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A short-term, localized outbreak of diatoms attached to live corals was observed along the coast of Sesoko
Island, Okinawa, Japan in February, 2011. Diatoms are recognized as brown patches in the initial stage,
becoming fluffy encrustations and resulting in complete or partial coral death. Attached diatoms, including
Licmophora, Climacosphenia, Ardissonea and others, attached and overgrew exclusively Montipora corals,
which are dominant corals in some parts of Sesoko reef. Heavily-covered colonies or branches died. The rate
of affected corals reached 80% in the worst-affected area. Microscopic observation showed that most
diatoms settled directly with polysaccharide stalks or pads onto the partly-bared skeleton of coral branches,
although some settled on coral soft tissues. Although no similar phenomenon was reported from other areas
of Japan, cold-water events might have important roles in coral weakening, as a consequence, enabling
diatom attachment on corals, thus leading to coral death in this area.

eefbuilding corals are in crisis due to synergistic factors such as predation by crown-of-thorns starfish, coral

bleaching driven by water temperature rises, a variety of increasing diseases, and ocean acidification'™. In

addition to predation by animals, overgrowth by animals and plants causes significant problems>. Algal
(including cyanobacteria) blooms occur around coral reef areas, and are usually caused by excess terrigenous
nutrient inputs into reefs’. Furthermore, it is predicted that the growth rates of corals will be decreased and that
corals will be replaced with algae as a result of ocean acidification’.

Epizoic diatoms are distributed widely in both marine and freshwater environments, and some occur on
substrata, including live hosts, plants and animals from porifera to vertebrata®. The present study describes a
curious event in which coral colonies were covered by numerous attached diatoms on the reefs of Sesoko Island,
Japan during the winter of 2011. This is the first report of a diatom outbreak on live coral surfaces resulting in
coral death. Although this bloom was found in a restricted area, and the affected corals were exclusively
Montipora spp., cold water stress could have been a causative agent in the outbreak. Our objective in this study
is to describe the fundamental nature of the relationship between coral and attached diatoms, with some
environmental measurements, to increase our understanding before the next outbreak occurrence. Attention
must be focused on even such tiny algae (diatoms) which cause coral mortality.

Results

Coral colonies covered with sessile diatoms were noticed on 18" February, 2011 in a moat of Sesoko Island
(Fig. 1). Individual diatoms were microscopic in size, but were obvious to the naked eye as brown patches when
they created a dense cover. In advanced cases, coral colonies showing a fluffy appearance were found. We asked
the members of the Japanese Coral Reef Society about this phenomenon, but similar observations were not
provided from other areas in Japan, including Bise, Okinawa Island (adjacent to Sesoko Island), where huge
numbers of branching Montipora colonies are distributed in the intertidal zone, as in Sesoko (pers. comm. from
the staff of Okinawa Churaumi Aquarium). The corals affected at Sesoko Island were exclusively Montipora
corals, especially branching M. digitata (Dana), M. samarensis Nemenzo and M. altasepta Nemenzo”'’. These
congeners are distributed sympatrically, forming large assemblages in the shallow waters of the reef at depths of 1
to 2 m. Other montiporid corals, such as encrusting M. informis Bernard and foliose M. aequituberculata
Bernard, were also observed to be affected by diatoms. However, the dominant acroporid or poritid corals and
other corals were not affected, even when their colonies stood very close to infected Montipora colonies.
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Figure 1| Map of the study site.

The spatial distribution of affected Montipora corals showed that
this bloom was localized (Fig. 2). The area affected spread to about
1 km in length. In the area affected most heavily, the rate of affected
corals attained was 81% for branching Montipora corals. Corals cov-
ered by diatom assemblages were observed from the moat to the reef
front about 100 m from the shore. The rate of affected coral was
higher for corals close to shore.
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Figure 2 | Sesoko Island. Horizontal bars indicate the rate of branching
Montipora corals attached by sessile diatoms in April 2011.

Affected corals showed a variety of phases. In the initial stage,
small aggregates of diatoms were visible on the colony surface as
brown patches (Fig. 3A). Some corals showed mucus secretions,
recognized as white strands (Fig. 3A), which included diatoms within
them. It was difficult to judge the attachment of diatoms by the naked
eye when diatoms were attached evenly on the coral surface (Fig. 3B).
In the advanced stage, the coral surface showed a fluffy appearance,
caused by numerous diatoms (Fig. 3C). Even in this stage, surviving
coral polyps were observed. However, fully-covered parts of the col-
ony eventually died. Although diatom detachment was observed
when the corals were shaken in the initial stage, once the diatoms
were securely attached to the coral skeleton, no detachment was
observed, even after a heavy seas warning.

On the basis of microscopic observation, the abundant diatoms on
Montipora corals were identified as Licmophora flabellata (Carmi-
chael ex Greville) C. Agardh (Fig. 3D-E), Climacosphenia moniligera
Ehrenberg, Ardissonea fulgens (Greville) Grunow, Actinocyclus sub-
tilis (Gregory) Ralfs and others. Of these diatoms, the most abundant
species was L. flabellata, which formed dense mats, while other dia-
toms were also observed in the same space. The other diatoms
observed are not described in the present study.

