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Figure 3. Georeferenced aerial photographs taken in 1973 (a) , 1977 (b), 1983 (c), 1986 (d), and 1994 (e). All colored images were converted in a grayscale
form. Note th e sign ificant decrease of dark patches in the eastern part of the moat between 1977 and 1983 and the slight increase of them between 1986
an d 1994.
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c 1983

d 1986
Figure 3. Continued.
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e 1994
Figure 3. Continued.

the western part of Kabira Reef were detected. Therefore,
Kabira Reef can be regarded as a typical fringing reef. In
addition, it has an ecological zonation along the shore in the
moat near the reef pavement as shown in T-line (Figure 2d).

Corals on hard substratum (reef rocks and dead corals):
Montipora digitata on the reef pavement , delicate branching
Acropora near Kabira Channel, and Porites cylind rica on dead
corals have been relatively stable in the recent 21 years (Fig­
ure 4a , b and Figure 5b), thus, we consider that coral zones
on hard substratum can be regarded as corresponding to the
gradient in currents as GEISTER (1977) indicated. The light
intensity proposed by ADEY and BURKE (1977) was neglected
because of the shallow depth. YAMANO et al. (1998) showed
that the dominant water circulat ion throughout the year
shows a pattern under northern wind conditions as shown in
Figure 1b. Ocean waters come inshore over the reef crest and
flow out through Kabira Channel. The wave action is severe
on the reef edge facing the ocean, and the current is station­
ary in the moat because of energy loss caused by wave break­
ing on the reef crest. The current velocity near Kabira Chan­
nel (E350) is greater than that of the middle part of the moat
(M350). This shows that Kabira Reef has a gradient in water
motion not only from the shore to the ocean but also in the
moat parallel to the shore. The zonal distribution of corals
and currents are as follows: massive and branching Porites
zone in the moat where water motion is stationary, large­
patched branching Montipora digitata zone on the reef pave­
ment and delicate branching Acropora zone, situated just be-

hind the reef edge where wave actions were attenuated by
wave breaking on the reef edge. Robust branching and tab­
ular Acropora zone is on the reef edge where wave actions
are severe. Delicate branching Acropora zone is situated near
Kabira Channel where currents are amplified.

On the other hand, Montipora digitata in the moat are estab­
lished on bioclastic sands (Figure 2) and susceptible to distri­
bution changes at intervals ranging from a decade (Figure 4a,
b) to a month (Figure 5a). These changes are also shown by
MATSUNAGA and KAYANNE (1997) describing the disappearance
of the patches in the eastern part and the appearance of the
patches in the western part during 1977 and 1984.

Possible Cause of the Change of Patches

Montipora digitata communities in the moat are established
on bioclastic sands on which coral larvae cannot settle, and the
larger patch exists upstream of this zone (the reef pavement,
Figure 2a--c). For these reasons, we consider that this com­
munity originates from the reef pavement. It is well docu­
mented that corals can expand their habitat by fragmentation
(e.g. TUNNICLIFFE, 1981; HIGHSMITH, 1982). Dominant water
circulation in this reef (Figure 1b) shows that, under normal
conditions, Montipora digitata in the moat are supplied from
the reef pavement, and this indicates that there is a continu­
ous increase of dark patches in the moat. However, coral
patches significantly decreased during 1977 and 1983 in the
eastern part of the moat (Figure 3b, c and Figure 4).
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Figure 4. Irradiance along M-line (a) and T-line (b) in each image. The hatched areas represent dark patches of Montipora digitata and delicate branching
Acropora.

HASEGAWA (1993, 1998) suggested the change in Shiraho
Reef, situated at the opposite side of Kabira Reef, was caused
by anthropogenic factors: inflow of red soil through rivers into
the moat due to land development. Acanthaster planci attacked
Ishigaki Island during 1981 and 1983 (YAMAGUCHI, 1986).
These disturbances can cause significant decline of corals in
the moat. However, Kabira Reef has no rivers, and there also
occurred an increase of coral patches in the western part of
Kabira Reef during this period (Figure 3b, c, see also MAT­
SUNAGA and KAYANNE, 1997). Therefore, the change of patch­
es cannot be explained by these two causes only.

