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Excessive growth of green macroalgae and the resultant detrimental ecological and environmental
consequences has been termed “Green tides”, This phenomenon has increased both in extent and in
its public perception around the world over the last few decades. The great majority of green tides
are reported to consist of members of Ulva genus, which includes the genus formerly known as
Enteromorpha. Especially, an opportunistic species Ulva prolifera has attracted much research
attention because of causing the world’s largest green tide in the Yellow Sea of China, consisting of
more than -1 million tonnes of drifting biomass and covering an area of 13,000-30,000 km? in 2008.
Subsequently, the green tides have reoccurred each year and have become an annual phenomenon
in the Yellow Sea. To understand and control these macroalgal blooms, many researches of the
origin, identity and biological characters of the causative algae have been conducted. However,
correct species identification still remains unclear. Currently, based on phylogenetic analyses using
molecular sequences such as ITS (Internal Transcribed Spacer), there are mainly two separate
opinions on the identity of U. prolifera. One opinion is that the true U. prolifera is included in the
LPP clade consisting of . linza, U. procera and U. prolifera to which the bloom-forming strains
belong. The other opinion is that the entire LPP clade is regarded as U linza, while U prolifera
forms another separate clade. Therefore, this thesis aimed to clarify the taxonomie status of U

pm]ﬁ"era including the Chinese bloom-forming strains.

Chapter I. General introduction

This chapter reviewed various works on “green tide” around the world including the broad

distribution of green tides and the consequences of green tides. Then, the works on origin, blooming




mechanism of Chinese green tides, identity and biclogical characters of causative species were also
introduced. Furthermore, it was explained that the divergent opinions on the taxonomic status of U,
prolifera collected worldwide have been presented in spite of being based on phylogenetic analyses

using the molecular markers.

Chapter 2. Rapid expansion of Ilva blooms in the Yellow Sea, China through sexual reproduction

and vegetative growth.

The occurrence of green tide blooms in the Yellow Sea for 11 consecutive years since 2007. A “seed
bank” comprising micro-propagules including gametes, meiospores, and zygotes, played an
important role in the rapid formation of a green tide. The present study examined the germination
differences among zygotes, meiospores, gametes and assessed the maturation period of alternating
generations of sexual Ulva prolifera strains. The zygote and meiospore germination rate was 92%
and 80%, respectively, approximately three times greater than that of gametes (30%). In addition,
the maturation period of sporophytes and gametophytes was 36 and 31 days, respectively. These
results indicate that sexual reproduction and vegetative growth act important roles on the rapid

expansion of macroalgal blooms in the Yellow Sea.

Chapter 3. Taxonomic reassessment of [ffva prolifera (Ulvophyeeae, Chlorophyta) based on

specimens from the type locality and Yellow Sea green tide

The green seaweed Ulva prolifera is an important fishery product and since causing the world’s
largest green tide in the Yellow Sea, China in 2008, has attracted much research attention. Species
identification is an essential step for advancing this research. However, based on phylogenetic
analyses using molecular sequences such as ITS or rbel, U. prolifera specimens collected worldwide
were separated into a European clade and the U. Jinza-procera-prolifera (LPP) complex clade that
included the Chinese bloom-forming strains and Japanese brackish strains., This has res;.llted in
considerable controversy as to the identity of U. prolifera and the bloom-forming species in the
Yellow Sea. To resolve this issue, populations of I/, prolifera from the type locality at Lolland Island,
Denmark and globally significant sites including from Japan and China were examined using
morphology, developmental, molecular and crossing studies. It was found that almost all the Danish
strains agree with the description of the type specimen and were included in the LPP clade. They
had a branched morphology in culture and an obligate asexual life history with quadriflagellate
zoosporoids. It is concluded this taxon in the LPP clade is the true U. prolifera. Along with this, a '
taxonomic revision of U/ prolifera and closely related taxa are proposed. Because the culturing,
mating test and molecular analyses using a more resolved DNA marker, the 58 rDNA spacer,
demonstrated the unique differentiation of the Chinese bloom-forming strains, they are described
as a new subspecies under U. prolifera. Strains of the 'European clade showing gamete

incompatibility to the sexual members of the LPP clade were assigned to the species U splitiana.
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Taxonomic circumscription of Ulva species from the wild through morphological and molecular methods
remains debatable. These methods would result to inaccurate biodiversity estimates if not supported with culture
and hybridization studies. Species diversity of the bloom-forming Ulva in the Philippines and southwest Japan has
not been scrutinized to date and hence needs further examination.

