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Abstract: Outbreaks of the crown-of-thorns sea star (Acanthaster planci) are likely to be strongly
associated with drastic changes in larval survival influenced by food availability. However, no
quantitative or qualitative data are available on the distribution of A. planci larvae in the field nor
on the environmental factors that influence their survivorship. Here we use a DNA barcoding
approach to describe the distribution of A. planci larvae in Sekisei Lagoon, Ryukyu Archipelago,
Japan after conducting three days of high-intensity sampling. High densities (53.3 individuals/m3) of
A. planci larvae were found outside of Yonara Channel, which is the largest reef channel in this lagoon.
Surprisingly, most (94%) of the aggregated larvae were advanced-stage brachiolaria. Considering
that it takes several days to develop to this stage, this result demonstrates that A. planci larvae were
floating for some time and maintaining a high-density population. However, this dense larval cloud
disappeared immediately after a typhoon. No spatial correlation was found between larval density
and either nutrient or chlorophyll a concentrations, suggesting that A. planci larvae do not necessarily
aggregate in nutrient-rich water. These data suggest that some high-density populations of late
developmental stage A. planci larvae were produced under a low phytoplankton concentration and
could potentially trigger an adult outbreak. Consequently, our data suggest that adult outbreaks may
not necessarily be triggered by food availability alone.

Keywords: larval dispersal; plankton towing; DNA barcoding; mitochondrial DNA; sea star;
population outbreak
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1. Introduction

Outbreaks of the crown-of-thorns sea star (COTS; Acanthaster planci), which feeds voraciously
on corals, have threatened Indo-Pacific coral reefs for the last few decades [1]. Predation by A. planci
accounted for 42% of the estimated 50% decline in initial coral cover on the Great Barrier Reef (Australia)
between 1985 and 2002 [1]. Previous A. planci outbreaks occurred in the 1960s–70s and 1990s in the
same region [2–4] and intermittently in the Ryukyu Archipelago, Japan since the 1940s [5–7]. Because
A. planci has high fecundity, the major cause of these outbreaks may be attributed to drastic annual
fluctuations in survival of A. planci larvae [8], although other natural or anthropogenic causes may
also be associated with a population outbreak across Indo-Pacific Oceans such as in the Philippines,
Red Sea, and Hawaii, reviewed in Pratchett et al. (2014) and Brikeland and Lucas (1990) [1,9].

The A. planci pelagic larval stage is 2–6 weeks in duration [9–11], during which the larvae feed on
phytoplankton [12,13]. The major cause for the dramatic fluctuations in larval survival is thought to
be nutrients from terrestrial runoff [12–14]. This inflow of nutrients increases during heavy rainfall
years with flood events and triggers the increased phytoplankton that forms a major component of
the A. planci larval diet. A feeding experiment revealed that A. planci larvae starve at chlorophyll
a (Chl-a) concentrations <0.25 µg/L, whereas they are released from trophic level limitations at
concentrations >2 µg/L [8]. One study suggested that a 1 µg/L phytoplankton concentration is optimal
for larval success [15]. Another study showed phenotypic plasticity of A. planci larvae depending on
phytoplankton availability, which also supports the larval survival hypothesis [16]. Predation pressure
on post-settlement stage larvae may also play a role in driving outbreaks [9,17,18].

A key factor associated with large outbreaks is the A. planci larval dispersal dynamic, which is
associated with food availability, and may determine their survival along with the length of time in the
water column. Despite the importance of understanding these dynamics, very little is known about
how A. planci larvae are spatially distributed. Studies that used a pump during the A. planci spawning
season detected larvae at a few sites [10,19]. A large-scale A. planci larval survey conducted on the
Great Barrier Reef detected possible A. planci larval DNA via polymerase chain reaction (PCR) analysis
in many of the seawater samples collected from different locations during a population outbreak [20].
However, the basic larval ecology of wild A. planci populations remains mostly unknown.

The aim of this study was to understand basic A. planci larval ecology, including how A. planci
larvae are distributed around a coral reef, whether A. planci larvae are found in nutrient-rich water,
which may increase their survival, and whether a natural disturbance, such as a typhoon, affects larval
population dynamics. In this study, large-scale intensive sampling of reef water before and after a
typhoon, where an A. planci outbreak was underway, was conducted to better understand A. planci
larval distribution patterns during an outbreak. Seawater samples were also collected, and nutrient
and Chl-a concentrations were measured at each sampling site to identify the environmental factors
determining larval distribution.

