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Abstract Ninety-three coral species have been identified
at Okinotorishima (Okinotori Island), an isolated table
reef located in the center of the Philippine Sea. The species
composition of the island is similar to that of other islands
in the northwestern Pacific, but the number of species is
small in comparison with surrounding islands. The coral
fauna at the island is characterized by a unique species
composition that is independent of the Ryukyu Islands,
mainland Japan, Palau, and the Mariana Islands. No
endemic species were found, but the dominant Acropora
species (A. aculeus, A. sp. aff. divaricata, and A. globiceps)
were morphologically different from corresponding
species at the Ryukyu Islands. The relatively low species
diversity at the island despite the close proximity to an
area of high diversity is explained by its small habitat

diversity and isolation from other islands. The island is
located in a subtropical gyre and is isolated from major
currents. Thus, only coral larvae with a long competency
period (as long as 70 days) can settle at the island from
surrounding islands. This unique species composition
seems to have been maintained for at least the last 7600
years, since the last stage of sea level rise in the post-

glacial period (Holocene).

Keywords Okinotorishima, Northwestern Pacific, Coral
fauna, Isolated reef, Biogeography
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Introduction

Okinotorishima (Okinotori Island; 20°25'N, 136°05'E)
is a small table reef located in the center of the Philippine
Sea, northwestern Pacific (Fig. 1). Although it is located
close to the Coral Triangle, which has the highest diversity
of hermatypic corals (hereafter corals) with 605 species
(Veron et al. 2009), the island is isolated from other
islands. It is 675 km southeast of Okidaitojima and 700 km
southwest of Minami-iwojima.

An isolated reef that is far from larval source reefs is
separated from connectivity, and therefore there is a
limited chance that larvae will recruit from other reefs
(Maragos and Jokiel 1986; Glynn and Ault 2000). The
probability that coral larvae will recruit to a remote island
is constrained by the competency period of the larvae and
the ocean currents that deliver them (Harii et al. 2002,
2007). Okinotorishima is located in a subtropical gyre and
no strong currents reach the island; therefore, it can take a
long time for larvae to reach the island. Moreover, the
island is small and receives severe waves, and thus the
diversity of habitats for corals is small. Considering these
features, the biodiversity of corals at this island is expected
to be small despite its close proximity to the zone with the
highest coral diversity in the world.

Unfortunately, a complete list of the coral species found
at the island has not yet been reported. Several studies of
corals and coral reefs have been conducted by the gov-
ernments of Japan and Tokyo, but lists of corals have only
been published as internal reports in Japan and species
identification has not been examined in detail. Therefore,
the coral fauna of Okinotorishima remains unknown. In
the most comprehensive map of coral biogeography in the
Indo-Pacific (Veron 1993), the area around Okinotorishima
is described as having a low diversity, with 40 to 50
genera, which is smaller than the diversity of the sur-
rounding islands: 74 for the Ryukyus (Nishihira and Veron
1995), 62 for Palau (Yukihira et al. 2007), 49 for Ogasa-
wara (Tachikawa et al. 1991), and 57 for the Mariana
Islands (Randall 1995). However, the number of genera
and species at Okinotorishima was not based on precise
data.

A full list of the coral species at Okinotorishima would

fill a gap in our understanding of the biogeography of
corals in the northwestern Pacific and would provide in-
sight into the processes that form and maintain coral fauna
at isolated islands. Here we report the first full list of coral
species for Okinotorishima together with their distribution
patterns on the reef, which are presented in a habitat map.
The coral fauna is then compared with the fauna at sur-
rounding islands and faunal similarities and characteristics
are discussed with regard to larval competency periods
and oceanic currents.

Over long time scales, some coral species will go ex-
tinct and others will recruit to a study area. The biogeo-
graphical representativeness of a site needs to be evaluated
by examining the presence or absence of specific species
within a certain temporal scale. Therefore, we analyzed
core records to evaluate the historical diversity of corals
throughout the Holocene (the last 10,000 years) and com-

pared these data with the list of living corals.

Study site and methods

Study site

Okinotorishima, the southernmost island of Japan, is a
small table reef that spans 4.5 km east-west and 1.7 km
north-south (Fig. 1). It is located on a submerged arc that
comprises the Kyushu-Palau ridge. A volcanic island
formed on the ridge before the Miocene (24 million years
ago) and subsequently became submerged (Kobayashi
2004), allowing for the growth of coral. The outer slope of
the island is steep, with a 45° angle descending down to
the ocean floor to depths of 3000 to 5000 m.

The reef has a flat surface (a reef flat) with a shallow
lagoon (maximum depth 5.5m) that is surrounded by a
reef crest which reaches to the low water level and be-
comes dry during spring low tides. Two islets (Kita-
kojima and Higashi-kojima) on the reef flat are exposed
above the high tide level. The geology of the islets is
described as foraminifera and coral limestone standing on
the reef flat (Tayama 1952), which implies that they are
Pleistocene or Holocene limestone remnants. Three
additional islets that extended above the high tide level
were previously described but they have since been lost
because of severe erosion.
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Fig. 1 Location of Okinotorishima. Isolines are numbers of genera. Site numbers in brackets correspond

to the numbers in Table 2

The island is situated at the center of the northwestern
Pacific subtropical gyre, facing the northeast trade wind
from November to February and the southeast trade wind
from May to August. Surface seawater temperature around
the island varied from 24.7 to 29.7°C (monthly averages)
between May 2007 and April 2008, and the underwater
light intensity at 5m depth around noon in fair weather
was as high as 1000 pmol m™s™' in May 2007 (Nakamura
etal. 2011).

The North Equatorial Current flows westward along
10-15°N latitude and turns north to become the warm
Kuroshio Current, which then flows along the east coast
of Taiwan and west of the Ryukyu Islands. These major
currents flow far from Okinotorishima.

Methods

Collection and identification of coral specimens. The
Ministry of Land, Infrastructure, Transport and Tourism,
Japan, has conducted a series of annual field surveys of
the distribution of corals on the reef at Okinotorishima
since 1988 and has produced lists of observed corals.
Coral specimens were haphazardly collected from dif-
ferent habitats that were defined by reef topography in
June 2000 and May 2006. Collected specimens were
bleached using household bleach and dried. In total, 89

specimens were identified using available references
(Nishihira and Veron 1995; Veron and Stafford-Smith
2000) and compared with previous coral lists to reexamine
their identification (Hayashibara et al. 2006). We also
made a detailed survey of the corals at the island and
observed 67 species from 20 genera and 9 families. More
recently, the Fisheries Agency, Japan, conducted a coral
mass culture project at this island and described additional
coral species (Nakamura et al. 2011). Previous lists were
examined for the validity of the specimens and descrip-
tions.

