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Abstract: In 1996 and 1997, concrete box structures were installed in a shallow reef
edge at Miyako Island, Okinawa (24°55’45"N 125°15’55"E) for rearing the commercially
important top shell snail Trochus niloticus. Corals quickly attached on the quartz sand-
coated fiberglass reinforced plastic latticed substrata on the bottom of the box. Within
few years after severe damage of corals following extensive bleaching in 1998, however,
the lattice was covered by Acropora-dominated coral colonies. In November 2005, coral
coverage in four boxes was 50 to 90%. There were 25 species and the average size of
the coral colonies was around 50 cm.

The accidental and rapid recruitment of corals on these aquaculture structures seems
to have created an ideal environment for coral recruitment and growth. This finding
provides a unique opportunity to gain insight into critical mechanisms of coral recruit-
ment that may be used to improve coral reef restoration. The present paper deals with
the aquaculture structures, environment, species diversity of corals, and possible factors

that may have contributed to coral recruitment and growth.
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INTRODUCTION

Coral reefs have experienced multiple stressors
that have been increased in scale and magni-
tude in the last decades (Hughes et al. 2003;
Pandolfi et al. 2003). These stressors may have
overwhelmed the coral reefs’ capacity to recover
(Connell 1997). Reduction of these stressors is
often difficult or may not be sufficient for coral
reef restoration. Therefore, efforts must be made
to improve restoration through artificial recruit-
ment of coral larvae or fragments. However,

recruitment mechanisms remain elusive and
many artificial restoration projects have only
marginally successful (Edwards and Clark 1998).
We fortuitously observed high recruitment and
survival of corals on aquaculture structures, in-
stalled on a shallow reef edge at Miyako Island,
Okinawa Prefecture, Japan (24°55’45”N 125°15’
55”E), which was constructed to rear the com-
mercially important top-shell snail Trochus
niloticus. These structures seem to have created
an ideal environment for coral recruits (Omori
et al. 2006). This finding has provided a unique
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opportunity to gain insight into critical mecha-
nisms that influence coral recruits and that
may be used to improve coral reef restoration.
The present paper deals with the aquaculture
structures, the environmental conditions, coral
species diversity, and factors that may have
possibly contributed to the recruitment and
growth of corals at Miyako Island.

STRUCTURE OF AQUACULTURE BOX

Since 1994, Okinawa Prefecture, Japan, has
been promoting aquaculture and stocking of
Trochus wniloticus. Hatchery raised juvenile top-
shell snails ~5 mm in diameter are released
into concrete boxes placed on shallow coral reefs
at three islands in Okinawa and kept for one
year until they reach 40 to 50 mm in diameter.
The snails are then collected and sold to fisher-
men who plant them to the exclusively permit-
ted fishing grounds (Kubo 1991, 2000).

The aquaculture structures consist of two
concrete boxes (2.1 m W x 21 m L x 0.6 m H
inside) that are connected to create a single
culturing unit with outside dimensions of 2.8 m
W x 51 mL x 1.1 m H and weighing 26 tons
(Fig. 1). In order to avoid sand sedimentation,
a Fiberglass Reinforced Plastic (FRP) drainboard
(12 cm-thick grating) is placed at the bottom
and two sheets of quartz sand (ca. 300 pm
grain size)-coated FRP latticed substrate (7.5

Unit; cm

Fig. 1. Top-shell snail aquaculture structure. a. Latticed
substrates and drain-board. Patent for the FRP latticed
substrate is being applied by Asahi Kasei Construction
Materials Co., b. Concrete boxes.

cm thick) are placed on the drainboard. The
lattice aperture of the substrate is 5 cm X 5 cm.
The top-shell snails feed on macroalgae and
benthic diatoms that adhere to the lattice (Kubo
et al. 1993). There is a drain hole at 30 cm
from the upper edge of the box so that the sur-
face of the lattice is daily exposed to the air
during low tide. When the holes are plugged,
however, the lattices are under water through-
out the tidal cycle.

