
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1 class, 8 orders, 13 families, and 28 genera; and species of green algae, 1 class, 5 orders, 20 fami-
lies, and 30 genera. The highest species richness was registered for the following families: out of red
algae, Rhodomelaceae (33), families of Corallinales (20), and Ceramiaceae (13); out of brown algae,
Sargassaceae (15), Dictyotaceae (14), and Scytosiphonaceae (8); out of green algae, Ulvaceae (12),
Cladophoraceae (10), and Codiaceae (7) (Suppl. 2, Fig. 3D). In the collection of algae sampled oft Shi-
moshima Island, 69% were tropical and/or subtropical species; 18% were species of temperate lati-
tudes; and 13% were species of Arctic and/or Antarctic. Moreover, 22% inhabited only the Indo-Pacific,
and 20% belonged to species inhabiting only the seas of the Pacific Ocean (Suppl. 2, Fig. 4D).
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Fig. 4. Geographic distribution of marine algae off the southern islands of Japan. A, all investigated
southern islands of Japan; B, islands of the Ryukyu Archipelago; C, Sesoko Island; D, Shimoshima Is-
land. T, S + S, previously found inhabiting only the tropics and/or subtropics; T, S, M + S, M, previously
found in tropical and/or subtropical and temperate latitudes; T, S, M, Ar / An, previously found in tropical
and/or subtropical, temperate latitudes, and Arctic and/or Antarctic; I-P, inhabiting only the Indo-Pacific;
P, found living only in the seas of the Pacific Ocean

DISCUSSION

The floristic diversity and composition of macrophytes from islands of the Ryukyu Archipelago
sampled by us in 1995-2019 were close to those for other islands in the Indo-Pacific, where coral reefs
are the main ecosystem, algal species richness is characterized by 400 taxa, and the floristic composition
is reported to be as follows: 50-60% of red algae, 20-35% of green algae, and 10-20% of brown
algae [Huisman, Borowitzka, 2003; Lewis, Norris, 1987; Silva, 1992; Silva et al., 1987, 1996; Tseng,
1983; Tsuda, 2003, 2006; Zhang, 1996].
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Taxonomic diversity, species richness of above-mentioned families, a group of species, or an indica-
tor species of coral ecosystems of the seas of Southeast Asia, and potential latitudinal distribution of ma-
rine algae of the Ryukyu Archipelago are close to those of other coral reefs studied by us in the South
China and East China seas lying in tropical and subtropical latitudes [Belous et al., 2021; Titlyanov et al.,
2011, 2014, 2015, 2016; Titlyanova et al., 2014].

Taxonomic characteristics of the benthic marine flora on Shimoshima Island of the Amakusa
Archipelago differed significantly from those for the southern islands of the Ryukyu Archipelago.
On the Amakusa Archipelago, the relative number of red algae was higher by 9%, and brown algae,
by 5%. At the same time, the relative number of green algae was lower by 14% than on Ryukyu islands.
Taxonomic diversity of green algae on Shimoshima Island was significantly lower than that for the south-
ern islands of the Ryukyu Archipelago: the values were lower by 1 class, 2 orders, 2 families, 16 gen-
era, and 82 species. Moreover, green algae of two archipelagos differed in composition of families
with the highest species richness. Specifically, on Ryukyu islands, those were Cladophoraceae, Cauler-
paceae, and Ulvaceae; on Amakusa islands, Ulvaceae, Cladophoraceae, and Codiaceae. Algal collections
from the archipelagos differed in relative number of species belonging to various geographical zones.
The collection from Shimoshima Island contains less species (by 14%) representing tropics and subtrop-
ics alone than the collection from Ryukyu islands, as well as relatively more species belonging to tem-
perate latitudes (by 11%) and Arctic and/or Antarctic (by 3%). Also, there are 13% more species which
inhabit only the seas of the Pacific Ocean.