Coral species composition was compared with sur-
rounding islands in the northwestern Pacific using lists
based on monographs for Japan (mainland and Ryukyu
Islands: Nishihira and Veron 1995), Taiwan (Dai 1991,
Dai and Horng 2009b,a), Palau (Yukihira et al. 2007), and
the Mariana Islands (Randall 1995, 2003). Similarities
and dissimilarities in coral species composition among 17
sites were examined using multivariate analysis (cluster-
ing technique). Species data were converted to binary data
(present or absent). The data were compiled into a matrix
and “present” and “absent” data in the matrix were as-
signed the numbers “1” and “0,” respectively, for sub-
sequent calculations. The overall degree of similarity in

species composition between a pair of sites was expressed
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Fig. 2 Study site overlaid with surveyed grids (red squares) and transects (yellow and light blue lines)

using the Bray-Curtis coefficient (Bray and Curtis 1957).
A cluster analysis was performed using the group average
method and the software R-2.13.0.
Habitat map. A satellite image (IKONOS) of the island
that was taken in July 2007 was overlaid with a 250
X250 m grid. Fourteen grids (total area 875,000 m*) were
selected as representative areas for the different habitats
available based on our field survey and previous surveys;
these grids were examined in detail (Fig. 2). In addition,
21 transects (total 6800 m) were established to compensate
for gaps in the grid survey. In the selected grids and
transects, the coverage of corals belonging to the dominant
species or genus and the coverage of turf algae were
recorded with their landform and sediment type. The
coverage of corals was visually determined throughout
each selected grid and in 1-m-wide strips that were spaced
at 10-m intervals along each transect. Coral coverage was
recorded at four levels: >20%, 20-5%, <5%, and 0%.
The visual method was evaluated using a point-counting
method with 1400 points within a 0.4X0.6 m quadrat.
The coverage of corals that was determined by this quadrat
survey matched the results of the grid and transect survey.
To compensate for gaps in the transect survey, a manta
tow survey was conducted over the reef flat and on the
outer slope all around the island to observe coral coverage
(total distance 23,170 m). Additional survey was con-
ducted on the western outer slope in 2012.

Five 20 m transects were located horizontally at a depth
of 8 m. Photographs of the bottom in a 0.4X0.6 m area

were taken along the transects at 1-m intervals. The 20

non-overlapping images from each transect were imported
into a coral cover analysis program, CPCe (National Coral
Reef Institute, USA), and 50 grid points were projected
onto each image. Percent coral cover was determined
using point sampling techniques (Kohler and Gill 2006).
Relative abundance of each species was marked as
abundant, common, uncommon and rare based on the grid
and transect survey.
Core analysis. Three cores were recovered from the reef
crest and the shallow lagoon along the east-west transect
(OK-1, 2, and 3 in Fig. 5), which represent the major
habitat of Okinotorishima. The lengths of the cores were
20.1 (OK-1), 26.2 (OK-2), and 20.1 m (OK-3). The cores
were slabbed and their lithological characteristics were
described. Fossil corals in the cores were identified to
species, or at least to genera. In total, seven samples were
analyzed by Teledyne Inc. to obtain radiocarbon ages. The
mineralogy of the dated samples was analyzed by X-ray
diffraction (XRD) with a PANalytical X Pert diffraction
system to confirm that there were no alterations to the
calcite. The dates were calibrated to calendar years using
the calibration program CALIB Rev.5.0 (Stuiver and Reimer
1993; Stuiver et al. 2005) and the marine calibration data
set Marine 04 (Hughen et al. 2004), assuming a marine
reservoir effect of 400 years (Stuiver and Braziunas 1993;
Stuiver and Reimer 1993).
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Results

List of coral species

The coral species identified at Okinotorishima are listed

in Table 1. Ninety-three species from 25 genera and 11

families were identified. The numbers of genera and
species at Okinotorishima were smaller than at other
islands in the northwestern Pacific (Table 2).

The major coral groups consisted of Acroporidae and
Faviidae corals. The dominant species in the genus Acropora
were A. aculeus, A. sp. aff. divaricata, and A. globiceps.

Table 1 List of coral species at Okinotorishima (Okinotori Island)

Family Family Family
Genus Genus Genus
Species ra| Species ra) Species ral
Pocilloporidae Poritidae Faviidae
Pocillopora Porites Favia
Pocillopora damicornis r Porites solida c Favia stelligera a
Pocillopora verrucosa a Porites lobata a Favia laxa u
Pocillopora eydouxi a Porites australiensis c Favia pallida a
Pocillopora elegans u Porites lutea c Favia favus c
Acroporidae Porites mayeri u Favia matthaii a
Montipora Porites cylindrica c Favia rotundata u
Montipora tuberculosa c Porites lichen u Favites
Montipora mollis c Porites annae u Favites halicora c
Montipora peltiformis c Porites rus c Favites flexuosa c
Montipora turgescens ¢ |Siderastreidae Favites complanata a
Montipora incrassata c Psammocora Goniastrea
Montipora foveolata c Psammocora contigua u Goniastrea favulus c
Montipora caliculata c Psammocora haimeana u Goniastrea pectinata c
Montipora digitata u Psammocora profundacella u Platygyra
Montipora hispida c Coscinaraea Platygyra daedalea c
Montipora informis a Coscinaraea columna u Platygyra sinensis c
Montipora efflorescens ¢ |Agariciidae Platygyra pini c
Montipora grisea c Pavona Platygyra contorta c
Acropora Pavona clavus c Leptoria
Acropora gemmifera c Pavona duerdeni c Leptoria phrygia a
Acropora verweyi u Pavona varians c Montastrea
Acropora robusta u Pavona venosa c Montastrea curta a
Acropora abrotanoides c Pavona maldivensis c Montastrea annuligera
Acropora muricata u Gardineroseris Montastrea valenciennesi ¢
Acropora austera c Gardineroseris planulata u Leptastrea
Acropora tenuis ¢ |Fungiidae Leptastrea purpurea a
Acropora cytherea u Fungia Leptastrea pruinosa c
Acropora hyacinthus c Fungia scutaria a Cyphastrea
Acropora latistella ¢ [Mussidae Cyphastrea agassizi c
Acropora nana c Lobophyllia Cyphastrea serailia a
Acropora aculeus a Lobophyllia hemprichii Cyphastrea chalicidicum a
Acropora valida c Lobophyllia corymbosa Cyphastrea microphthalma a
A. sp. aff. divaricata a |Merulinidae Fchinopora
Acropora elseyi c Merulina FEchinopora lamellosa a
Acropora rosaria u Merulina ampliata c FEchinopora gemmacea a
Acropora florida c Scapophyllia FEchinopora pacificus c
Acropora doner c Scapophyllia cylindrica ¢ |Dendrophylliidae
Acropora globiceps a Turbinaria
Acropora intermedia c Turbinaria reniformis u
Isopora Milleporidae
Isopora palifera u Millepora
Astreopora Millepora platyphylia c
Astreopora myriophthalma a Millepora exaesa c