The aim of this dissertation was to assess the diversity of foliose Ulva in the Philippines and
southwest Japan. Major effects of the ‘green tide’ blooms in Asia Pacific and methods to identify species
responsible for the bloom were summarized in Chapter 1. In this dissertation, morphotypes of Ulva from the
Philippines and some morphological issues between closely-related species of the perforated U. reticulata and
imperforate U. oknoi were presented. In Chapter 2, species boundaries between U. ohnoi and U. reticulata were
clarified through the combined approach using morphological, molecular and culture studies. Reproductive
boundaries of Ulva strains were examined through culturing and hybridization under laboratory conditions. And in
Chapter 3, the diversity of live Ulva strains from central and southern Philippines was assessed through culturing

and hybridization.

Chapter 1. General Introduction

This chapter introduces various studies on the ecological and economic effects of green tides as one of the major
problems globally. Various researches have been conducted to understand the occurrence of the bloom. However,
taxonomic circumscription of several leafy Ulva in the tropical regions through morphological and molecular
methods remains problematic. To resolve this issue, a combined approach invelving culture studies is required to
clarify species boundaries and discriminate inaccuracy in estimating diversity. Here, methods on assessing Ulva

diversity in the both regions of the Philippines and southwest Japan were presented.




Chapter 2. Examination of prezygotic and postzygotic isolating barriers in tropical Ulva (Ulvophyceae,

Chlorophyta): evidence for ongoing speciation

Phylogenetic clades based on DNA sequences such as the chloroplast rbcl. gene and the nuclear ITS region are
frequently used to delimit algal species. However, these molecular markers cannot accurately delimit boundaries
among some Ulva species. Although Ulva reticulata and Ulva ohnoi occasionally bloom in tropical to
warm-temperate regions and are clearly distinguishable by their reticulate or plain blade morphology, they have
few or no sequence divergences in these molecular markers and form a monophyletic clade. In this study, to
clarify the speciation and species delimitation in the U. reficulata-ohnoi complex clade, reproductive relationships
among several sexual strains from the Philippines and Japan including offspring that originated from the type
specimen of U, ohnoi were examined by culturing and hybridization in addition to the ITS-based analysis. As a
result, both prezygotic and postzygotic reproductive isolation were revealed to occur between genetically
perforated U. reticulata and imperforate U. ohnoi. They were also separated on the basis of sequence analysis of
the ITS region. That strongly supports that the two taxa 5re independent biological species. Although no |
prezygotic barrier among the Philippine and Japanese strains of U. reticulata was observed, unexpectedly
zoospores produced by hybrid sporophytes in some of their combinations mostly failed to develop, indicating
partial formation of a postzygotic barrier despite a 0.2% divergence in the ITS sequence. These findings suggest

speciation is still ongoing in U. reficulata.

Chapter 3. Diversity of reticulate Ulva in central and southern Philippines through culturing and

