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Abstract: Background: Removal programs are effective strategies for short-term management of
Crown-of-Thorns Starfish (Acanthaster spp.) populations, especially on a small scale. However,
management programs are costly, and, in order to be effective, they must be based on local Acanthaster
spp. population dynamics. We have developed simple models to predict the annual number of
removable A. cf. solaris along the Onna coast of western central Okinawa Island, where chronic
outbreaks have continued for several decades. Methods: The Onna coastal area was divided into five
sectors, and annual abundance of small A. cf. solaris individuals was used to predict the total number
of removable individuals of a cohort in each sector. Three models were developed, based on size class
data collected by the Onna Village Fisheries Cooperative (OVFC) for 2003-2015, according to possible
patterns of recruitment and adult occurrence. Using the best-fit models selected for each of the five
sectors, the number of individuals that potentially escaped removal was calculated. Results: Best-fit
models were likely to differ among the five sectors instead of small differences in the coefficients of
determination. The models predict differences in the number of residual starfish among sectors; the
northernmost sector was predicted to have a high number of residuals and the potential density of
A. cf. solaris in the sector exceeded the outbreak criterion. Conclusions: These results suggest how to
allocate resources to reduce the population of A. cf. solaris along the Onna coast in 2016. The OVEC
implemented a control program for A. cf. solaris based on three model predictions.
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1. Introduction

Outbreaks of the Crown-of-Thorns Starfish, Acanthaster spp., have been one of the major threats
to coral communities in the Indo-Pacific region for more than a half-century [1]. A recent report
showed that the Great Barrier Reef (GBR) has suffered heavy predation by A. cf. solaris for at least
27 years, resulting in a 42% loss of coral cover [2]. In a simulation, a 0.89% yr_1 increase of coral
cover was predicted in the absence of A. cf. solaris, despite the impacts of other disturbances to
corals in the GBR [2]. This study highlighted the catastrophic influence of Acanthaster predation on
coral communities. Similar to the GBR, other areas in the Indo-Pacific region have been damaged by
unusually high densities of Acanthaster spp.: Countries within the Coral Triangle [3-5]: the Ryukyu
Islands [6,7], Philippines [8], French Polynesia [9,10], and islands in the Indian Ocean [11].

Understanding causal factors of outbreaks of Acanthaster spp. is the principal weapon in the
fight to prevent future coral loss. Decades of studies have determined that the major factor could be
larval supply, which fluctuates drastically with phytoplankton availability [12]. However, neither of
the factors controlling juvenile survival, nor other factors influencing outbreaks of Acanthaster spp., are
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fully understood [1]. Alternatively, direct control activities for removing adult Acanthaster spp. are
commonly implemented in many localities in order to protect coral communities. Hand-collection
and/or injection of lethal chemicals are the major methods of locally controlling Acanthaster spp.
locally [7,13,14]. These control methods are usually ineffective if conducted as one-shot management
attempts, because outbreaks of Acanthaster spp. normally occur for at least several years [6]. Therefore,
continuing control activities of Acanthaster spp. could be proactive measures against future crises.
However, removal programs are costly; thus, it is important to predict population dynamics of
Acanthaster spp. to wisely allocate budget in order to develop management plans. If the programs are
conducted without such plan, a budget might run out before resulting in a significant impact on the
number of Acanthaster spp. That science-based budgeting is necessary to effectively control populations
of Acanthaster spp. In Japan, local government budgets are based on a single-fiscal-year system, and
are allocated according to the previous year’s request. Because of this system, management programs
were halted when the budget ran out, despite a population explosion of Acanthaster spp. [6]. Therefore,
control methods must be strategically planned, with adequate budgets, based on accurate models of
demographics of Acanthaster spp.

Quantification of densities and distributions of juvenile Acanthaster spp. are considered to be
effective at predicting outbreaks [15,16]. Monitoring juvenile population dynamics could help to predict
outbreaks ~2 years ahead because Acanthaster spp. reaches adulthood (~20 cm) in two years ([17,18],
Okaji unpublished data). Such field observations might contribute to effective management programs
and might enable adequate budgeting by local governments [15,16].

A long-term A. cf. solaris removal program has been conducted for more than 30 years along the
west coast of Okinawa Island, Japan, by the Onna Village Fisheries Cooperative (OVFC, [7]). OVFC
has been removing A. cf. solaris individuals along the Onna coast by hand-collection [7]. Removal data
revealed that A. cf. solaris is widely occurring in the coral reef ecosystem of the Onna coast, suggesting
that A. cf. solaris is likely to maintain chronically high densities in the area [7]. Moreover, in 2003,
A. cf. solaris were sorted into 5-cm size classes. Size class data suggested that multiple, successive
recruitment events could potentially drive high A. cf. solaris population densities along the Onna
coast [7]. As such, OVFC’s removal data helps in understanding local A. cf. solaris population dynamics.