ra(relative abundance) a:abundant, ¢: common, u: uncommon, r: rare
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Table 2 Numbers of genera and species at 17 sites in the
northwestern Pacific

no. Site Number of  Reference
genera  species

1 Okinotorishima 25 93 Present study

2 Southern Mariana Islands 57 205 Randall (1995, 2003)

3 Northern Mariana Islands 43 125 Randall (1995, 2003)

4 Palau Islands 62 209  Yukihira et al. (2007)

5 Ogasawara Islands 49 180 Tachikawa et al. (1991)

6 Taiwan 68 296 Dai (1991), Dai and Horng (2009a, b)
7 Yaeyama Islands 74 368 Nishihira and Veron (1995)
8 Okinawa Islands 70 343 Nishihira and Veron (1995)
9 Miyako Islands 66 249  Nishihira and Veron (1995)
10  Amami Islands 58 226 Nishihira and Veron (1995)
11 Tanegashima 46 149  Nishihira and Veron (1995)
12 Tosa Shimizu 44 127  Nishihira and Veron (1995)
13  Amakusa 41 98  Nishihira and Veron (1995)
14 Shirahama 40 78  Nishihira and Veron (1995)
15 Kushimoto 42 95 Nishihira and Veron (1995)
16 Izu Peninsula 25 45 Nishihira and Veron (1995)
17 Tateyama 20 24 Nishihira and Veron (1995)

Acropora tenuis and A. donei comprised the second most
abundant group. Interestingly, A. hyacinthus, A. muricata,
and A. gemmifera were not in the majority group, yet they
are dominant reef components in the western Pacific.
Moreover, A. humilis, A. monticulosa, and A. digitifera,
which are dominant reef builders on reef crests in the
northwestern Pacific, were not found at Okinotorishima.
The genera Stylophora, Seriatopora, and Pachyseris and
the families Oculinidae and Pectiniidae have not been
recorded at the island, but they are all common in the
Ryukyu Islands. Only one Fungia species, Fungia
scutaria, was found. Only two species, Lobophyllia hem-
prichii and L. corymbosa, were present from the Family
Mussidae, and only Merulina ampliata and Scapophyllia
cylindrica were present from the Family Merulinidae.

Ecomorphic features of some Acropora species

The species composition at Okinotorishima was essen-
tially similar to other islands in the northwestern Pacific.
However, the three dominant species of Acropora (A.
aculeus, A. sp. aff. divaricata, and A. globiceps) were
morphologically different from corresponding species in
the Ryukyu Islands (Hayashibara et al. 2006).

At Okinotorishima, A. aculeus had larger branches and
corallites and a more irregular colony shape than in the
Ryukyus, and the colonies extended brown tentacles dur-
ing the daytime. However, from the results of genetic

comparisons using mitochondrial and nuclear molecular

markers, no differences were detected between the sam-
ples from Okinotorishima and Okinawa (Hayashibara et
al. in prep.).

Acropora sp. aff. divaricata at Okinotorishima had a
different colony shape from A. divaricata in the Ryukyu
Islands. The form of the corallites and the detailed struc-
ture of the coenosteum agreed with the description of A.
divaricata (Wallace 1999). However, although colonies at
Okinotorishima showed variation in shape, they did not
present all of the features of A. divaricata, whose branches
anastomose to form a network. For this reason, Hayashi-
bara et al. (2006) hypothesized that the specimens from
Okinotorishima were from a different species and treated
them as A. sp.4? Here, we labeled the specimens as A. sp.
aff. divaricata. Although there was a close relationship
between the specimens during a genetic comparison, there
was a distinguishable level of difference in their mito-
chondrial DNA (Hayashibara et al. in prep.).

The specimens of A. globiceps from Okinotorishima
closely resembled the morphology of A. humilis in the
Ryukyu Islands; however, their caespito-corymbose col-
ony shape, columnar branches, and small axial corallites
matched the description of A. globiceps (Wallace 1999).
Although this species has only been recorded from the
south-central Pacific (Wallace 1999), one of the authors,
T. Hayashibara, confirmed that this species is distributed
in Guam. Although the specimens from Okinotorishima
and Guam did not differ genetically, A. humilis from
Okinawa did differ from A. globiceps in the non-coding
region of the mitochondrial DNA by one base (Hayashi-
bara et al. in prep.).

Cluster analysis

The cluster analysis produced four groups among the
17 sites (Fig. 3 and in ESM Table 1). Group 1 only in-
cluded one site (1: Okinotorishima). Group 2 was com-
posed of nine sites (2: Southern Mariana Islands, 3: North-
ern Mariana Islands, 4: Palau Islands, 5: Ogasawara Is-
land, 6: Taiwan, 7: Yaeyama Islands, 8: Okinawa Islands,
9: Miyako Islands and 10: Amami Islands). Group 3 con-
sisted of five sites (11: Tanagashima, 12: Tosa Shimizu,
13: Amakusa, 14: Shirahama, and 15: Kushimoto), and
Group 4 had two sites (16: Izu Penisula and 17: Tateyama).

Group 2 was located in tropical and subtropical areas,
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while Groups 3 and 4 were located in temperate areas of
Japan. Group 1 (Okinotorishima) was located in an iso-

lated area in the Philippine Sea.

Habitat map

The surface landform of Okinotorishima consists of an
outer slope, a reef crest, and a shallow lagoon. The outer
reef descends steeply to the ocean floor. Coral coverage
exceeds 20% along the northern slope but is only 5 to 20%
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Fig. 3 Dendrogram from average linkage clustering of
coral composition at 17 sites in the northwestern Pacific

in other areas. Along the northern and eastern rims of the
island, the reef crest is as wide as 200 to 300 m, with less
than 5% coral coverage. The surface of the reef crest is
reef rock covered with turf algae and it is exposed during
low water in the spring.

The shallow lagoon contains patch reefs that are up to
10m wide and 1 to 5Sm high from the lagoon bottom.
Patch reefs were generally densely covered with corals,
with coral coverage exceeding 20%, particularly in the
central and western patches. The dominant inhabitants of
patch reefs were encrusting Faviidae (genus Cyphastrea
and Echinopora), especially on the sides of the reefs. In
the central part of the island, bush-like A. aculeus was
dominant on the top portions of some patch reefs and
corymbose A. sp. aff. divaricata and A. globiceps were
also abundant. The patch reefs in the southwestern corner
of the island were densely inhabited with corymbose
Pocillopora damicornis. The bottom of the shallow
lagoon was covered with sand and gravel, with less than
5% coral coverage. Massive Porites and Leptoria were
scattered in the shallow lagoon where reef rock was ex-
posed without gravel cover.

Corymbose, encrusting and massive types of corals are
dominant on the outer slope. Acropora robusta, Isopora
palifera, Favia laxa, Favia rotundata and Montastrea
annuligera were only found from the outer slope.