Our study area was the Sekisei Lagoon (300 km2) in the central Yaeyama Islands, located in the
south Ryukyu Archipelago, Okinawa, Japan. The lagoon is roughly bounded by the islands of Ishigaki
and Iriomote (Figure 1). Flow varies highly in Sekisei Lagoon owing to complex geographical land
and reef features [21,22]. Significant red soil inflow is observed into Sekisei Lagoon from the mouth
of the Todoroki and Miyara Rivers in southeastern Ishigaki Island following heavy precipitation [23]
and likely contains high nutrient loads. Red soil runoff results from the development of land projects
started in the 1970s [23]. Iriomote Island is much less developed and has a smaller population than that
of Ishigaki Island, where intensive agriculture is underway. We describe the A. planci larval distribution
in an archipelagic region adjacent to an island with a human population of approximately 50,000.
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Figure 1. Map of the Yaeyama Islands study area. Black circles denote sites where both zooplankton 
and seawater samples were collected, and white circles denote sites where only seawater samples 
were collected. 

2. Materials and Methods 

2.1. General Background Information and A. Planci Outbreak in the Yaeyama Islands 

A previous study on the A. planci spawning period on Ryukyu Island including Sekiseki Lagoon 
showed that peak spawning starts when water temperature exceeds 28 °C [24]. According to data 
from a temperature logger deployed near Ishigaki Island (Nadaoka, unpublished data), peak 
spawning in the Yaeyama region presumably started in early June 2013 when water temperature 
exceeded 28 °C just after the rainy season. The peak of the outbreak (>10 individuals counted within 
15 min of diving) was observed from 2006 to 2013; however, the main location of the outbreak 
changed continuously during this period. The highest A. planci density during this outbreak (118 
individuals encountered per 15 min of diving) was recorded in 2011 in Yonara Channel [25]. Yonara 
Channel is one of the largest reef channels in this lagoon, with a 500-m width, 3-km length, and 
maximum depth of 30 m. In 2013, 7000 and 2800 A. planci adults were removed from Nagura Bay and 
north Sekisei Lagoon, respectively. Although the number of A. planci adults decreased across the 
Yaeyama Islands in 2012 and 2013, control reports suggest that the outbreak continued longer in the 
northern Sekisei Lagoon reefs (Ministry of the Environment, unpublished data). 

2.2. A. Planci Larvae and Seawater Sampling 

Thirty sampling sites (SS1–30) were established around Sekisei Lagoon (Figure 1), and three field 
surveys using four boats were conducted on 17, 18, and 21 June 2013. The sea was calm for the first 
two survey days, but a small typhoon (994 hPa) brought heavy rainfall (approximately 200 mm over 
2 days) when it passed through the Yaeyama Islands on 19 June. Therefore, the locations of six sites 
were changed from the south to the north of Ishigaki Island (i.e., from SS1–4, 6, and 7 to SS31–36) for 
the final survey on 21 June to avoid the high waves on the south side of the island. These surveys 
were conducted during the day. Two surveys were conducted before the typhoon during the rising 
tide, and the last survey was conducted after the typhoon around the ebb tide. Seawater temperature, 
salinity, turbidity, and dissolved oxygen were measured from the surface to near bottom at all sites 
using four AAQ-RINKO water quality profilers (JFE-Advantech Co., Ltd., Tokyo, Japan). Seawater 

Figure 1. Map of the Yaeyama Islands study area. Black circles denote sites where both zooplankton
and seawater samples were collected, and white circles denote sites where only seawater samples
were collected.