Alcian blue or toluidine blue staining were carried out to observe
the extracellular polymeric substances (EPSs, composed of polysac-
charides) that were secreted from attached diatoms, showing that the
diatoms attached either onto the coral skeleton or to the soft tissues
of the coral. EPSs, in the form of stalks or pads, were stained blue. For
ethanol fixed/washed samples, some diatoms on soft tissues had
become detached, leaving only EPSs on corals (Fig. 3F). It was dif-
ficult to remove tightly-attached diatoms using forceps, especially for
tall stalks.
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Figure 3 | Diatoms covering Montipora coral. A, Attached diatoms are
visible as brown patches, and the coral secretes mucus strands against
them. B, A coral branch covered by numerous diatoms (Licmophora). C,
Advanced stage showing fluffy branches. D. Attached diatoms around the
growing chip. E, Licmnophora flabellata showing fan-like colony and
branched mucilage stalks. F, Coral surface stained with Alcian blue, most
diatoms are detached leaving pads on the protuberant bared skeleton.
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Changes in the rate of affected corals were surveyed weekly for
randomly selected Montipora spp. colonies (84 to 98 colonies for
each census) in the same area of Sesoko Island where the affected
corals were first recognized, and also in the heavily covered site. The
rate of affected coral colonies (divided into three categories as nor-
mal, covered by diatoms and dead) was almost constant during the
observation period (Fig. 4). However, the rate of algal coverage
within colonies increased with time, especially in the earlier obser-
vation period. Most affected branches/colonies were dead by 7 May
(the final observation date before a strong typhoon on 28™ May).
Algal coverage on the coral colonies shifted from diatoms to fila-
mentous green algae. Herbivorous fish such as surgeonfish were
observed to graze on the tips of dead Montipora branches covered
with filamentous green algae. Unfortunately, a strong typhoon hit
Okinawa, including Sesoko Island, on 28" May, devastating fragile
corals including branching Montipora spp. Thus, the periodical cen-
sus was finished on 7" May. However, aggregations of attached dia-
toms (Licmophora and others) on branching Montipora colonies
were found again in the same area on 27" February, 2012, although
the number of affected colonies was small.

The nutrient measurements (triplicate samples) from the reef
front on 20™ February, 2011 were 0.269 umol for NH, 0.323 pmol
for NO3, 0.222 umol for NO, and <0.001 pmol for PO,. Those from
the reef flat were 0.256 pmol for NH, 0.575 pumol for NO; 0.221
pmol for NO, and <0.001 pmol for POy, and those from the moat
were 0.640 umol for NH, 0.850 pmol for NO3 0.188 pmol for NO,
and <0.001 pmol for PO,.

Fig. 5 shows the change in water temperature in the moat at Sesoko
throughout the year. In the winter of 2011, the water temperature was
not only colder than that of the previous year, 2010, but was the
coldest recorded for the past 20 years (unpublished data, Sesoko
Station). In January and February of 2011, the water temperature
dropped to less than 18°C several times.

Discussion

Diatoms play an important role in primary production in both mar-
ine and freshwater ecosystems. Although relationships between dia-
toms and associated hosts have been reported®, information about
the detrimental effects of diatoms is scarce. In Okinawa, Japan, blue
coral, Heliopora coerulea, covered by Licmophora sp. diatoms was
reported in 2009 (Abe et al. in Japanese without English description)
in the outer reef of Oura Bay (26°32'17'' N, 128°04'47''E) on the
east coast of Okinawa Island. Partial bleaching of the blue coral
caused by diatom attachment was found in September, and the coral
recovered from bleaching in November as the diatoms disappeared.
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Figure 4 | Changes in algal covers as a mean algal coverage (%) in whole
colonies, and as three categories (% dead, % covered with diatoms, and %
normal colonies). Periodical census started on Feb 20" and finished on 7
May before a strong typhoon on 28" May 8 in 2011.
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Figure 5 | Changes in water temperature in the moat of Sesoko Island
from April, 2009 to May, 2010 (upper) and from July, 2010 to May, 2011
(lower). Data were retrieved from a logger every hour. Arrow indicates 18"
February, 2011. Water temperature in the winter of 2011 was lower
(encircled) than that in 2010.

In the present study, diatoms attached tightly to montiporid corals in
the winter and the overgrowth did not cause bleaching, but rather
smothered and killed corals, suggesting that the mechanisms
and fundamental features seem to differ between Heliopora and
Montipora.

Coverage by diatoms would be problematic for corals, thus corals
have to exclude diatoms by secreting mucus to entangle and remove
them (Fig. 3A). It is probable that diatoms kill corals as a result of
suffocation by forming dense aggregations rather than by generating
hostile chemical substances. The aggregations of diatoms were not
monospecific, with the relatively common species Licrmophora
flabellata, Climacosphenia moniligera, Ardissonea fulgens and
Actinocyclus subtilis forming the algal assemblage. Periodical obser-
vations of algal coverage (Fig. 4) seemed to indicate that the initial
attachment might have occurred in early February or January, or
even much earlier, because entirely covered or dead colonies were
found beginning on 18" February.