Coral communities in reef cores
Core analyses and radiocarbon dating showed that the
upper 10m of the cores were from the Holocene. They

G e o FEEE

Fig. 4 Habitat map of Okinotorishima. Percent cover of living corals are shown by colors for each habitat
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contained rich unaltered corals overlying Pleistocene
limestone with altered corals. Detailed internal structures
for the cores are shown in Figure 5.

Core OK-1: this western reef crest consisted of A.
globiceps, Montastrea curta, Favia stelligera, Pocillopora
verrucosa, Millepora sp., massive Porites sp., corymbose
types of Acropora spp., and fragments of Montipora,
Cyphastrea, Favia sp. cf. pallida, massive Porites, and
Pocillopora verrucosa. Core OK-2: this shallow lagoon
core was divided into two units. The lower part between
13 and 10 m in depth mainly consisted of massive Porites
and a few Cyphastrea fragments. The upper part between
10m in depth and the core top was mainly composed of
detritus. This detritus was composed of coral gravels
(Cyphastrea, Pocillopora, massive Porites, and corymbose
Acropora) and calcareous sand (e.g., Halimeda fragments
and adhering foraminifera). Core OK-3: this eastern reef
crest was very similar to OK-1. It consisted of A. globiceps,
M. curta, F. stelligera, Pocillopora damicornis, P. ver-
rucosa, Millepora sp., massive Porites sp., Montipora sp.,
corymbose types of Acropora spp., and fragments of
Pocillopora eydouxi and P. verrucosa.

Radiocarbon dates for six coral samples ranged from
4300 to 7600cal. years BP. The oldest Holocene age
(7600 cal. years BP) was obtained from the bottom of core
OK-3. The uppermost portions of the reef crest were dated
to 3930 and 4300 cal. years BP at OK-1 and OK-3, re-

spectively.

Discussion

Low species diversity at Okinotorishima

The number of species, 93 species in 25 genera, at
Okinotorishima (Table 1) was small when compared with
Palau (209 species in 62 genera) and the Yaeyama Islands
(368 species in 74 genera) to the west and Ogasawara
(180 species in 49 genera) and the Mariana Islands (205
species in 57 genera) to the east in the northwestern Pa-
cific (Table 2). The species richness is rather smaller than
that previously inferred (Veron 1993).

The coral fauna at Okinotorishima was characterized
by a unique species composition. In the cluster analysis

(Fig. 3), species composition at the sites in Japan, from

the Yaeyama Islands (site no. 7) to Tateyama (site no. 17),
basically matched the grouping by Veron and Minchin
(1992), which detected two main clusters: the Ryukyu
Islands, with reef communities, and mainland Japan, with
non-reef communities. The decrease in temperature with
latitude is the major constraint that leads to a decreasing
number of species. Species composition at islands in the
northwestern Pacific, from Southern Mariana (site no. 2)
to Taiwan (site no. 6), was categorized together with the
Ryukyu Islands. The results showed that the community
composition on reefs in the tropical and subtropical north-
western Pacific (Mariana Islands, Palau Islands, Ogasa-
wara, Taiwan, and Ryukyu Islands) clustered together into
one group (Group 2), with the exception of Okinotori-
shima. The island’s species composition was dissimilar to
that of the surrounding tropical and subtropical reefs,
although the island is located in a tropical area. This
indicates that the species composition at the island was
influenced by more than just sea surface temperature.

The uniqueness of the species composition was also
manifested by the abundance of Acropora. Although three
Acropora species (A. aculeus, A. sp. aff. divaricata, and
A. globiceps) were relatively more abundant than other
Acropora species at Okinotorishima, they are absent or
are only minor species in the Ryukyus (Hayashibara et al.
2006). On the other hand, although A. hyacinthus and A.
muricata are the most abundant species at many locations
in the Ryukyu and Amami Islands, they were rarely
observed at Okinotorishima. Acropora digitifera and A.
nasuta, which are also dominant species in Okinawa,
were not found at Okinotorishima.

The small size and the high wave energy of Okino-
torishima are major factors affecting the low species rich-
ness. The outer slope, reef crest, and patch reefs in the
shallow lagoon were the only habitats available at this
island (Fig. 4). All of the habitats receive high wave
energy, and typical low energy habitats, such as deep
lagoons and inner reef flats, were not available. Species of
Pectinidae, Fungiidae, and Merulinidae prefer protected
environments, which may explain the relatively small
number of coral species from these families.

The low species diversity can also be partially attributed
to the island’s isolation, which limits coral recruitment

from other islands. This point is discussed further in the
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following section.

Larval dispersal potential and low diversity

The biodiversity of hermatypic corals is maintained by
connectivity among reefs through the dispersal of coral
larvae (Roberts 1997). Larval dispersal is controlled by
the period during which larvae can settle after spawning
or release (settlement-competency period) and the speed
and direction of ocean currents (Harii et al. 2007). The
competency period varies among coral species, ranging
from a few hours to more than 100 days with an average
of several days (Harrison and Wallace 1990). In general,
corals can disperse several tens of kilometers, and thus the
species diversity of corals in a group of islands or reefs
that are distributed within this distance is maintained
because of tight connectivity among locations. However,
Okinotorishima is separated from other islands and only
larvae with long competency periods will be able to recruit
to the island.

Some of the common species at Okinotorishima are
known to have longer competency periods. The compe-
tency period of A. tenuis, one of the common species in
Okinotorishima, is longer than 70 days (Richmond 1987;
Nishikawa and Sakai 2003; Nishikawa et al. 2003; Harii
et al. 2010). Pocillopora damicornis is known to have a
long competency period that is longer than 100 days
(Richmond 1987; Harii et al. 2002). The abundant and
common Pocillopora species are P. verrucosa, P. eydouxi
and P. elegans, which competency periods have not been
reported, but the similar characteristics of their larvae
with zooxanthellae to P. damicorns infers the potential of
their long competency periods. The abundances of these
species at Okinotorishima are explained by their long
competency periods and their higher recruitment potential
to this remote reef. On the other hand, some brooding
corals such as Heliopora coerulea (Harii et al. 2002) and
Stylophora pistillata (Nishikawa et al. 2003) settle soon
after the release of matured larvae and they lose their
settlement potential within 20 days after release. The
shorter competency periods of these two corals are con-
sistent with their absence at Okinotorishima.

Okinotorishima is situated in the center of a subtropical
gyre and is isolated from the major currents of the North

Equatorial Current and the Kuroshio Current. The island

is exposed to a weak current of about 0.1 m s™' that runs
from the southeast to the northwestern in the subtropical
Pacific; this is an Ekman current that is induced by the
northeastern trade wind (Maximenko et al. 2009). The
other currents observed in this region are mesoscale ed-
dies that are several hundred kilometers in diameter, have
maximum velocities of 0.2m s™', and move from east to
west (Kobashi and Kawamura 2002; Qiu and Chen 2010).
Therefore, the most probable route of larval transportation
by these currents originates in the southeast, where the
Mariana Islands are located at a distance of 1400 km. If

we take 0.2m s™'

as the maximum current speed from
Mariana to Okinotorishima, it would take 70 days for lar-
vae to settle. The larval competency period of the dominant
corals is as long as 100 days; therefore, these species have
the potential to travel this distance. On the other hand, the
competency periods of corals that were not observed at
Okinotorishima might be shorter than this threshold

period.