2. Materials and Methods

2.1. General Background Information and A. Planci Outbreak in the Yaeyama Islands

A previous study on the A. planci spawning period on Ryukyu Island including Sekiseki Lagoon
showed that peak spawning starts when water temperature exceeds 28 ˝C [24]. According to data from
a temperature logger deployed near Ishigaki Island (Nadaoka, unpublished data), peak spawning in
the Yaeyama region presumably started in early June 2013 when water temperature exceeded 28 ˝C
just after the rainy season. The peak of the outbreak (>10 individuals counted within 15 min of diving)
was observed from 2006 to 2013; however, the main location of the outbreak changed continuously
during this period. The highest A. planci density during this outbreak (118 individuals encountered
per 15 min of diving) was recorded in 2011 in Yonara Channel [25]. Yonara Channel is one of the
largest reef channels in this lagoon, with a 500-m width, 3-km length, and maximum depth of 30 m.
In 2013, 7000 and 2800 A. planci adults were removed from Nagura Bay and north Sekisei Lagoon,
respectively. Although the number of A. planci adults decreased across the Yaeyama Islands in 2012
and 2013, control reports suggest that the outbreak continued longer in the northern Sekisei Lagoon
reefs (Ministry of the Environment, unpublished data).

2.2. A. Planci Larvae and Seawater Sampling

Thirty sampling sites (SS1–30) were established around Sekisei Lagoon (Figure 1), and three field
surveys using four boats were conducted on 17, 18, and 21 June 2013. The sea was calm for the first
two survey days, but a small typhoon (994 hPa) brought heavy rainfall (approximately 200 mm over
2 days) when it passed through the Yaeyama Islands on 19 June. Therefore, the locations of six sites
were changed from the south to the north of Ishigaki Island (i.e., from SS1–4, 6, and 7 to SS31–36) for
the final survey on 21 June to avoid the high waves on the south side of the island. These surveys
were conducted during the day. Two surveys were conducted before the typhoon during the rising
tide, and the last survey was conducted after the typhoon around the ebb tide. Seawater temperature,
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salinity, turbidity, and dissolved oxygen were measured from the surface to near bottom at all sites
using four AAQ-RINKO water quality profilers (JFE-Advantech Co., Ltd., Tokyo, Japan). Seawater
samples were collected at the surface using a bucket and 7 m below the surface using a NISKIN water
sampler (General Oceanics Inc., Miami, FL, USA).

Zooplankton were collected at 16 of the 30 water sampling sites, including A. planci larvae, using
a 45-cm diameter conical plankton net fitted with 60 or 63 µm mesh (Norpac net [26]). The Norpac
net was towed horizontally 7 m below the surface for 3 min at a speed of 1–2 knots. A flowmeter was
calibrated during three replicate tows on an open frame (i.e., without a net). In a previous survey, more
larvae were found at 7 m than at other depths, although there was a slight vertical distribution bias of
A. planci larvae [19]. The volume of water filtered by the net was measured with a flowmeter (Rigo Co.,
Ltd., Tokyo, Japan) mounted at the net mouth. Zooplankton samples were kept alive in 1-L bottles
in a cooler box on the boat and were transported to the laboratory, where they were filtered through
a 60-µm net and preserved in 100% ethanol. Seawater samples were preserved in 10-mL containers
for nutrient analyses and in 500-mL containers for Chl-a analysis and kept on ice in a cooler box for
laboratory analyses. No special permission was required to collect the water samples in Sekisei Lagoon
because no endangered or protected species, such as corals, fish, or other macrobenthos, were included
in our samples.

2.3. Identification of A. Planci Larvae

All zooplankton samples were divided into two 500-mL subsamples. Presumed sea star
larvae were sorted from half of the zooplankton sample under a microscope, and each larva was
placed in a different 1.5 mL microtube containing >95% ethanol. Larval stages were identified
in each sample under a microscope. Genomic DNA was extracted from each larval sample
using a DNA extraction kit (DNeasy Blood and Tissue Kit; Qiagen, Tokyo, Japan). Primers
(COTS-Contl-revs and COTS-Contl-fwd), which have been widely used for A. planci phylogeographic
analysis [27–30], were applied to amplifying target sequences via PCR. Because the isolated larvae
were occasionally difficult to amplify owing to the small amount of DNA, which degrades gradually
over time, additional shorter mitochondrial DNA fragments were amplified using the newly designed
primers (2aooniF: ATTTGGGGCCTGAGCAGGAATG, 2aooniR: GCCTCTTTCTACTCCGGCTGATG
to amplify the cytochrome oxidase subunit 1 region and APDloop460Fin2 Dloopin2-fwd:
YYYTTCTTAHTTYTYCGCTCCGC, and Dlooopin2-rvs: GCCAGGTCAGTTTCTATCTACGA to
amplify the control region) at an annealing temperature of 60 ˝C. All PCR-amplified fragments
were purified using ExoSap, and the sequences were determined directly using the PCR primers and
an ABi 3730 sequencer (Applied Biosystems, Foster City, CA, USA), followed by a manual check using
Bioedit ver7 [31] and a BLAST search.