In this study, applying the idea of juvenile monitoring, we developed models to predict the
number of removable A. cf. solaris individuals, which can be removed during the removal programs of
OVEFC, along the Onna coast using the OVFC data.

2. Materials and Methods

Size-class data of removed A. cf. solaris were collected beginning in 2003 at Maeda, Maeganaku,
Minami Onna, Seragaki, and Afuso on the coast of Onna Village (Figure 1) by the OVFC. A. cf. solaris
were manually removed by snorkeling and using tongs and other devices. The areas of removal were
at 1-5 m depth during the daytime with 1-2 h surveys of both mornings and afternoons on selected
days. The size of removed A. cf. solaris was determined with a diameter from the tip of one arm to the
tip of the opposite arm. A. cf. solaris were divided into nine 5-cm size classes from 0-<5 cm to >40 cm,
and individuals >40 cm were excluded from the analysis because any individuals of this size were
found for 2003-2015.

We developed a model to predict the number of removable A. cf. solaris in the five sectors along
the Onna coast using the size-class data of removed A. cf. solaris of the OVFC. In our model, the
number of small individuals (<15 cm), estimated to be about one-year-old, was considered as the
explanatory variable and used to predict the total number of removable individuals of that cohort.
The growth rate of Acanthaster spp. in laboratory and field observations indicate that Acanthaster spp.
reaches 3-15 cm in the first year, 18-25 cm in the second year, and 25-40 cm in the third year ([17,18],
Okaji unpublished data). To choose an appropriate explanatory variable for the model, we considered
three size classes of explanatory variables: <5 cm, <10 cm, and <15 cm. However, only individuals of
<10 cm and <15 cm were chosen as a potential explanatory variable because the number of removed
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individuals <5 cm in diameter was low until 2010 (~10 individuals per year collected along the Onna
coast). In the analyses, we used complete cohort data, which comprised individuals of the 1st year
(<15 cm), 2nd year (15-< 25 cm), and of the 3rd year (25-< 40 cm). For example, when building up a
complete cohort, size-class data were rearranged because size-class data for 2003, for example, consists
of the 1st year individuals born in 2002, the 2nd year individuals born in 2001, and 3rd year individuals
born in 2000, but a complete cohort of 2003 consists of removed individuals of <15 cm in 2004, of
15-< 25 cm in 2005, and of 25-< 40 cm in 2006. Therefore, we acquired complete cohort data from 2002
to 2012, which were used for the analyses.
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Figure 1. Study site maps: (a) Okinawa Island, Japan; (b) Onna Village on Okinawa Island; (c) five
sectors, which are distinguished with channels, along the Onna coast.

We first constructed linear models to predict cohorts of A. cf. solaris as a function of the number of
individuals of the 1st year (i.e., the size class <10 cm or <15 cm, selected as a potential explanatory
variable, as above) at each sector along the Onna coast, as follows: Cohort = First year individuals +
First year individuals x Sector. This model analyzed the relationship between the numbers of first-year
A. cf. solaris removed (as First year individuals) and total numbers of removable individuals of the
same cohort (as Cohort), and how the relationships differed among the five sectors (as First year
individuals x Sector). The Akaike information criterion (AIC) was used to estimate an optimum
explanatory variable for the model; the size class <10 cm or <15 cm. With the optimum variable, we
examined the best-fit model for each of the five sectors along the Onna coast.

In selecting the best-fit model, we assumed three different cases for COTS population dynamics
along the Onna coast with simple mathematical models; (1) linear, (2) logarithmic, and (3) exponential
ones. These accord to Acanthaster juvenile and adult behavior. Acanthaster juveniles are negatively
phototaxic, hiding in the shaded areas, e.g., crevices and holes of reefs, and are thus nocturnally
active [19]. The negative phototaxis and nocturnality lessen with growth and the increase in density [19].
In addition, Acanthaster spp. move to shallow areas for the spawning [20]. According to these behavioral
characteristics of Acanthaster spp., Case 1: The linear model indicates that larvae consistently settled,
developed, and were eventually removed in areas where OVFC conducted A. cf. solaris removal.
Case 2: The logarithmic model indicates that the areas of settlement have a number of places for hiding
for A. cf. solaris. In this context, “places for hiding” contains two meanings; large area with many
hiding places for juveniles, and large area where fishermen could not patrol the whole area due to
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limited time and manpower, thus, A. cf. solaris could escape from removal. This model could show a
maximum number of removable individuals with limited time and manpower. Case 3: The exponential
model indicates that areas of settlement have relatively less places to hide from fishermen, that is,
relatively narrow areas, where fishermen could cover all areas when patrolling. Therefore, A. cf. solaris
appear easily in shallower areas while growing, and then, eventually, be removed. Therefore, we
selected the best-fit model for each of the five sectors. We first estimated and tested coefficients for
the three models. The estimated total removable individuals of a cohort were then calculated using
the estimated coefficients for each of the three models. Residuals were tested for normality with the
Shapiro-Wilk test. Then we selected the models showing the largest coefficients of determination
among the fitted models (best-fit) for each of the five sectors, provided that the residuals indicated
data normality. For the best-fit models, 95% confidence intervals were also calculated. With the best-fit
models, we predicted the total numbers of removable and non-removable individuals (difference
between the predicted total removable individuals and the already-removed individuals of the 1st
and/or the 2nd year), for the cohorts 2013 and 2014.