Historical species composition during the last 7600
years

On the basis of identified fossil corals, the species com-
position at Okinotorishima has been maintained through-
out the past 7600 years at least within a generic level,
since the last stage of sea level rise that was followed by
stabilization in the post-glacial period (Holocene). All of
the fossil corals that were extracted from the cores (P.
verrucosa, P. damicornis, P. eydouxi, A. globiceps, cor-
ymbose types of Acropora, M. curta, F. stelligera, Cypha-
strea spp., Favia sp., massive Porites sp., Millepora sp.,
and Montipora sp.) are distributed in the present-day
reefs. Furthermore, the fossil corals in these cores gen-
erally corresponded to the dominant species on the pre-
sent reef. Therefore, the unique composition of coral spe-
cies has been maintained by the dispersal potential thresh-
old and the low habitat diversity at this small isolated reef,
at least during the Holocene.

The species composition in the east Pacific region has
supported the unique coral fauna at Okinotorishima. East
Pacific reefs (e.g., Costa Rica, Panama, and Galapagos
Island) are generally composed of Pocillopora and Porites
(Glynn et al. 1994; Glynn and Ault 2000). Acropora is a
dominant reef builder in the northwestern Pacific, but it is
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not distributed in east Pacific reefs. This pattern is also
mainly explained by the competency period of coral
larvae and ocean currents, although other factors are also
involved, such as vicariance.

Most of the fossil corals are identified as generic level
or a group of the same ecomorphic species. Moreover,
post-depositional taphomony has degraded the original
assemblage. Even with these problems, however, the re-
constructed generic-level assemblage of the fossil corals

is consistent with the present coral fauna.

Conclusion

We reexamined the previous lists and specimens of
corals and conducted additional survey to compile the list
of coral fauna, which shows 93 species within 25 genera
are present in Okinotorishima, southernmost island of
Japan. The survey has been spatially dense over a small
island and the list provides a sound basis for future re-
search and any changes in ecosystem in Okinotorishima,
and biogeographical studies in the northwestern Pacific.
However, additional species might be found from the
deep outer slope, where relatively small survey efforts
have been done. The low species diversity is explained
by its low environmental diversity and isolated location,
which permits the recruitment of coral larvae with long
competency period. However, the competency period has
been known only for few species and more information

for the other species is necessary for further discussion.
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Supplementary Table 1  Continued

Euphyllia ancora

Euphyllia cristata

Euphyllia divisa

Euphyllia glabrescens

Euphyllia paraancora

Euphyllia paraglabrescens
Euphyllia yaeyamaensis

Favia danae
Favia favus

Favia helianthoides

Favia laxa
Favia li

ardensis

Favia maritima
Favia matthaii
Favia maxima
Favia pallida

Favia rotumana

Favia rotundata
Favia speciosa

Favia stelligera
Favia veroni

Favia vietnamensis
Favites abdita

Favites chinensis

Favites complanata

Favites flexuosa
Favites halicora

Favites pentagona
Favites russelli

Favites stylifera

Fungia concinna

Fungia danai

Fungia fungites

Fungia granulosa
Fungia horrida

Fungia moluccensis

Fungia paumotensis
Fungia repanda

Fungia scabra

Fungia scruposa
Fungia scutaria

synonym: Fungia gravis

0

0

Fungia spinifer

0

Fungia (Pleuactis) taiwanesis

Fungia tenuis

0 Cycoloseris tenuis in Randall (1995)

0

Fungia valida

Galaxea astreata



Kayanne et al.: Corals in Okinotorishima

90

vadfippd " THAUOUAS
DIPAUND " (WAUOUAS
WupU233N.4q D.10do.0} TWAUOUAS

SO D OO T O DD DO T OO T DD oo~ oo oo oo oo —

SOOI = O OO0 0O~ T OO0 DO DD OO "o oo oo oo = —

SO0 = — O OO T OO0 DD OO 0O~ 0O ——O 0o oo oo o —

D OO~ Ot D OO DD ODDODO DD ODDODO DD~ OO0 —~
SO O~ T O OO T D OO DO T DO 1T O 1T ——O oo —
O A=~ O O OO~ 00T 00O "0~ 1000~~~ =D O0 —

OO~ = S mH O T OO 00O OO OO OO OO DO O OO0 — —
S A O~ S O~ O = =000 02O 00D OO0 O — O —~O0O0 =00~ —
O A AT OO A A O A A DO A~ O A A~ A OO AT OO~ OO OO~ OO A A OAD DD — —
S A O rd S O rd e = O A OO A= O OO rd rmt et Ot O O rd O O O ord = O —

]
<
—
—
—

ponunuo) T 9|gel Arejuswsaddng

—_ O e O A O e O e O e e O D e e e e e e D D D O o e O = —

O e O o O OO OO O OO0 OO OO A O o O O D =

Ot OO DO T OO OO~ T OO0 T OO DD DD~ O — — —

O A~ OO0~ " 1T OO T OO0 T DO ——r— OO0~ — OO0 —0 00— —

OO OO T OO0 T OO0 O = 0000000000000~ Q0O O =200 —

O T OO O T OO A T OO A~ A A~ OO T OO~ OO OO OO OO0 O~ 0 —

OO O D OO — OO OO oo oo oo~ —

vaund.nd va.ysviday
psounad pa.yspidaT
sypnbapul vasvida]
apjj0q vaaisvyday
SISU2YOINDqQ Da.4JSDIADT
puafijpd viodosy
pppaund p.iodosy
1mupa33an.1q v.1odos|
pp1314 pAOYdOUPAE]
psojid v.ioydoupdry
souo20.01u1 D1oYdoupAy]
s1puns3 pioydoupAry
psaxa pioydoupyy
10su0q vaoydoupdpy
DaJy202 PIUUISA0.12]aF]
112qam pifi1]odad ]

xput] pyjrjodaap]
snu0fiunon pIsunforjory
snajid pyuuo Ly
pidn.iipu) DIJIUSOIAL)
suapmua) p4odoior)
1danqyogngs paodoior)
1523015 DJ0dOILUOL)
sisuaijpuios p.iodoiuor)
snuioffjod p.aodoor)
snynpuad p.iodoior)
sisuap.Lopupnd piodoror)
Aoutu p.iodorior)

pqo] piodoiuor)
psooyn.if piodonor)
sisuasdioa viodonior)
sisuatnoqilp viodoruor)
punos piodoiuor)
vsojngjo2 paodoior)
1503.mq p.aodoror)
S1140f1) 2.1 D2.4JSDIUOL)
poun2ad PaSPILOD)
sisuanvjpd paapspILOr)
SHnAD{ DaISPIUOL)
ISPADNDD DIAISDIUOT)
SHULOf2P D2LISDIUOL)
SISUIJDAISID D24JSDIUOL)
v.12dsp pa.4jspIUOT)
vIpjnUD]d S112SOLUIPADL)
SUDIS2AA0Y DIXD]DL)
SLIDINOIISDf DaXDIDL)



91

Corals in Okinotorishima

Kayanne et al.