RESULTS AND DISCUSSION

In 1996 and 1997, 56 aquaculture structures
were set in three rows along the shallow reef
edge at Miyako Island (Fig. 2). Annually about
2000 juvenile top-shell snails were released
into each box in early autumn and harvested
one year later. In August and September 1998
corals around the structures suffered thermal
stress and subsequent bleaching and extensive
mortality. Within 1-2 years however, many cor-
als were found on the latticed substrates, which
made it difficult to collect the top-shell snails.
Because of the considerable manual effort re-
quired to remove the corals and other sessile
organisms fortuitously four concrete boxes of
the east end were left untouched. They were
plugged, creating an artificial tidal pool. The
juvenile top-shell snails were released into the
concrete boxes and corals were allowed to grow.

By November 2003 the lattices in the four
boxes were covered by Acropora-dominated coral
colonies of 40 to 65 cm in diameter. Coral cov-
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Fig. 2. Location of the aquaculture structures in Miyako
Island, Okinawa Prefecture, Japan.
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B Photo by H. Taniguchi (AMSL)

Fig. 3. A. Re-assembly of the coral community in a aquaculture structure (See also Fig. 1 of Omori et al. 2006).
B. Condition on the reef edge outside the structures. November 18, 2003.

B Photo by K. Kajiwara

Fig. 5. A. Re-assembly of the coral community in the aquaculture structure. B. Condition on the reef edge outside the
structures. November 27, 2005.
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Fig. 4. Sketch of the aquaculture structure set at the depth of 172 cm.

erage in the boxes was ~95% (Fig 3A). In con-
trast, the coral coverage was 5% or less in the
surrounding reef (Fig. 3B). In total more than
20 coral species including Acropora hyacinthus, A.
humilis and A. nasuta were (photographically)
identified in the boxes (identification of the whole
coral community was not completed at that
time). A number of damselfish and surgeonfish
such as Chrysiptera cyanea and Acanthurus triostegus
were observed swimming above the corals. On
the reef edge near the aquaculture structures,
there were few small corals and several large
table-type corals that may have survived the
1998 bleaching event. These results suggest
that the aquaculture structures have facilitated
successful coral recruitment and survival by
providing three-dimensional structures and an
optimal environment for growth including a
high grazing environment because of the high
top-shell densities that reduced algal growth,
which appeared different than the surrounding
reef environment.

To investigate the specific factors that may
have led to the high recruitment of corals on
the aquaculture structures, we have observed a
variety of abiotic and biotic variables. The
hydrographic conditions of the boxes were

measured using a DIVER water level recorder
(Daiki Rika Kogyo Co) and StowAway Tidbit
temperature logger during the period from
November 18 to December 3, 2003. The tidal
level ranged over 206 cm. As the boxes were
placed at depths of 70 to 172 cm under the
mean water level, the water level at the upper
edge of the box that was placed on the depth
of 172 em, for example, varied from 165 cm to
—41 cm (Fig. 4). Usually, the water tempera-
ture in the box was 3-4°C lower than the out-
side in November. However, the temperature
was normally higher than the outside in July,
occasionally exceeding 381°C for 2 to 3 hours
during daylight (Kubo et al. 1993). In November
2005, two years after implementation of the ob-
servation coral coverage in the four boxes was
still approximately 50 to 90%. There was some
degradation of specific colonies over the two-
year period that led to slight reductions in
coral cover (Fig. 5A). Average size of the coral
colonies on the vertical face of the boxes in-
creased over time. There were 25 coral species,
from 10 genera, in the box with the highest
coral coverage (Table 1). The largest table-
shaped colony measuring ~70 cm diameter, and
the average size of coral colonies was around
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Table 1. Comparison of coral species composition between inside and outside of the
aquaculture structures (open circles mean presence).