Even after strong wave action affected the Sesoko reefs, most dia-
toms did not detach from corals, indicating their high attachment
strength. Marine fouling diatoms secrete extracellular polymeric
substances (EPSs, polysaccharide) forming stalks (e.g. Licmo-
phora), pads (e.g. Ardissonea), envelopes or tubes''"'?, thus the dia-
toms on live Montipora corals could attach using EPSs and could
withstand wave action when there were bare and rigid substrata.

Although Montipora corals attempted to exclude diatoms by
secreting mucus on their surface, diatoms continued to grow and
increased in number on live coral surfaces. Considering that (1) the
bloom occurred over a narrow range, (2) diatoms did not necessarily
spread over whole colonies with time, (3) diatoms appeared con-
gener-specific, with not all coral species suffering this outbreak
would have been established and initiated in a short period rather
than being an infectious phenomenon among corals.

It is suggested that certain coincident events must have occurred
between corals and diatoms to cause the algal bloom that resulted in
coral mortality at Sesoko Island. Excessive nutrient input seems to be
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a possible cause; however, the nutrient levels measured on the Sesoko
reef (reef front, reef flat and moat) were not elevated. Furthermore,
the affected coral species were restricted to Montipora. It is likely that
the sudden decrease in water temperature could be a causative envir-
onmental parameter. Severe cold-water events have been reported to
cause bleaching or mortality of corals in Florida'*'* and on the Great
Barrier Reef'*'®. During cold-water events, Montipora corals would
have been weakened first, and offered bare skeleton (especially for
coenosteum papillae) as a substratum for diatoms in the narrow area
of the Sesoko reef. Considering that both the coral species and pre-
vailing time were restricted, similar events are not likely to happen
every year. However, a small-scale aggregation of diatoms on
Montipora colonies was observed also in the same area in the winter
of 2012. Macroalgal-coral interactions have been considered in rela-
tion to algal phase shifts’ or the smothering of corals by algae®,
unusual events observed on coral reefs should be recorded, even
when such events are on a small-scale, found in a restricted area
and caused by tiny diatoms.

Branching Montipora corals are common in some reefs in
Okinawa, Japan. In addition to sexual reproduction® they propagate
clonally through fragmentation*, enabling them to form dense stands
in reefs. M. digitata in Sesoko suffered severe bleaching in the sum-
mer of 1998 and declined significantly, but after a decade this spe-
cies had recovered from a few remnant survivors, and was thus
expressed as a short-term loser and long-term winner”. However,
branching Montipora corals are also susceptible to bleaching in res-
ponse to low water temperatures'®. Mortality of corals caused by cold-
water events has also been reported from Florida'***". The present
study showed a regional decrease in corals driven by both a sudden
drop in water temperature and by diatom attachment to corals, which
seemed to inhibit the recovery of corals. Our data suggest that even
tiny unicellular diatom play a role in coral death. To evaluate the
mechanisms of micro-algal blooms on specific live corals, continuous
observations and experimental tests are required.

Methods

The study site, Sesoko Island (26°10'37" N, 127°16'27" E), located near Okinawa
Island, Japan (Fig. 1), has a fringing reef. On the east coast of the island, corals are
abundant, and some of them have been recovering from a severe bleaching event
which occurred in 1998%. A decade after the bleaching event, tabular Acropora coral
had attained sizes of over 2 m in diameter. Furthermore, branching Montipora coral
were forming dense populations in a moat, together with other dominant corals such
as tabular acroporids (Family Acroporidae) and massive poritids (Family Poritidae).

Branching Montipora corals covered by attached diatoms were recognized for the
first time on 18™ February, 2011 in the moat of Sesoko Island, where the Sesoko
Station of the University of the Ryukyus is located. Water temperatures have been
monitored hourly both in the moat and on the reef slope with data loggers (HOBO®
U-22, Onset Co.) since before the present outbreak. Nutrients (NH,, NO3, NO,, PO,)
were measured using an NP autoanalyzer (SWAAT®, BL tech Co.) for seawater
samples (three samples from each site) collected from the reef front, reef flat and moat
on 20" February 2011, two days after the first notification.

Rates of diatom attachment were monitored weekly from February 20™ to April 8",
and on May 7" for branching Montipora corals in the moat where this event was first
recognized on 18" February, 2011. Attachment rate was judged by eye measurement
for each colony and recorded as % cover of diatom. To elucidate the spatial distri-
bution of affected corals, a survey along the east coast of the island was also conducted
on 22" April, 2011. Furthermore,monthly observations continued until March, 2012.

Microscopic observations using dissecting or digital microscopes (VHX-1000,
Keyence Co.) were conducted on live or formalin-fixed coral samples. To observe how
diatoms attached to corals with polysaccharide stalks or pads, Alcian blue or toluidine
blue staining was conducted.
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