(=i e === e e == e e e - = === R e s = =R e e e R e = R =R =R e e e el el e N e = N = -]

SO OO DD DD O DD DD DD OO oo oo oo —oO

O 0 D 00D~~~ O~ OO0~ ~COODOO—~O O —
O O OO 0O~ 000000~ 00O ~O00000O0O0O~000CcCOoOOoCcoOO0oOoCO
S R R N R - R =Rl =l i R R I R I R i R R - R R =R =R=E—R IR
O OO OO~ O~ 00000~~~ O—~C O~~~
00O~~~ 00 ~00 00 ~—~0 "0 ~00 00 ~—~—~—"—000000—~00O
_—_E—ET O~ O OO~ 000~~~ O~ 0O~~~ O~ O OO0~ —~ O —
e I =R R R R I R R R R = R R R R R R N == R R
T O = O T O A A T OO A O A A O A A OO e A O = O OO O —

(=]
(=]
(=]

ponunuo) T 9|gel Arejuswsaddng

— e e e et e e e et (D D et et D e e D et et et et D D et vt e D vt et e e e e e et et el

—_ OO~ OO~~~ O~ O OO O  rmr e red el e = O OO e O O = OO O = O

O O OO O~ O~ 00O YO OO0 ~rTO OO~ OO OO0 —O 00 —~000 ——O

—_O O OO O OO OOt O D O DD D e e e e et (D e DD DD — D

—_O MO OO = O =~ 00000 OO0 OO0 0O OO0 oo o —~o o000 C0

LR IR e B B B B B B B e e R e e I e I e He Re B i a = RNl R e e e oo el e el =R R

SO D DD DD DD DD OO DD DO OO OO OO~~~ —~—O

vsnffa viodyuopy
su20s2.10]fJ2 n.1odjuopy
p131p viodyuopy

avupp v.1odyuopy
s1SU2Nq22 DLod1IUOY
vp11dpo pLodyuopy
pIpMO1IPI PAOdLUOI]
snjopo paodiuopy
ppn3up v.iodpuopy
vidaspijp v.iodiuopy
ppmo.sagnimbap v.iodyuopy
1S2UUIIIUDIDA DIDAISDIUOJY
vip1oundijnu pan.4ISPIUOJN
DJD]12ISIUSDUL DIDAISDIUOJN
DJ.IND DIDAISDIUOJY
1UDUWIS]0D DADAISDIUOJY
va23yNUUD DIDLISDIUOJY
DINILIQDIS DUINADJN
pp1jdun vuin.py

14q.1y S1ODAPOJN

10UDSD SIODAPDIY

vysnqo. vijjdydoqo
vidasdyond vijjdydoqoT
nyoradway vijdydoqory
nuvppy vijjdydogoy
suutofijaquyf vijjdydoqoy
psoquid102 vijjdydogo]
wnyppmpun uojjAydoyy
1yow uojjdydoyry
pIpqO] UoAydoyry

12904 s1.12501do7]
v.aafijngny s11as0pda7
DIDLIS S112S01daT

pp1jOs S11s0IdaT

0.qDOS S112501ddT
paov.iddpd s1iasoyda
Sop104250)204u S11250)ddT
SUDISNAOUL S11250)dd]
SISUDIDNDY S112S0)daT
LipuIpn3 S11250)doT
psonjof sriasorday
pypup)dxa s1ias01do]
SISUDLIOIUD S112S01d2]
p134ayd prioyday
S1pnSa.il v1.10jdo]
DS.124SUD.1) D2.4ISDIADT



Corals in Okinotorishima

Kayanne et al.

92

SHAD]O DUOADJ
SNJODO DUOAD ]
vppndiq puoADF
DSOUID.L DILJSONDD ]
vs0122dSs S142SAYoDJ
DSO3N.1 SLISAYODF
D.420D] DLOAAX()

p.4gD]3 DAOAAX()

s142] pijjAydon)
vdst.1 vijjdydono
apjraunaq vijjdydojney
pods1i0 va.LSIN)
1YDY0qQO.L WNIPIOAPY
snjojupydala wnipad>
sisuauDUIU1A DLOdUOJN
DSOINLIDA DAOAIUOPY
1]]1.4424 DLOAIIUOPN
psouda v.1odiUop
ppUn v.Lodiuopy
SU22523.4n) DAOAIUORY
DSOJN2.42GN] DAOAIUOPY
SISUBUDMID] DLOdUOJN
pIv]]21s DAOALIUO
psownds p.odiuopy
sapoduods p.iodyuopy
SISURADWDS DAOAUONY
snuuioftjad vaodnyuopy
psopou v.iodyuopy
DIpLIZISDUOU DLOAIUONN
s1jj0u prodnuopy
v.aodajju viodyjuopy
vdbdwp vt piodiuopy
S1SUUDIODU DIOAIUOPN]
pppInqo] viodyuopy
snuiofil viodyuopy
DIDSSDAOUL DAOALIUOJN
12151211 fJOY DAOdIUOpY
ppidsiy piodyuopy
pIns.ay pAodiyuopy
pas143 viodiuopy
psojnup.13 viodyuopy
1pouiIn3d paodyuopy
s111gLif vaodnuopy
ppjo240f DAOdUON
pso1jof viodnyuopy
riamopf vaodnuopy

pds1.o vijjdydom) WAUOUAS

SO OO C O DO OO~ OO OO = mO O OO =m OO OO OO0 O ™mO OO OO0 Oo0OoO0
SO OO OO OO OO = mM OO OO OO0 OO0 OO OO —O O OO OO0 O0
SO OO O OO OO OO OO = OO OO~ OO OO0 OO —~OOoO OO O0o
S OO OO OO OO OO~ —O OO0 OO~ OO0 OO —O O OO0 —O —O0 000
SO~ O OO OO0 OO0 O OO0 OO0 OO OO0 OO O O —O —0O0 O —O
OO OO T "0 OO O OO OO OO0 == O O O =0 O =m0 O — O
OO O OO OO OO0 OO O == r~O0O O OO O =0 === —O O
Ol vl et et O ol e O e e e O e e e e O o e e e O e O e e e O e e e e e e e
O AT O OO OO OO OO0 OO0 MO OO OO OO = m OO0 0O~ OO0 =000 —~
OO T OO OO OO0 OO0 OO0 OO OO OO = m=mO~ OO0 —~O0O0O OO = OO — ™
SO~ O OO O O = OO0~ O~ OO0 OO0 oo oo o oo oo o oo —

S OO DD DD DD DD DD DO DD DD DD OO0 OO0 0O 00 o000 o0 Cc oo o ocooCo
[=ReBelel 2 -R-R-oRelelelelelelele el =R =-Releleleele el ai =A==l =i e i el ==l ]
O A O OO O rtd el OO D il et e et D et et e e D e D e e e e D e D D =
S OO CO OO = OO0 OO O == m OO0 O mOO mm ™ O O ™=~ O = O QOO OO —
SO O CC OO = OO OO OO0 O = O O OO0 OO = OO O ™ = = O — O

(=]
(=]
(=
(=
(=

I
1
1
I
I
1
I
0
0
I
I
!
0
I
0
I
0
I
I
!
I
0
I
!
0
!
I
0
1
I
I
0
0
0
I
I
I
I
!
I
0
!
I
!
!
0
S

panunuo) T ajqel Areyuswsalddn



93

Corals in Okinotorishima

Kayanne et al.