The other half of the plankton sample was used as a crude, unsorted sample, which included other
organisms and detritus, from which genomic DNA was extracted using the hot-shot DNA extraction
method [32]. The detection level of A. planci larvae in these samples was estimated using the PCR
primers (COTS-Contl-revs and COTS-Contl-fwd). These primers can discriminate A. planci from a few
common coral reef sea stars, such as Protoreaster spp., Linckia spp., and Culcita spp. [19].

2.4. Estimating Nutrient and Chl-a Concentrations

Nitrate (NO3
´), nitrite (NO2

´), ammonia (NH4
+), phosphate (PO4

3´), and silicate (SiO2)
concentrations were determined colorimetrically using an autoanalyzer (QuAAtro-SFA analyzer;
SEAL Analytical Ltd., Burgess Hill, UK) for the surface and 7 m below the surface samples. Three
replicates of each sample were used. The accuracy of the estimates for all nutrients, except NH4

+, was
verified using reference materials obtained from KANSO Technos Japan [33].

Half of the 500-mL seawater samples collected for estimating the size-fractionated Chl-a
concentrations (<2 and >2 µm) were sieved through a 2-µm membrane filter (<2 µm fraction), and the
remaining 250-mL subsamples were not sieved to calculate the value of the large fraction (>2 µm). Both
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subsamples were filtered through a GF/F filter, immersed in N,N-dimethylformamide, and stored at
´20 ˝C until analysis [34]. Chl-a concentration was determined fluorometrically (Model-10AU; Turner
Designs, Fresno, CA, USA) according to the method described by Holm-Hansen et al. [35].

2.5. Statistical Analyses

A spatial autocorrelation analysis was performed for the A. planci larval distribution using GeoDa
1.4.6 (L. Anselin, Tempe, AZ, USA) for each sampling day (n = 3). First, we defined the two sites
that were geographically the shortest distance from the target site as neighboring sites and calculated
Global Molan’s I [36]. The result was simulated by 99,999 randomizations and tested to determine
if the distribution was spatially autocorrelated in all areas (significance level, 0.05). The shortest
distances between sites were calculated using ArcGIS 10.2 (Environmental Systems Research Institute,
Inc., Redlands, CA, USA) avoiding land area. Next, local Molan’s I [37] was calculated for each
site with 99,999 randomizations. This indicator is classified into four patterns if a site was spatially
autocorrelated (significance level, 0.05), as follows.

(1) High–High: + at target site, + at neighboring site (larval density was significantly higher at the
target and neighboring sites)

(2) High–Low: + at target site, ´ at neighboring site (larval density was significantly higher at the
target site than that at the neighboring site)

(3) Low–High: ´ at target site, + at neighboring site (larval density was significantly lower at the
target site than that at the neighboring site)

(4) Low–Low: ´ at target site, ´ at neighboring site (larval density was significantly lower at the
target and neighboring sites)

In addition, the chi-square test was conducted for larval distribution determined for each sampling
day to test the null hypothesis of a random distribution of A. planci larvae.

A bivariate spatial correlation analysis was performed to evaluate the relationship between
A. planci distribution and temperature, salinity, and Chl-a, NO3

´, NO2
´, NH4

+, PO4
3´, and

SiO2 concentrations.