3. Results and Discussion

Size-frequency distributions of removed A. cf. solaris demonstrated abundance maxima for all
five sectors along the Onna coast over 13 years. The abundant size classes were consistently from
<15 cm to <25 cm for all sectors (Figure 2), indicating successive recruitments in the five sectors along
the Onna coast over many years [7,21]. Size class abundance data also demonstrate the importance of
larval recruitment in maintaining the A. cf. solaris population along the Onna coast.
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Figure 2. Size-frequency distributions of Acanthaster cf. solaris for five sectors along the Onna Coast,
Okinawa, Japan, over 13 years. (a-m), Maeda; (n-z), Maeganeku; (A-M), Minami Onna; (N-Z),
Seragaki; (1-13), Afuso.
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Annual fluctuation in removed A. cf. solaris demonstrated a south-to-north change of sectors
of more abundant A. cf. solaris along the coast (Figure 2). Maeda (Figure 2a—m) and Maeganeku
(Figure 2n-z), the two most southern sectors, showed relatively high removal numbers in 2003 and a
gradual decrease until 2010, following this, there was another increase in 2011. Minami Onna showed
an abrupt decline from 2003 to 2004 and then a gradual increase to 2012 (Figure 2A-M). The numbers
of removed starfish at Seragaki (Figure 2N-Z) and Afuso (Figure 21-13) were relatively low until 2008,
followed by an increase from 2009. This pattern could be related to northeastward onshore currents
that prevail along the Onna coast during the A. cf. solaris larval dispersal period [22].

Removal data suggested the importance of juveniles for A. cf. solaris population maintenance
along the Onna coast. Based on the linear model, numbers of both <10 cm and <15 cm individuals
accurately predicted the total number of removable individuals belonging to a given cohort (Tables 1
and 2). However, the model, using only starfish <15 cm as an explanatory variable, was a better
model according to AIC (Tables 1 and 2). Using <15 cm individuals as an explanatory variable, best-fit
models were likely to differ among sectors, instead of having small differences in the coefficients of
determination (Tables 3 and 4, Figure 3 and Figure S1). The relationship between the number of first
year starfish and the total removable individuals belonging to a cohort in Afuso was optimally fitted
to the logarithmic model. At Seragaki, Maeganeku, and Maeda, the linear model provided the best fit.
Minami Onna was likely to be described by the exponential model. Small differences in the coefficients
of determination suggested a necessity for continuation of removal programs in order to accumulate
more data. Moreover, the present study demonstrated that we could predict the number of removable
individuals of A. cf. solaris in a certain area using a simple and low-cost calculation using long-term
removal size-class data.

Table 1. Parameter estimates of the predictive model for the total number of removable individuals
in the same cohort (first to third year individuals) as a function of the number of <10 cm individuals
designated as first-year Acanthaster cf. solaris removed at each sector along the Onna Coast, Japan.
AF = Afuso, MO = Minami Onna, MG = Maeganeku, MD = Maeda. p-value: significance level based

on t-value.
Estimate Std. Error t-value p-value

Intercept 1035 208.5 4.961 8.83 x 107°
1st year class (<10 cm) 6.355 1.486 4277 8.74 x 107°
1st year class (<10 cm)_AF 14.81 2.321 6.384 598 x 1078