(0007) UOIDA Ul psonuls p4d30.42]J

(0007) UOIOA Ul 1a)dp DIUIId2]

(S661) UOIDA pue RIIYIYSIN Ul DIRUIUL DUOAD ]

[=NeNeNel=Rele i =-NeRelelelelelelele N le N oo e e R ik =E= Nl e e el e e N i e

SO OO T OO DD DD OO DD DD oo oo —~o

SO DD DO DO~ OO OO O DO OO~ CCcooc oo —~0o

(=R e Relel-R-NeloloReEahak=NR=R_R ol ReleNellolele e == ok el lele el Rl Nele - - R=Re e
O~ O~ OO D OO OO~~~ O~ OO0~ OO Do —~O
HFO O T OO DD OO0~ =~ O~ OO O OO0 Do oo oo —o0o —o
O A AT S S O OO OO OO OO OO~ OO0 OO "0 OO OO o oo Cc oo o oo —o
O A S S =S T O~ T O OO = O = S O O~ O OO OO 0O —0O0O0O0 —O
—_ O e et O A et el e et O A O A e S = e O OO0 O A OO OO~ ——O O —

— o O D e Dt p e ot e e et o D D e et D et O ot et D ot O vt ot ot ot D ol

(=)
(=
(=
(=
(=3

ponunuo) T 9|gel Arejuswsaddng

— e D e D e e e e e et e ot ol o et ol el et e (D D vt el et D vt Dt vt vt el ot el el ot ol ol et et et Dt

O O A e et O A et D O O et A et e el D O OO red rd Ot Ol A el el Dt e SO == OO OO

O O~ O~~~ OO0 OO OO0~ O~~~ 0 —~O

S OO OO = =~ OO~ OO O OO OO0 OO OO0 O —r = =0 OO~

S OO~ OO~ OO0 OO D00 OO0 Ot = O~~~ OO0 OO —~0D000 O ~

Ot el e O e O O~ OO OO~ O OO OO O O rdrd red el e ekl e e ek D et el DO e = OO O —

SO OO~ O~ OO0 OO~ O OO0 DD~ 00—~ 00—~ o —~—Oo o000

DIDIDIUOZIIOY S2ILIO]
SISUDUOADY SIILIO]
1UUDULIIAD S2J1I0]

SHUAOf2p 21110
DOLAPUIAD SIJ1IO]
SISUDIDAISID S2J1I0]
DIDRUIND SI1A0]
1DJUDAD S2I1I0]

aDUUD $2]110]

vurdjpy vijjdydajoq
sisua.10dnjout vIGLGOPOJ
DAODISNID DIOIDGDPO ]
152U0[PooM D.10d0]]1004
DSOIN.LIdA D.1OAO]]190 ]
puLipupaut p1odojj120
vipndi] piodojj1o0
1xnopda p.1odojj1o0g
sun3aja p.1odojj1o04
S11021UDP D.410dO]]190
D.40d1S.124 D2JISDISI] ]
psonuis p.iA30.12]J
xopduis p.30.42]q
pidasdna p.id30.42] g

sisuanupAond pad34] g
1fama2a A3AD]J
SISUdUIS DABAD] ]

s1suandynd. vadBA]
nrd pa1d34w) g
putjjaup] psBAD]
DajPaILP PALBAID] ]
DJ10JU0D DABAID]J
1wa)dp vijjdydosdy g
11215U2)1421] DIL30SAY ]
Sa.42] DIUIIOD ]
pruoavd pru1oa
DONIOD] DIUIIS]
SIUI0212]D DIUIIDJ
DSOUIA DPUOADF
SUDLIDA DUOAD ]
SISUDAIP]DUL DUOAD ]
p.2fipuodf uoavg
pIpNUD)dxX2 PUOAD ]
1U2PA2NP DUOAD ]
DIDILIDAIP DUOAD]
DIDSSNIP DUOAD
1DUDP DUOAD ]



Corals in Okinotorishima

Kayanne et al.

94

UDPLLID $2]1410 WAUOUAS

SO O DD DD DD DD DODODODODODODODO OO DD

S DO D DD DO T D OO DO OO —~ooocoococooo

S DO DD DD DD DD OO DD~~~ o000 — —~
DD D DD DD DD DD DD DD DO~ D DD DD~ —~ —
S OO DD DO D DD DD OO DD~ —O OO — —~
O OO DD DD DD DD DD OO DD O O D OO DD DD OO ™ O = =
O OO OO DD DO DO OO OO O O O DD DD DD = === OO —
O OO O OO DO T O OO OO~ O~ 00O~ OO~ OO0~~~ ——O
e OO OO O OO0 OO OO OO OO O OO0 O~ ~ = ——O
e e e O O e e e e e e e e e e O A O O O OO OO0 O

(=
(=]
(=]
(=3
(=

ponunuo) T 9|gel Arejuswsaddng

—_ e D e e e e e et D e D e e D et O e A et D A et D et O OO D e o —

Ot et e D A D e e et Dt A D e D et Dt DD A D e D et e et D A D o e et e (D et Dt et = D

SO mm O mm O OO DOm0 O OO O =m OO OO DD DD DO — =

—_F O " OO0 0 "0 0000 —~O "0 00—~ 0= 0000000000000 —

O~ O~ OO0 0O~ 0000 —O O~ 00000~ OO0~~~ 000000

Ot et el D A D DO D e Dot e e et (D et e et et el e e e (D D et e e et D e e et D D e e D - D DD — D