hybridization

The archipelagic nature of the Philippines influenced by oceanic currents supports highly diverse marine flora and
| fauna. Currently, bloom-forming Ulva is frequently observed in different regions of the Philippines. Yet, little is
known about their diversity. Here, the diversity of several Ulva strains from different Philippines islands was
examined. Reproductive relationships among sexual strains from central and southern Philippines were tested by
culturing and hybridization. Results revealed that most of the strains have a sexual life history and no prezygotic
and postzygotic reproductive isolation was observed to occur among them. However, one strain had an asexual
life history by means of biflagellate zoids. This study is a pioneering step in evaluating the diversity of Ulva in the
Philippines.
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The mangrove ecosystem has long been recognized as an important habitat to fishes
especially those that are bommercially important (e.g; lutjanids). In general, mangrove forests are
restricted to the tropics, but they could also be found in the subtropical areas (e.g. Japan in the
northern region, and Australia and New Zealand in the southern region). There were several
studies conducted related to mangrove forests as fish habitat and most of these were done in the
tropical region and only few were conducted in the subtropical areas (Faunce and Serafy 2006).
Moreover, of these studies, mostly were focused on species composition and patterns of fish
distribution between mangroires and neighboring habitats (e.g. seagrass beds and coral reefs).
Although previous studies claimed that mangroves are important habitat to fishes this is still
debatable. One major reason is that the fishes observed in the mangrove habitats could be
coincidental because there is also a possibility that these fishes merely prefers the brackish water
environment where the mangrove forest thrives, To provide better understanding it is important to
examine the dependence of these fishes in the mangrove habitats. One way to achieve this is to
compare habitats where there is presence and absence of mangroves. Mangroves in Japan,'is one
good example of a subtropical setting where mangrove forests mostly exist in rivers and the study of
fish dependence on mangroves has never been dealt with.

This dissertation is composed of two main chapters and an appendix of fish photos. The first
chapter was the study comparing fish assemblage structure between the two types of river (rivers
with mangroves hereafter “mangrove-rich”, and rivers without or with few mangrove stands
hereafter “mangrove-free”). The aim was to determine if fishes were dependent on the mangrove
habitat. Since food resources could be a possible factor that influence the distribution of fish, the

second chapter examined the diet of fish species and prey items collected in each two types of river.

The aim was to clarify the food habits of the fishes present in the mangrove-rich and mangrove-free




rivers and whether there was a relationship between the food habits of these fishes and the

abundance of food available in both types of river,

Chapter 1: Differences in fish assemblage structure between mangrove-rich and

mangrove-free subtropical rivers in the Ryukyu Islands, Japan

The fish assemblage structures were compared in the downstream side between
mangrove-rich and mangrove-free rivers on Ishigaki and Okinawa Islands in 2014 and 2015. A total
of seven study sites were selected (two on Ishigaki Island and five on Okinawa Island). On each
island, only one river for each type of river was selected on Ishigaki Island while three rivers was
selected for mangrove-rich and two rivers for mangrove-free on Okinawa Island. Collection of fish
samples was done using a beach seine net with a total of 20 tows in each river. Results of the study
showed that the mean species richness and abundance of fish were significantly higher in the
mangrove-rich rivers than in the mangrove-free rivers in both islands. Moreover, mangro{re-related
food feeders such as benthic invertebrate and detritus feeders were more abundant in the mangrove
-rich than in the mangrove-free rivers. However, mangrove-unrelated food feeders (e.g. zooplankton
feeders) did not differ between the two types of river. The result of cluster and ordination analysis
revealed that the assemblage structure were clearly different between mangrove-rich and
mangrove-free rivers in each island. This was supported through’' SIMPER analysis where on
Ishigaki Island, Apogon amboinensis and Gerres oyena were the key fish species with highest
contribution of similarity in the mangrove-rich river while Favonigobius reichei, Glossogobius
biocellatus, and Zenarchopterus dunckeri in the mangrove-free river. On Okinawa Island, Caranx
papuensis, G. biocellatus, and Acentrogobius sp. 2 were among the species that was most
responsible for the similarity in the mangrove-rich rivers while C. papuensis, Chelonodon patoca,
and G biocellatus were responsible for the similarities among the mangrove-free rivers.
Furthermore, of all of the fish species collected (88 species), half of the species (45 species, 51%)
occurred exclusively in the mangrove-rich rivers, 9 species (10%) in the mangrove-free rivers and 34
species (39%) wer common in both types of rivers. Commercially important fish (e.g. Lutjanus
fulvus and Lutjanus argentimaculatus) showed greater abundance of juveniles in the
mangrove-rich rivers than in the mangrove-free rivers, indicating that mangrove-rich rivers can
provide important habitat for a variety of fish, including those commercially important to fisheries.
In conclusion, almost half of the fish species collected were likely to depend on mangroves as habitat
since these species were found exclusive to rivers with mangroves, and abundance of juveniles of
the commercially important fish indicates the potential nursery habitat of mangrove-rich rivers

may be beneficial to fisheries on the islands.