According to the scheme of marine biogeographic regions provided by J. C. Briggs [1974] and modi-
fied by K. Liining [1990], Kyushu Island and the Amakusa Archipelago (southern islands of Japan) are lo-
cated on the border between the warm-temperate region and cold-temperate region, and the southern is-
lands of the Ryukyu Archipelago are situated on the border between the warm-temperate region and trop-
ical biogeographic region. Data presented by us on taxonomic diversity of marine algae on the Amakusa
and Ryukyu archipelagos give the grounds to suppose that the recent benthic flora of these archipelagos
belongs to two different biogeographic regions.

As known, the marine flora of biogeographic temperate regions in both hemispheres differs
in species diversity and the values of R/P index (number of Rhodophyta species divided by num-
ber of Phaeophyceae species) and C/P index (number of Chlorophyta species divided by number
of Phaeophyceae species) [Belous et al., 2013; Lewis, Norris, 1987; Nguyen et al., 2013; Perestenko,
1980, 1994; Pham, 1969; Santelices et al., 2009; Titlyanov et al., 2015; Titlyanova et al., 2014]. It can
be summarized that an average of about 200 species of benthic macroalgae were found in the cold-
temperate region, and more than 400 species were recorded in the tropical biogeographical region. Both
in the Northern and Southern hemispheres, the marine flora of cold waters is enriched with brown algae,
and the flora of warm waters is enriched with red and green algae. The indices R/P and C/P in a given
flora are very important characteristics of biogeographic regions. Their values for the marine flora of cold
waters are 1.0-2.0 and 0.3-0.8, respectively; for the marine flora of warm waters, 2.5-4.0 and 0.5-1.0,
respectively; and for the marine flora of tropical waters, 3.0-4.5 and 1.0-2.0, respectively [Santelices
et al., 2009].

One of key indicators of the benthic flora in the tropical biogeographic region is the richness of algal
species and forms in families of the order Ceramiales (Rhodophyta) and in Caulerpaceae, Boodleaceae,
and Valoniaceae (Chlorophyta) [Belous et al., 2021; Titlyanov et al., 2015]. Main identification char-
acteristic of the benthic flora of the warm-temperate region in the Northern Hemisphere in East Asia
is the most actively settling representative of the warm-water genus Sargassum C. Agardh, 1820 [Belous
etal., 2013].
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Our sampling in 2012-2017 on Shimoshima Island [Titlyanov et al., 2019a] allowed documenting
more than 300 species of benthic macroalgae with a significant prevalence of red algae (63%) over
brown and green algae. R/P value for sampled algae was 3.6, and C/P value was 1.1. Those corre-
spond to the flora of warm-temperate regions and give us the grounds to classify Shimoshima Island
of the Amakusa Archipelago, with its benthic flora, as part of the warm-temperate region.

On Sesoko Island, 6° south of Shimoshima Island, in 1995-2019, we recorded more than
300 species and forms of marine algae, with red and green algae prevailing. R/P value of sampled algae
was 4.4, and C/P value was 2.6. All found species belonged to tropical latitudes; in these calcu-
lations, we also used material from our earlier works [Titlyanov et al., 2008, 2010, 2018, 2019b].
In the collection, species of red and green algae of tropic-specific families prevailed: Rhodomelaceae,
Ceramiaceae (Rhodophyta), and Caulerpaceae (Chlorophyta).

On Yonaguni Island (southwest of Okinawa islands, 8° south of Shimoshima Island), only at three
localities, we sampled about 200 species of marine algae; out of them, as well as on Sesoko Island,
red (59%) and green algae (31%) prevailed. R/P value was 6.1, and C/P value was 3.2 [Titlyanov
et al., 2016]. Thus, the main indicators of the taxonomic diversity of benthic floras for the most stud-
ied islands, Sesoko and Yonaguni, give us the grounds to assign the southern islands of the Ryukyu
Archipelago (from N26° and south), with their benthic flora, to the tropical biogeographic region.