3. Results

3.1. Larval Distribution

A total of 225 presumed sea star larvae were sorted from 17 sites throughout the three days of
surveying (Table S1). Forty-two A. planci larvae were detected at nine sites, for which samples were
sorted based on identifying the genetic sequence from a Blast search including very short sequence
fragments; of these, the highest density (53.3 individuals/m3) was recorded during the first survey in
water outside the Yonara Channel (17 June, SS17; Figures 2b and 3). A. planci larvae were detected
at three sites during the first survey, and larval densities at the other two sites (SS15 and 20) were
low (0.5 and 2.2 individuals/m3, respectively), suggesting that the larvae were concentrated in the
Yonara Channel (p < 0.01, chi-square test). The distribution pattern observed during the second survey
was similar; the highest density (17.1 individuals/m3) was found in the Yonara Channel (p < 0.01,
chi-square test), and a second population (2.6 individuals/m3) was detected in the eastern part of
Sekisei Lagoon, inside Nagura Bay, suggesting a concentration of larvae in the northern part of Yonara
Channel (SS13; Figure 2c). No dense clouds of larvae were found in the waters near the Yonara Channel
after the typhoon (p > 0.05, chi-square test); however, a small number of larvae (<1.0 individuals/m3)
were found at five sites, mainly in the northern part of Sekisei Lagoon (Figure 2d). Significant local
spatial autocorrelation was detected only at SS17 and its neighboring site, and the values were classified
in the High–Low and Low–High categories, respectively (p < 0.05).

The larval specimens collected were primarily late-stage brachiolaria (73.8% of total). This was
particularly true for the Yonara Channel samples (SS17), where 94.1% of the larval population was
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composed of brachiolaria. Small numbers of gastrula (14.3%) and bipinnaria (11.9%), which are initial
and mid-developmental stages, respectively, were detected in all samples.
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and (d) 21 June 2013 after a small typhoon. Numbers in parentheses indicate A. planci larval density 
(individuals/m3). Colors in the pie chart represent larval developmental stages; black = brachiolaria, 
grey = bipinnaria, and white = gastrula.  

The crude samples revealed the presence of A. planci DNA at three, three, and four sites from 
the three surveys, respectively (Table S1). However, no matches were found between sites where A. 
planci larvae were sorted by microscope and an A. planci-specific DNA sequence was detected by PCR 
(S1). Given the very low number of larvae detectable in a split sample (500 mL), it is reasonable to 
say that we could not detect A. planci larvae or DNA in either sample because only one of the samples 
actually contained a very small number of A. planci larvae. It is likely that the difference between the 
sorted and crude samples was either a result of false detection of A. planci DNA by PCR in the crude 
sample during screening and/or a false negative result caused by a failure to detect sea star larvae 
during the microscopic procedure. 

Other larvae that were isolated and identified are, with the exception of A. planci, listed in Table 
S2. Other common coral reef sea stars, such as Linckia larvigata, Linckia guildingi, Mithrodia clavigera, 
and Culcita novaeguineae, were identified. We found at least seven Mithrodia sp. and one Culcita 
novaeguineae larva together with the A. planci larvae. However, no other larvae could be identified 
because of either the low similarity in the BLAST search or the degraded DNA. 

Figure 2. Distribution of Acanthaster planci larvae in the study area during the three field surveys.
(a) Sampling sites; (b) distribution of identified A. planci larvae collected on 17 June 2013, (c) 18 June 2013,
and (d) 21 June 2013 after a small typhoon. Numbers in parentheses indicate A. planci larval density
(individuals/m3). Colors in the pie chart represent larval developmental stages; black = brachiolaria,
grey = bipinnaria, and white = gastrula.

The crude samples revealed the presence of A. planci DNA at three, three, and four sites from the
three surveys, respectively (Table S1). However, no matches were found between sites where A. planci
larvae were sorted by microscope and an A. planci-specific DNA sequence was detected by PCR (S1).
Given the very low number of larvae detectable in a split sample (500 mL), it is reasonable to say that
we could not detect A. planci larvae or DNA in either sample because only one of the samples actually
contained a very small number of A. planci larvae. It is likely that the difference between the sorted
and crude samples was either a result of false detection of A. planci DNA by PCR in the crude sample
during screening and/or a false negative result caused by a failure to detect sea star larvae during the
microscopic procedure.