Chapter 2: Food habits of fishes in mangrove vegetated and unvegetated subtropical rivers

in the Ryukyu Islands, Japan

Fish food habits are one of the ways to understand the factors controlling their distribution

and abundance, and are likely to reflect the types and variability of resources available in their
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environemet, In chapter 1 results showed that rivers with mangroves had higher number of species
and individuals compared to rivers without mangroves, and that mangrove-related food feeders
were more abundant in the mangrove-rich than in the mangrove-free river. One explanation of this
pattern could be the greater abundance of mangrove-related food items present in the
mangrove-rich rivers than in the mangrove-free rivers, and that these food items were eaten by
many of the fish present in the mangrove-rich rivers. The examination of fish diets provides basis
for understanding fish feeding habits and trophic structure of the fish assemblage present on a
habitat. In addition, examination of prey items present in that habitat could likely provide insights
to what variety of food rescurces available are abundant and of which are eaten by most fishes. In
this chapter, diets of fish were examined within the fish assemblage present in the mangrove-rich
and mangrove-free rivers to determine the food habits of fishes and prey items were also collected to
examine the abundance of food resources present in each type of rivers and determine its
relationship on the diets of the fishes. Gut content analysis of fish were done into a total of 87
species with 78 species in the mangrove-rich rivers and 43 species in the mangrove-free rivers.
Results showed that diets of fishes in the mangrove-rich rivers have higher consumption of detritus,
large benthic crﬁstaceans (e.g. crabs, shrimps), small benthic crustaceans (e.g. gammaridean
amphipods) and fishes (e.g. gobies) than in the mangrove-free rivers. Moreover, the species richness
of the mangrove-related food feeders such as small benthic crustaceans and polychaete feeders were
three and six times higher in the mangrove-rich rivers than in the mangrove-free river which
‘coincides to the higher abundance of benthic prey items (e.g. gammaridean amphipods and errant
polychaetes) collected in the mangrove-rich rivers. Furthermore, comparing the feeding habits of
fish species common in both types of river, results showed similarity and differences between
mangrove-rich and mangrove-free river, However, these feeding patterns were species and
island-specific. For instance, C. papuensis had no significant difference between the two types of
river even though the type of river of which they were present were on different islands. This could
mean that both types of river could provide the same food resources preferred by these species
regardless of island difference. On the other hand, a total of seven common species showed
significant difference in their food diets where three species (G. oyena, Z. dunckeri, Siganus
guttatus) were present in both types of river located on the same island while four species (e.g.
Bothus pantherinus, Eleotris acanthophoma, F. reichei, and Leiognathus equuius) on different
islands. The different feeding habits observed on some of the common fish species present in the two
types of river could be due to the change of habitat that leads to the change of diet of these fishes
and also the availability and abundance of preferred prey since different habitat and location might

provide different food resources.
Appendix

Fish photography was done on a total of 75 fish species identified following the methods of
Motomura and Ishikawa (2013).
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General introduction, Estuarine fish communities are composed chiefly by euryhaline fishes,

especially their larvae and juveniles. Of them, the seaperches (Lateolabrax, Lateolabracidae) and
porgies (Acanthopagrus, Sparidac) are widely distributed from tropical to temperate coasts of
Southern Asia and East Asia, demonstrating biodiversity. In this study, to understand latitudinal
variation of biotope functions of estuaries for larvae and juveniles emphasizing euryhaline fishes,
estuarine larval and juvenile fish communities are compared between Vietnam as a tropical waters
and Japan as a temperate ones and the larvae and juveniles of the seaperches and porgies are
compared ontogenetically and ecologically between the above sites.