LUGo-FERNANDEZ et al. (1994) interpreted the changes in
the photograph of a Caribbean reef as products of sediments
transported by a hurricane. HASEGAWA (1990) also attributed
the shoreline change of the cays in Kume Island, the Ryukyu
Islands to typhoons. Table 2 shows the main typhoons and
tropical storms (Max. wind> 17 m/sec) struck Ishigaki Is­
land, and Figure 6 shows the wind vectors of the typhoons
and the resultant wind vectors during the times the photo­
graphs were taken. The number of severe typhoons (Max.
wind> 25 m/sec) which struck Ishigaki Island in the recent
century is about 65 (YAEYAMA METEOROLOGICAL STATION,
1968; JAPAN METEOROLOGICAL AGENCY, 1968-1996), and

this value is far greater than that found in Caribbean seas
(19 as a maximum value, TREML et al., 1997). From 1965 to
the present, 13 severe typhoons have struck Ishigaki Island,
whereas only 4 cyclones have struck Heron Island on the
Great Barrier Reef (CONNELL et al., 1997). Table 2 also re­
cords severe hurricanes and tropical storms on the Caribbean
Elkhorn Reef according to LIRMAN and FONG (1997b), indi­
cating that severe typhoons have an effect similar to that of
severe hurricanes in the Caribbean.

We experienced one severe typhoon during the observation
of quadrats (Table 2), resulting in significant change in the
distribution of Montipora digitata (Figure 5a). This also in­
dicates the importance of typhoons as a factor influencing the
change of patches in the moat. Circulation in Kabira Reef
shows a marked wind influence shown in Figure lb. Between
1977 and 1983, we had one severe typhoon with strong south­
ern winds in 1982 (Table 2), and other eight small typhoons
with southern winds, which can explain the distinction of the
patches in the east as a result of the migration to the west.
The wind vectors (Figure 6) indicate Kabira Reef suffered
strong southeast and southern winds in this period. Between
1986 and 1994, of all four severe typhoons, three typhoons
were with predominating northern winds. Eight small ty-
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Table 2. List of dates, maximum oalues of wind speed, gusts, wind directions, and names of hurricanes and typhoons. Data on Elkhorn Reef tCarribean}
are from LIHlvlAN and FONG (1997b). Data on Ishigaki Island are from the Monthly Report of the Japan Meteorological Agency from 1968 to 1996, and partly
{rom web page http: / / uixp.atms.purdue.edu /. Shaded typhoons show seoere typhoons with winds greater than 25 m / sec. ND: No description.

Max.
Sustained

Winds Gusts
Area Date (rn/sec) (m/sec) Wind Direction Name

Elkhorn Reef 8/24/92 63.0 79.2 ND Hurricane ANDREW
3/12-13/93 20.8 27.8 ND Storm of the CENTURY

11/14-17/94 23.3 36.7 ND Tropical Storm GORDON

Ishigaki Island 9/22/68 18.8 ND NNW
8/7-8/69 18.7 ND E
9/26-27/69 32.8 ND SE Super Typhoon ELSIE

10/5/69 19.7 ND NNW
7/3/70 18.0 ND NW
7/25/71 21.3 ND ESE
9/18/71 18.7 ND ESE
9/22/71 38.6 ND SSE Super Typhoon BESS
7/23-24/72 20.0 ND WNW-NW
8/15-17/72 22.5 ND NNE-W-SSE

1973 Photo
7/16-18/73 21.3 ND WNW-WSW-SSW
8/2-3/75 19.5 ND NE-E
9/21-22/75 18.1 ND NNE-E
8/9-10/76 39.2 ND S-SSE Super Typhoon BILLIE
7/25/77 17.8 ND SSW
7/30-31/77 53.0 ND NE-SE Typhoon VERA
8/22-23/77 18.8 ND SSW

1977 Photo
7/31/78 18.0 ND SW
9/11-13/78 19.5 ND SSE-S-SSW
8/14-16/79 24.1 ND W-SW-SSW

10/17-18/79 18.2 ND N-NNW
8/27/80 24.1 ND SE

10/12/80 19.2 ND NW
6/20-21/81 19.2 ND S
7/22-23/81 17.1 ND SSW-S
8/31-9/1/81 19.6 ND W-WSW-SSW
7/28-29/82 21.0 ND SE
8/9-10/82 36.7 ND ESE-SSW Super Typhoon CECIL