Other larvae that were isolated and identified are, with the exception of A. planci, listed in Table S2.
Other common coral reef sea stars, such as Linckia larvigata, Linckia guildingi, Mithrodia clavigera, and
Culcita novaeguineae, were identified. We found at least seven Mithrodia sp. and one Culcita novaeguineae
larva together with the A. planci larvae. However, no other larvae could be identified because of either
the low similarity in the BLAST search or the degraded DNA.
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Figure 3. Field collected larvae with different developmental stages (a) gastrula, (b) bipinnaria and 
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Figure 3. Field collected larvae with different developmental stages (a) gastrula, (b) bipinnaria and
(c,d) brachiolaria larvae. Bars indicate 200 µm.

3.2. Distribution of Nutrient and Chl-a Concentrations

Mean seawater temperature and salinity at all sites were 29.6 ˝C and 34.0 psu for the first and
second surveys before the typhoon, which decreased to 28.8 ˝C and 33.5 psu, respectively, after the
typhoon (Figure S1a,b). The nutrients were distributed differently in the study area (Figure S1c–h).
NO3

´ and NO2
´ concentrations (Figure S1c–h) in samples taken from calm water (prior to the

typhoon) were low at all sites (mean ˘ standard deviation [SD]: 0.136 ˘ 0.164 and 0.012 ˘ 0.017 µM
for NO3

´ and NO2
´, respectively), except for sites near the shoreline of Ishigaki and Iriomote Islands,

and the northern reefs in Sekisei Lagoon, where concentrations were slightly higher (mean ˘ SD:
0.220 ˘ 0.144 and 0.019 ˘ 0.015 µM for NO3

´ and NO2
´, respectively). However, post-typhoon

concentrations of both nutrients in Sekisei Lagoon were almost twice as high as the pre-typhoon
concentrations (mean ˘ SD: 0.303 ˘ 0.214 and 0.022 ˘ 0.019 µm for NO3

´ and NO2
´, respectively).

PO4
3´ concentrations (Figure S2f) also increased at many sites from 0.04 µm before the typhoon to

>0.06 µm after the typhoon. Similarly, SiO2 concentrations increased within Sekisei Lagoon after
rainfall brought by the typhoon. However, NH4

+ concentrations decreased from 0.37 ˘ 0.80 µm before
the typhoon to 0.15 ˘ 0.09 µm after the typhoon. These nutrient distribution patterns were observed
in samples taken at the surface and at a depth of 7 m.

In contrast to the nutrients, the Chl-a (>2 µm) concentration in calm, pre-typhoon surface water
was relatively high (0.35 ˘ 0.30 µg/L), particularly along the south side of Ishigaki Island, but decreased
to 0.24 ˘ 0.08 µg/L after the typhoon (Figure 4). However, mean Chl-a concentration increased from
0.24 ˘ 0.11 to 0.29 ˘ 0.10 µg/L after the typhoon at a depth of 7 m. The Chl-a starvation limit for
A. planci larvae (0.25 µg/L; [7]) was exceeded at ~43% of all sites during the first and second surveys at
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a depth of 7 m and at ~57% of sites during the first survey at the surface. This limit was exceeded at
~69% of sites at 7 m and ~41% of the sites at the surface after the typhoon.

No spatial correlation was found between A. planci larval density and any of the nutrient or Chl-a
concentrations in our study area.
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4. Discussion

4.1. High-Density A. Planci Larval Population before the Typhoon

A high-density population of A. planci larvae occurred offshore near Yonara Channel, which
connects the inner and outer waters of Sekisei Lagoon, before the typhoon (calm water). In addition,
more than 90% of this population was in the late brachiolaria stage. Considering that it takes several
days to develop to this stage, this result demonstrates that A. planci larvae were floating for some time
and maintaining a high-density population, suggesting that relatively dense larval clouds could supply
high-density recruitment to reefs, except during a large disturbance, such as a typhoon. Although
we were unable to detect juveniles, local fishermen who eradicate A. planci around Sekisei Lagoon
found a large number of <1 cm juvenile A. planci around Yonara Channel during winter 2014, which
may have settled in 2013. It would be worth testing the hypothesis that a high-density A. planci larval
population can often be found around Yonara Channel in Sekisei Lagoon in a future study because
Yonara Channel is an important spawning aggregation area for other species, such as white-streaked
grouper [38]. In contrast, no relatively dense larval clouds were detected after the typhoon, and far
fewer larvae were found. A typhoon increases terrestrial runoff, which would likely increase nutrient
concentrations in the water column, but the inflow also mixes the water column, scattering any larvae
and possibly preventing mass recruitment. Based on the limited observations in this study, it seems
possible that the typhoon had negative effects on mass recruitment of A. planci larvae around Sekisei
Lagoon. The typhoon flushed the stagnant nutrient-rich water discharged from the highly populated
area south of Ishigaki Island, and an overall lower Chl-a concentration was observed after the typhoon
(Figure 3). Long-term monitoring of the A. planci population in some areas off the Okinawa mainland