Topography and environment. This study was conducted at the Tien Yen and Kalong estuaries
facing the Gulf of Tonkin in northern Vietnam, inner estuaries in Ariake Bay and Shimanto estuary
facing Tosa Bay of southern Japan. Water-temperatures were the lowest in Ariake Bay, followed
by Shimanto and northern Vietnamese estuaries, salinity phenomena were almost similar among the
three waters, and turbidities were much higher in Ariake Bay. Furthermore, water temperatures
were not so higher in Vietnam in spite of lower than the Tropic of Cancer, being like to be
influenced by a cold current from the Yellow Sea.
Comparison of larval and juvenile community. To clarify the common or different
characteristic of the larval and juvenile fish communities in estuaries between Vietnam and Japan,
monthly collections were conducted in the center of the current with larva net and the bank waters
with seine net.

In the Tien Yen estuary, a total of ca. 2,000 and 3,000 fishes of more than 30 and 37 species

from 17 and 21 families were collected in the center of the current and bank waters, respectively,
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from October 2014 to April 2015. Gobiidae spp. (86.1% of the total abundance), Luciogobius sp.
(4.7%), Acanthopagrus (2.5%), Tetradontidae sp. (1.5%) and Omobranchus sp. (1.2%) in the center
of the current; Acanthopagrus latus (43.0%), Gobiopterus brachypterus (30.1%), Oryzias
curvinotus (9.5%), Acanthopagrus schlegelii (5.5%) and Gerres japonicus (3.0%) in the bank
waters were dominant in the community.

In the Yabe estuary of Ariake Bay, a total of ca. 9,000 fishes of 13 species from 8 families
were collected in the center of the current from February to April 2015. The ichthyofauna was
dominated almost entirely by the gobiid Acanthogobius hasta (91.7%). Trachidermus fasciatus
(3.7%) was ranked second, followed by Gobiidae sp. (2.7%).

In the Shimanto estuary, a total of ca. 400 and ca. 10,000 fishes of more than 13 and 49
species from 8 and 24 families were collected in the center of the current from October 2015 to
February 2016 and in the bank waters during the period of October to March from 2014 to 2018,
respectively.  Plecoglossus altivelis altivelis (35.2%), Luciogobius spp. (27.4%), Sebastiscus
marmoratus (18.1%), Engraulis japonica (12.0%) and Lutjanus sp. (4.2%) in the center of the
current; P. a. altivelis (37.9%), Leucopsarion petersii (25.0%), Gymnogobius scrobiculatus
(11.0%), Mugil cephalus cephalus (6.9%) and Gymnogobius castaneus (6.5%) in the bank waters
were dominant in the community. |

The species richness was significantly greater in the bank waters than in the center of the
current in both Vietnamese and Japanese estuaries. Gobiidae was the most dominant in terms of
both species diversity and abundance in the estuarine ichthyofaunas. .

- Larval and juvenile community of Vietnamese estuary was composed of not only tropic but
also temperate species, and was resemble to Shimanto estuary rather than Ariake estuary, where
endemic and relic fishes are distributed in drastically turbid waters.

Comparison of early life history 6f the Asian seaperches (Lateolabrax). Larvae and juveniles
of Lateolabrax sp. occurred from December to April in the estuaries of northern Vietnam, the
southernmost locality for this genus distribution. The larvae and juveniles appeared in the bank
waters in both the Tien Yen and Kalong estuaries, and in the center of the current in the latter.
Their morphological, meristic and pigmentation characters were closer to those of Chinese
Lateolabrax than L. japonicus, so Vietnamese Lateolabrax is likely situated as a population of
Asian continental Lateolabrax. Morphometric and pigmentation characters of larvae from the two
estuaries differed, suggesting that Lateolabrax of northern Vietnam are diversified and consist of at
least two different breeding stocks.

To examine a biodiversity of early life history of L. japonicus in Ariake Bay, their ontogeny
was compared among neighboring habitats. Of larvae and juveniles from three estuaries and a surf
zone, recruits into the most symbolized estuarine river flowing into the bay showed significant more
difference in morphology and growth. This differentiation can demonstrate indeed a plasticity to
make any cohort stocks survive to sustain the unique Ariake population.