Conclusion. A total of 569 species of marine benthic algae were found off the southern islands
of Japan; out of them, 153 species were registered for the first time. The comparison of taxonomic
and biogeographic characteristics of marine floras of the Amakusa and Ryukyu archipelagos — biodiver-
sity of species and forms, taxonomic composition of algal communities, and potential capabilities of geo-
graphic distribution of taxa — give us the grounds to classify Shimoshima Island as a warm-temperate
region of the Northern Hemisphere in East Asia, and the southern islands of the Ryukyu Archipelago,
as a tropical biogeographic region.
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MOPCRKAA ®JIOPA IOKHBIX OCTPOBOB AIIOHNU

3. A. Tutasuos!, T. B. Turasimosal, O. C. Beaoyc!, M. Tokemu?

'HanponansHbIA HayuHBIA TIEHTP MOpcKoii 6uonorun nvenn A. B. JKupmynckoro JBO PAH,
BrnaguBoctok, Poccuiickas ®eneparms
2Mopckas 6uonoruyeckas nabopatopus Amakchl, Yausepcurer Kiocio, Peiikoky-Amakca, Kymamoro, Snonus
E-mail: ksu_bio@mail.ru

C 1995 1o 2019 r. Ha MTOpaM U B BEpXHEH CyOaMTOpanu apxuiiesiara Amakca (ocrpoB Cumocuma)
U I0)KHBIX OCcTpoBOB apxumneiara Pokio (Okunasa, Cecoko, Uan3uma, Akanzuma, Musiko, Mcuraku,
Hpuomote u MoHaryHu) 66111 COOPaHEl MOPCKHE BOAOPOCIH. Beero o6HapykeHo 569 BUIOB U TaKCO-
HOMMYECKMX (hopM OEHTOCHBIX MaKpOBOJOPOCIHEH, U3 HUX 57 % MpHHAIJIeKAT K KPACHBIM BOAOPOC-
nsm, 15 % — x Oypbim, 28 % — k 3enéHbiM. HOBBIMU /17151 3THX OCTPOBOB ObUM 153 BUIa Boopocien.
B Teyenne ykazaHHOTO neproja OEHTOCHYI0 MOPCKYIO (bJIOpY OTHENbHBIX OCTPOBOB aHAIM3HPOBAIIH
C pa3HOM CTeneHblo TiaTenbHocTH. Cpeld OCTPOBOB apxuriesiara AMakca caMbiM M3YYeHHBIM ObLT
CumocuMa (ucciiefoBaHo 14 To4Yek BO BCE CE30HBI), a cpelu ocTpoBOB apxurenara Piokio — Ceco-
kO (8 Touek BO Bce ce30Hbl). CpaBHEHHE TAKCOHOMUYECKHUX U OMOreorpauueckux XapakTepuCTHK
MOpPCKUX (DJIOp 3THX OBYX apXMIlesaroB: OMopa3HooOpasusl BUAOB U (OPM, TAKCOHOMUYECKOTO CO-
CTaBa BOAOPOCIIEBBIX COOOINECTB U MOTEHIMAIBHBIX BO3MOKHOCTEH reorpaduueckoro (IMpOTHOTO)
pacnpoCTpaHeHusI BUIOB — IAaET HaM OCHOBaHMS KJIAcCU(UIMPOBaTh OcTpoB CMMOCHMa Kak Terl-
noymepeHHBI perroH CeBepHoro mosymiapus B BoctouHol Aswu, a 10)KHBIE OCTpOBa apxuresara
PIoki0 — Kak Tporuyeckuil OroreorpadpuuecKuii peruoH.

KuroueBbie cjioBa: MakpoBOJOPOCIH, apxuriesar AMakca, I0)KHbIe OCTpoBa apxurenara Pioko,
CpaBHEHHE MOPCKOW (hIIOphI
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