Species ] In boxes Reef edge

Pocilloporidae
Pocillopora
Pocillopora damicornis
Pocillopora verrucosa
Pocillopora eydouxi
Stylophora
Stylophora pistillata
Acroporidae
Montipora
Montipora pertiformis
Montipora digitata
Montipora efforescens
Montipora grisea

O 000
O 000

0000

Acropora
Acropora humilis
Acropora monticulosa
Acropora digitifera
Acropora verweyi
Acropora nobilis
Acropora formosa
Acropora exquista
Acropora microphthalma
Acropora aspera
Acropora millepora
Acropora tenuis
Acropora yongei
Acropora hyacinthus
Acropora latistella
Acropora nasuta
Acropora valida
Acropora florida
Astreopora
Astreopora gracilis
Poritidae
Porites
Porites lutea O
Porites cylindrica O
Siderastreidae
Psammocora
Psammocora contigua
Psammocora profundacella
Galaxea
Galaxea fascicularis O
Mussidae
Symphyllia
Symphillia agaricia O

OO0 000

O O 0000 00000 0O
0000 OO0

O

OO
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Merulinidae

Hydnophora

Hydnophora microconos

Faviidae

Favia

Favia laxa

Favia pallida

Favia speciosa

Favia favus

Favia rotundata

Favia maritima
Favites

Favites halicora
Goniastrea

Goniastrea edwardsi

Goniastrea aspera

Gonziastrea pectinata
Platygyra

Platygyra lamellina

Platygyra pini
Montastrea

Montastrea magnistellata
Leptastrea

Leptastrea purpurea
Cyphastrea

Cyphastra agassizi

Cyphastra serailia

Cyphastra chalcidicum

Cyphastra microphthalma
Echinopora

Echinopora lamellosa

oo
OO0 O O 0000 O

o000 O O O

Total number of genera
Total number of species

10 15
25 41

50 cm by rough estimate. Of 25 species occur-
ring in the box 16 species are known to spawn
in May or June around Akajima Island, located at
northeast from Miyako Island (see Hayashibara
et al. 1993, Shimoike 1999). The corals on the
surrounding reef, particularly on the neighbor-
ing reef edge had recovered significantly by
November 2005 (Fig. 5B). In total 41 species
were recognized in 20 m X 20 m area on the
reef edge nearby the boxes. The largest colony
on the reef edge was measured at ~150 cm
(many were 80~90 cm) in diameter. The Seren
sen’s (1948) quotient of similarity between spe-
cies compositions in the box and reef edge was
42 4.

Throughout the observation period macroalgae
and benthic diatoms were hardly seen on the
lattices compared with their biomass on the

upper edge of the boxes and reef substrate. A
few sea urchins (Echinometra mathaei) and colo-
nial tuncates (Didemnum molle) were found in
the boxes however, large grazing fishes, such
as parrotfish, were not observed in the boxes.
It is known that large grazing fish that have
been trapped in artificial structures subsequently
avoided the structures (Watanuki, pers. comm.).
Based on these observations, we propose that
the following six not mutually exclusive factors
may facilitate coral recruitment and survival in
the aquaculture structures.
1. Coral larvae may get trapped and entrained
in the boxes, particularly after mass spawning
of Acropora, because the structures act as reten-
tion ponds.
2. Latticed substrata provided a highly prefer-
able substrate for larval settlement. Some
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Acroporid juveniles such as A. hyacinthus prefer
high flow that is induced by waves. Furthermore,
the aquaculture structures were continuously
washed by fresh-ocean water, containing a
planktonic food source for the corals. Indeed, the
structures may have also acted as a zooplankton
trap.

3. Removal of macroalgae and benthic diatoms
by high top-shell snail grazing pressure reduced
shading and physical abrasion by fleshy algae.
Note that top-shell snails did not eat or scrape
coral polyps, and they preferred the high light
environment, we presume because of the high
algal productivity at these localities.

4. The aquaculture structures protected the
corals from bioerosion and scraping by large
fishes.

5. Corals were continuously under water even
at low tides. At this depth, they received pref-
erable sunlight.

6. The corals outside of the structures frequently
received sediments. In the boxes, however, while
sediment was present, it was rapidly drained
through the lattice structures and therefore did
not interfere with the corals.

Coral restoration projects in future should be
designed to test the relative importance of each of
these factors. Controlled testing of these factors
may reveal critical mechanisms for successful
recruitment, survival and growth of corals that
can be used to improve restoration strategies.
Moreover, the top-shell snail aquaculture struc-
tures provide a model for managing multiple-
uses of the coastal zone because they provide
not only direct value through the production of
top-shell snails but also indirect value through
their contribution to local coral restoration.
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