ST OO DO OO OO DOm0 OO Do oo oo oo oo oo oo oo

100.4fJ023 vi1jjdyddyon.a ]
1152UU210UdIPA DI]JAYdUAS
vpoa.4 DIjjAYdudg

supipp.1 vijjdydudg
p1o1.103D LIJIAYdUWAS
vyojjsid vaoydojig
1121fjuand pj]a1u2020]41g
SISUDS0I0D D]]21U2000]A1S
pIpULID D]]21U2020]A]S
vipround pav.apjdig
DUDAUSIADS D2.4JSDAIPIS
pJp]12)s D.10doIvLI2S
X154y v10doIp1I2g
wun.apual)pd p.10doi1iog
pIaNoD D.10doIDIIAG
S1SUI1A DIUAJ0OS
Syp.4ISnY IUL0IS
po14pul]Ad v1jdydodpog
DISNQO. DYJI]OIPUDS
DIDIUBP DYII]0JDPUDS
1DUIDAD] D2ISDABPISOPNAS ]
WDYSNDA DAOIOUUDS ]
S1D121/12dNS DAOIOUNUDS ]
DJD]]2]S DAOIOUUIDS ]
pjj220pUN0.1d D.1020UNUDS ]
pINSUDSNIGO DAOIOUUDS
1ZSD.AJSADIU DAODOUIUDS ]
DUDIUIIDLY DAOIOUILUDS
DIDINUD]AXD DAOIOUUDS ]
DIDISIP DAOIOUUIDS ]
DIDSSNIP DAOIOUIUDS
DRSUOD DAO20UIUDS ]
WDYINDA §3]1.40 ]
10suaYdals $2)1.10]
Dp11OS SII0F
WDIUDUIL]]IS S2I1A0]

S14 S2J140]

SISUDMDULYO S2I1I0]
SU2SUZIU SI110]
SISUDSOUSdU SJ110]
SISUPAD.LINIUL $DJ1IO]
124Ut $231.40J

pan] sa11.10]

DIPQO] SAIOF

uayd1] SaJI0g

D]]2IS1ID] S2I110]



95

Corals in Okinotorishima

Kayanne et al.

poom3uI[[0) “Furystqnd OAUISD PHOM Y} JO S[EI0D) woy3els (6661) O e[[EM

€6-L8 ‘1 9OUDIOS SOLIOYSI ]

U0 [0Iasay uejodondj 040, "BWIYSLIO}-OURY() U0 S[BI0D FUIP[ING-JOY (9007) S BWRAIUO A Y 0UdS ‘], BIRQIYSEARH

L EATNIY

PIO “DIA A[[IASUMO [, “9dUIIOG SULIRIA JO AJMISU] URI[RSNY “PLIOM ) JO S[eI0D) (000T) N YNWS-PIOJJRIS NA[ UOIOA
SQOUIRJAI 1AYIO

oAyo, ‘eysnArey] ‘uedef jo spero)) ordArewioy (S661) NAL UOIOA ‘I BIIYIYSIN

uede( pueuiewW 0} SPUBR[S] NAYNAY L] 0) £ SANS

1odre | ‘ssard Ajsioatup) uemie ] euoneN ‘dnoin xojdwo)) oy T ‘uemIe] Jo vune,| BIUNORIAS (96007) S SWOH ‘1D e
1adie ], ‘ssa1 ANSIOAIU UemIe [, [euoneN ‘dnoin 1snqoy sy, '[[ "UeMIR ] JO BUNE, BIUNORIIIS (86007) S SUWIOH ‘1D 1B
87-1 ¥SE UNIINE YOILASNY [[0}Y "UBMIE], UIAYINOS JO BUNEJ [BI0D PUB JUSWUOIIAUD JAY (1661) AD e

ueMIR], 9 IS

967-$87 040, “Ais1oatu) uejodona 0AYo ],

a0day] yoseasay oSejadiyory ewrfeye pue ewi{Iyory)) Jo sjesod ordAjeuwoy (1661) . 01es ‘H ewnuesng ‘H emeyIyoe],
'SpuR[S] BIRMESES() G SIS

62-01dd ‘nefed 10)ud)) Joy [BI0)) [BUOBUINU] NB[E]

‘MEed JO SJoaY [B10D) (SP9) H BIYDINA *S Mnq[oD) “d UI[0)) “H IIOYIdA ] SNIdLIE,] ‘| LW “H duueAey| :uf ‘nefed ur
$9d0)01q SULIEW 1970 PUB SANIUNWLIOD JIAI [RI0)) (£00Z) H BQUO ‘S J0J09A ‘[, pInWIY ‘A NNQ[OD) “Y dYIOWIYS ‘[ BAYIN X
'Spue[S] Ne[ed 4 SNS

LET-1TI :9€-S€ BOISOUOIIA "SPUR]S]

BUBLIBA] JOUJO PUEB WEND) WOIJ PIJII[[09 S[EI0D UBIUNORIIIS PUB UBOZOIPAY JO ISI[OAYO pajejouur uy (€00z) HY [[epuey
012-€61 1€ yoIeasay A10)sry [edmeN eas aurddifiy uioises ay) Jo Uoneuloy ay)

pue Sury LI 918-30Bq 0) UOTIR[I UI SPUR[S] NR[RJ PUB BUBLIBA Y) UI S[eI0d SuIp[ing-Jaa1 jo Aydei3oadorg (S661) HY [[epuey
:SPUB[S] BUBLIRJA| UISYIION PUB WIDYINOS € PUB T SONS

"Apnys SIy) ‘ewIysLIooun|O) | S

S20IN0S IR

<
(|

w
<

w
(=)
0
(=

LTI _6vl 9TC ovC ¢¥e 89¢ 96T 081 60C ¢TI <0T

(s
(=2}

(59t) s9sa100ds jo JoqunN

(=
N

v
[\l

(18) ©I2UAG JO JoquinN

(]
<
<+
<
<
O
<

8¢ 99 0L WvL LS

=l
Nel
(o)
<
N
O
o
<
v
(o]

pso.1aqn) p.iodajjipy WAUUOUAS

SO oo oo oo oo oo CocoC

(=N el el =Rl e el el el el - - =

vjjaual DLOda] N

vy jAyddypyd paodajpy
14p.inu v1odapjy
pporyul pLodaljN
psapxa piodajjyy
puojoyo1p viodajjy
porsnu v.rodign |
D2)N.1202 D.10d01]2F]
snppuiyoa snjidooy
DIDIN]]2IS DLIDUIGAN ]
SIULIOJIUdL DLIDUIGN |
pivyjad plDUIGN ]
DULIDIUSDUL DIADUIGAN |
SLADINS .44 DIADULGAN |
SUPUO.LY DIIDUIGAT ]

(=]
(=]

——o—~o—~oocococoocoooRR

OO OO DO OoO O
—_EO IO OO DO OO O O
e - O DO OO0 O
LB B Bl I e 2 = =R R R R )
SO DO~ OO O~ O0 —~O

—_— o O O O

— e D e
—_—H—E—E—, T, O~ O OO0 —~O

—_ O o e O o O e = =
—_O e — D D D e D =
SO O =™ O —=O == O O —O
C OO O et =D O —

I
I
I
I
I
I
I
I
I
I
I
0
I
I
I

—_ O e O e =

ponunuo) T 9|gel Arejuswsaddng