Diversity 2016, 8, 9 9 of 13

where chronic high density populations are observed [39] suggests that population outbreaks are less
likely when a strong typhoon hits the reef [40]. Thus, the relative impact of terrestrial runoff associated
with a typhoon (or cyclones) as an explanation for the increased survival rate of A. planci larvae near
Okinawa may be smaller than reported by a previous study [14]. Our data indicate that the terrestrial
runoff associated with typhoons may not increase COT larval survival, as previously hypothesized.

4.2. A. Planci Larval Distribution and Density in Association with Food Availability

We found no spatial correlation between the larval distribution and nutrients or Chl-a
concentrations that were hypothesized to be major indicators of larval food supply based on our
limited three days of surveys. Besides, the quantity of phytoplankton available for A. planci larvae was
low at sites where relatively dense larval clouds were found.

A. planci larvae begin to feed in the bipinnaria stage, but a large quantity of food is required for
the rapid development observed in laboratory cultures. In the laboratory, larvae are fed unicellular
algae, such as Dunaliella primolecta and Phaeodactylum tricornutum, to complete metamorphosis to the
brachiolaria stage and then they eat less beginning in the late brachiolaria stage [41]. Although we
have no information on the wild food sources of A. planci larvae, it is highly likely that food availability
is more important during the bipinnaria stage than during the brachiolaria stage. Therefore, we
cannot exclude the nutrient hypothesis, even though no spatial correlation was detected between the
distribution of large-sized (>2 µm) brachiolaria larvae and Chl-a concentration in this study.

All of the sites in the entire Sekisei Lagoon area were food limiting for A. planci larvae, as modeled
in a laboratory study [8] (i.e., Chl-a concentrations did not exceed 2 µg/L). Chl-a concentrations
exceeded the starvation level (0.25 µg/L) at only 40% of all sites (maximum 68% of all sites at a depth
of 7-m after the typhoon), of which about 50% were near the south shore of highly populated Ishigaki
Island, suggesting a relatively large anthropogenic effect on the increase of Chl-a concentration in the
study area. We did find dense clouds of advanced stage brachiolaria larvae, suggesting that A. planci
bipinnaria and brachiolaria larvae had sufficient food to survive and developed at least until the late
brachiolaria stage in this area.

Chl-a concentrations were high in the calm, surface waters throughout Sekisei Lagoon but
increased at a depth of 7 m after the typhoon. This increase was likely caused by water mixing
during the typhoon, which moved phytoplankton concentrated near the surface to deeper water. Thus,
A. planci larvae may have been transported to deeper water or far away from the reef where they could
settle with their prey during the typhoon.

In addition to phytoplankton, relatively small quantities of dissolved organic matter (alanine and
leucine) [42] and particular hormones, such as thyroxine, may contribute to A. planci larval growth [43].
Furthermore, the developmental rate of asteroidean larvae, including that of A. planci, is largely
dependent on the quantity and quality of their phytoplankton prey [8,15,44]. Developing larvae are
exposed to a particular daily mortality risk. Consequently, if the planktonic period between hatching
and settlement to metamorphose into the adult stage is shortened by even a few days, considerably
larger numbers of larvae are likely to be recruited into later life stages [17,18] than if the larvae continue
to swim longer until they find a suitable place to settle.

Our results do not dismiss the nutrient hypothesis, but a recent study reported population
outbreaks of A. planci on an isolated and unpopulated reef atoll in the absence of high
nutrient concentrations [45], suggesting that nutrients are not always the cause of an A. planci
population outbreak.