When the larvae and juveniles were compared among Vietnam, Ariake Bay and Shimanto
estuary, some differences were found. There were significant differences in morphology between
Vietnamese and Japanese seaperches and between the fishes in Ariake Bay and Shimanto estuary;
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however, some morphometric and meristic characters of Ariake Bay population tended to fall
midway between values for the Vietnamese and Shimanto ones. The growth was the fastest in the
specimens from Vietnam, followed by Shimanto estuary and Ariake Bay. Their hatching dates
were concentrated to days around the new moon in all the sites. Lateolabrax fed mainly on
calanoid copepods and their food habit changed with the growth in both Vietnam and Japan.
There was a little difference in the seasonal occurrence between Vietnam and J apan. The size and
developmental stage compositions were common to both Vietnam and Japan, which are chiefly
composed the larval and juvenile stages, suggesting that estuaries provide worldwide a nursery
ground for the transformation stage of seaperch. Therefore, distribution of Lafteolabrax larvae and
juveniles could show characteristic but common phenomena by different oceanography.

These results indicate that Lateolabrax could’ experience their early stages from the cool
temperate to tropical regions, implying the potential biodiversity of this fish genus in the world.

Comparison of early juveniles of porgies (Acanthopagrus). Acanthopagrus latus and 4.
schlegelii are closely related species distributed in northern tropical to temperate coastal waters of
eastern Asia. In northern Vietnam early juveniles of both the species occurred in the Tien Yen
estuary, from December to March (4. schlegelii) or December to April (4. latus), when temperatures

ranged from ca. 16 to 25°C, which is observed twice (spring and autumn) a year in estuaries or surf

zones facing Tosa Bay of Japan, and 4. latus and A. schlegelii early juveniles are abundant opposite
for each season. Thus; a thermoperiodicity is common worldwide to early juveniles of the two
Acanthopagrus. The two species occurred as the same developmental stagé, being markedly more
abundant and larger sizes in 4. latus. The early juveniles inhabited over bank waters of the estuary.
There was little variation in developmental stage and size among stations for both the species. The
two Acanthopagrus species from Vietnam spawn for a same scason and their early juveniles
simultaneously used a same nursery ground, so they probably could not interbreed to keep species
due to isolating spawning ground.

Although the growth was not much difference between the two species, the osteological
development proceeded at smaller size in 4. schlegelii than A. latus. Hence, their development
than growth were more regular in the inhabitation such as bank waters and tend to be more
stimulated in the higher temperatures.

Acanthopagrus latus juveniles fed mainly in cyclopoid, followed by harpacticoid and calanoid
copepods and there were almost similar in food composition among different sizes. Whereas, food
habit of A. schlegelii juveniles changed with growth. Initially, the cyclopoid was the most
important prey for 4. schlegelii, followed by calanoid and harpacticoid copepods; however, as size
increase, the number percentage of the former decreased whereas that of the two latter increased,
consequently, the larger than 16 mm juveniles fed chiefly on harpacticoid, followed by cyclopoid
copepods. The occurrence of benthic food such as gammarid in stomach indicates that the
juveniles of both the species transform to demersal habit from the smallest sizes that first appeared
in the bank waters of the estuary.

16




When juveniles of 4. latus were compared between Tien Yen and Shimanto estuaries, there
are significant mean differentiations in body parts larger than ca. 11 mm specimens between the two
areas; growth and development were significantly faster in 4. lafus juveniles from Tien Yen than
those from Shimanto estuary. The water physical parameters when the juveniles were collected
were not much difference between the two areas, suggesting that these ontogenetic differences in
early juveniles between Vietnam and Japan seem to reflect genetic, not phenotypic modification.

Early juveniles of Acanthopagrus are usual components of estuarine ichthyofauna and their
larvae seem to settle dispersedly into banks, not migrating with growth, following a spring tidal
current, in both tropical and temperate regions. It seems utilization of estuary in early stages of
life history by this fish genus is a worldwide phenomenon.

In conclusion, this study reveals that early life histories of euryhaline fishes could show
characteristic but common phenomena by different oceanography, thus it should be biodiversity.
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