1983 Photo
9/25-26/83 19.6 ND NW
8/22-23/85 31.8 ND SSW Typhoon NELSON

10/4/85 28.5 ND SSE Typhoon BRENDA
8/22-24/86 19.4 ND WSW-N-ENE
9/18-19/86 20.0 ND ESE-SSE

1986 Photo
7/27/87 19.2 ND SSE
8/29-30/87 21.0 ND NNW \1:.'\\"}

6/2/88 18.8 ND N
9/9-13/89 17.4 25.8 ENE-E-SE-S-S
6/23/90 18.9 33.0 ESE
7/10/90 17.7 24.9 SSW
8/18-20/90 26.4 43.4 NE-ENE-8E Typhoon YANCY
8/29-30/90 26.0 42.1 NNW-WSW Typhoon ABE
9/6-8/90 17.9 29.8 NNE-E-ESE
9/25-26/91 19.9 35.5 NNE-N
6/28/92 22.3 42.5 NE
8/29-31/92 18.7 29.8 ESE-SSE-S
9/3-4/92 17.8 28.7 NE-E
9/22/92 17.8 29.4 SE
9/1-2/93 18.7 34.0 N-NW
7/10/94 17.7 29.5 ESE
8/7-8/94 28.8 46.5 ESE-SE Typhoon 9413
8/19-21/94 27.4 47.1 NNE-NNW-8W Typhoon 9416

1994 Photo
10/8-10/94 32.5 56.5 NE-ESE-SSE Typhoon 9429

1995 Observation
9/22-23/95 32.1 63.5 E-WNW Typhoon 9514 l Observation of quadrats
7/30-8/1/96 36.1 57.2 NNE-SE-SSE Typhoon 9609
9/28-30/96 17.3 34.5 N-NNW-NNW
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CONCLUSIONS

Figure 6. Wind vectors of typhoons during the intervals between the
times the photographs were taken. Broken line vectors indicate the re­
sultant vectors of typhoon winds. Notes describing the decrease and in­
crease are on patches in the eastern part of Kabira Reef moat.
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Figure 5. Change of coral distribution in a 1 m" quadrat set at M500 (a)
and M200 (b l, The coral distribution was described on 20 July 1995 and
6 October 1995.

phoons out of fourteen had northern winds, whose gust val­
ues are generally greater than those of typhoons with south­
ern winds (Table 2). These typhoons can enhance the frag­
mentation on the reef pavement and the accumulation of the
fragments in the moat. The resultant wind vector (Figure 6)
is westward. It also indicates the enhancement of the frag­
mentation on the reef pavement. Little increase in coral
patches in the eastern part of Kabira Reef was observed be­
tween 1973 and 1977, although four typhoons out of six had
southerly winds (Table 2) and the resultant wind vector was
northwestward (Figure 6). This may be explained by the ef­
fect of fragmentation under the normal condition of northern
winds that supply coral fragments from the reef pavement
into the moat. This normal fragmentation can also explain
the expansion of Montipora digitata patches from 1986 to
1994. Typhoon 29 in October 1994 had both northern and
southern winds and seems to have caused no significant
change of Montipora digitata communities at least around
M500, because the extent of patches in Figure 4a corresponds
well with the actual Montipora digitata distribution shown in
Figure 2b. The direction of typhoon winds may influence the
accretion and removal of coral fragments in the moat.

July 95 October 95

We present the spatial structure of coral zonation in Kabira
Reef. In the previous studies, coral zonation has been dis­
cussed as it is found along the transect perpendicular to the
shoreline (DONE, 1983). We show here that backreef environ­
mental gradient along the shore influences the distribution
of corals. Compared to other zones which are established on
hard substratum and correspond to the environmental gra­
dient, Montipora digitata zone in the moat, established on
thick bioclastic sands, shows significant decadal and tempo­
ral changes.

Aerial photographs are a very effective tool for detecting
the change of coral communities on the spatial scale of an
ecological zone or a whole coral reef. It is hard to represent
distribution of corals in the moat of Kabira Reef by small
quadrats or transects, because the ecological zone itself is
dynamic: patch formation and extinction occur at a decadal
time scale. Our results clearly show that large-scale obser­
vations are also useful to detect and understand the dynam­
ics of coral communities as JACKSON (1991) and CONNELL et
al. (1997) suggested.

Furthermore, our results indicate that the wind direction
of typhoons plays a significant role in the accumulation and
removal of coral fragments, which may cause the zone spe­
cific characteristics as LIRMAN and FaNG (1996, 1997a, b)
have shown. In the eastern part of Kabira Reef moat, north
and east winds may enhance the fragmentation from the reef
pavement, a source area of Montipora digitata fragments, and
induce the expansion of Montipora digitata habitats in the
moat, whereas south winds will remove the fragments in the
moat.
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