4.3. Possible A. Planci Larval Dispersal inside and outside Sekisei Lagoon

Many adult A. planci were found in the northern reefs of Sekisei Lagoon, where coral cover is high.
The high acroporid coral cover around Yonara Channel and the northern reefs of Sekisei Lagoon [25]
may support large A. planci adult populations and allow them to produce a larger number of gametes
than low coral cover areas encountered elsewhere in the study area. However, similar to the long-range



Diversity 2016, 8, 9 10 of 13

larval transportation expected in the Great Barrier Reef [20,46] and the genetic homogeneity found
in the region [47–49], it is also possible that large numbers of larvae were transported from remote
regions to areas near Yonara Channel through long-range larval dispersal. No significant population
gene flow differences have been reported in the Kuroshio region (from the Philippines to south of
the Japanese mainland), including Sekisei Lagoon, based on seven highly polymorphic microsatellite
loci [49]. Therefore, the source of the larvae, particularly the late brachiolaria stage larvae found in this
study, may not necessarily be Sekisei Lagoon.

4.4. Screening Method Used in This Study

PCR amplification of the crude samples failed to detect A. planci larvae in seawater. Sequences
from other organisms and/or any parts of A. planci adults called “environmental DNA,” which are
similar to A. planci target sequences, may have been amplified, thus yielding the observed false positive
results for the presence of A. planci larvae in the crude samples. The failure of the PCR method may
also be associated with several inhibitors, low concentrations of target DNA in the crude samples,
and/or low species specificity of the primers. More sophisticated primers have become available [20],
but DNA degradation prevented us from reanalyzing our samples. It is expected that a method to
quantitatively detect A. planci larvae in the crude samples will be established in the future.

4.5. Future Perspectives; Prediction of Population Outbreaks

It is necessary to understand the dynamics of larval populations to predict or prevent A. planci
outbreaks. Although primary outbreaks can be predicted based on the significant relationship between
sea star populations and the North Pacific Transition Zone Chlorophyll Front in the North central
Pacific Islands [50], predicting secondary outbreaks remains difficult. Our results show high densities
of A. planci brachiolaria larvae within the outer reef channels over at least two days. These relatively
high-density larval clouds, which are expected to be recruited en masse to the adult stage, are a
potential trigger for the next outbreak (i.e., a recruitment hotspot). Such mass settlements of A. planci
larvae are more likely to occur in deep coral rubble than in shallow water [51,52]. Post-settlement
mortality of one-month-old larvae has been estimated to be 6.49% of the population per day, resulting
mainly from predation by epibenthic animals, such as shrimp and polychaetes [11,17]. However,
simultaneous extremely high density mass recruitment could overcome such predation pressure.
The enhanced growth of juvenile A. planci experimentally fed Acropora and Pocillopora, compared with
those fed Porites and Turbinaria [11], suggests that A. planci larval aggregations in our study area may
be associated with the availability of high acroporid coral cover, which may also increase the survival
rate of juvenile A. planci. Therefore, sites with high acroporid coral cover near reef channels should be
investigated as an origin for potential adult outbreaks. More research on the potential of A. planci to
swim vertically and selective settlement of A. planci larvae, as well as improvements in the methods
to estimate larval density, are important for improving our understanding of the mechanisms that
underpin A. planci outbreaks and consequently destroy coral reefs.

Supplementary Materials: The following are available online at www.mdpi.com/1424-2818/8/2/9/s1, Figure S1:
Distributions of temperature (a); salinity (b); nutrient concentrations (c–g); NH4

+, NO2
´, NO3

´, PO4
3´, and

SiO2); (h) dissolved oxygen (DO); and (i) turbidity at the surface and at a depth of 7 m in Sekisei Lagoon during
3 days of sampling, Table S1: Number of larvae isolated under a microscope (n = 225) and larvae identified
using polymerase chain reaction (PCR) and sequencing analyses (n = 42 in total), Table S2: The most closely
related species obtained from larval DNA other than Acanthaster planci based on a BLAST search using the partial
cytochrome oxidase subunit 1 (CO1) sequence. GS: gastrula, BP: bipinnaria, BR, brachiolaria. These stages were
identified using echinoderm universal CO1 primers following the protocol of Arndt et al. (1996) [1].
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