1st year class (<10 cm)_MO —3.278 2.810 —1.167 0.249

1st year class (<10 cm)_MG —2.946 2.454 —1.201 0.236

1st year class (<10 cm)_MD —2.421 2974 —0.814 0.420

AIC 948.1

Table 2. Parameter estimates of the predictive model for the total number of removable individuals
in the same cohort (first to third year individuals) as a function of the number of <15 cm individuals
designated as first-year Acanthaster cf. solaris removed at each sector along the Onna Coast, Japan.
AF = Afuso, MO = Minami Onna, MG = Maeganeku, MD = Maeda. p-value: significance level based

on t-value.
Estimate Std. Error t-value p-value

Intercept 637.4 161.6 3.943 25.5 x 1075
1st year class (<15 cm) 1.680 0.243 6.927 8.61 x 1077
1st year class (<15 cm)_AF 2.552 0.325 7.841 3.35 x 10710

1st year class (<15 cm)_MO —0.475 0.493 —0.964 0.340

1st year class (<15 cm)_MG 0.267 0.475 0.562 0.577

1st year class (<15 cm)_MD 0.367 0.533 0.688 0.495

AlIC 905.8




Diversity 2016, 8, 24 60f9

Table 3. Coefficient of determination for three models for the five sectors along the Onna coast, Japan.
The largest values are in bold. n.a. indicates the model that did not ensure normality.

Models
Sector
Linear Logarithmic Exponential

Afuso n.a. 0.808 0.791
Seragaki 0.753 0.716 0.549
Minami Onna 0.720 0.687 0.723
Maeganeku 0.779 0.739 0.567
Maeda 0.911 0.897 0.783

Table 4. Best model for all sectors along the Onna coast for predicting total removable cohort (Y)
membership based upon the number of individuals <15 cm (X).

Sector Best Model
Afuso Y =2218 log (X) — 8484
Seragaki Y =1.615X+758.4
Minami Onna Y =422.2 x 1.001*
Maeganeku Y =1.955 X + 631.2
Maeda Y =2.277 X +470.0
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Figure 3. Best-fit model with 95% confidence intervals for the relationship between the numbers of
removed individuals <15 cm and the total number of removed individuals in the same cohort of
Acanthaster cf. solaris for five sectors along the Onna coast, Okinawa, Japan. (a) Afuso; (b) Seragaki;
() Minami Onna; (d) Maeganeku; (e) Maeda.
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Using these models, the total predicted removable individuals (Figure S2) and the predicted
removable individuals that escaped removal were calculated for the cohorts 2013 and 2014 (Table 5).
There were potentially uncaptured individuals in the 2013 cohort in Afuso and Maeda after two years
of removal and in the 2014 cohort in all sectors after one year of removal. This implies that two years
of concerted eradication efforts might not be sufficient to eradicate A. cf. solaris in Afuso and Maeda.
According to the predictive models, control programs should allocate more effort in Maeda and
especially in Afuso, which might have relatively larger hiding places for A. cf. solaris from the OVFC
members than the other sectors. Indeed, the model predicted that as many as 6350 individuals from
the 2014 cohort could remain in Afuso (Table 5). Additionally, the area of removal in Afuso is about
238.8 ha, which suggests there could be 26.5 A. cf. solaris ha~! in Afuso, exceeding the outbreak
criterion of 15 individuals ha—! [23].

Table 5. The number of individuals that escaped removal, predicted from the best-fit models for the
cohorts 2013 and 2014 for five sectors along the Onna coast, Okinawa, Japan.

Number of Individuals that Escaped Removal

Sector
Cohort 2013 Cohort 2014
Afuso 577 6350
Seragaki 0 1315
Minami Onna 0 357
Maeganeku 0 1057
Maeda 508 644

The OVEC’s efforts enable the prediction of the number of uncaptured A. cf. solaris at each of
the five sectors along the Onna coast using predictive models. Therefore, the OVFC can plan how to
allocate removal efforts along the coast in order to further reduce the number of starfish in January
2016. The OVFC implemented a control program based on these models since January 2016 with the
main objective being to remove remaining adults before the July spawning season [24]. Such effort
could reduce successful fertilization in subsequent seasons and potentially control the number of
A. cf. solaris [14].

4. Conclusions

Predictive models based on long-term removal data could contribute to planning a strategic
management program for A. cf. solaris along the Onna coast. Our data suggest that simple models can
be applied to local control efforts. Five-centimeter size class data could be useful for selecting the best
predictive model. These models are useful as a rough standard for A. cf. solaris management programs,
and should facilitate budgetary planning for A. cf. solaris control.

Supplementary Materials: The following are available online at www.mdpi.com/1424-2818/8/4/24/s1,
Figure S1: Relationship between the numbers of individuals <15 cm and of total individuals in the same cohort of
Acanthaster cf. solaris for five sectors along the Onna coast, Okinawa, Japan, with three different models. Black line,
linear model; blue line, logarithmic model; red line, exponential model, Figure S2: Total removable individuals of
cohort 2013 (Red) and 2014 (Blue) predicted from the best-fit models for the relationship between the numbers of
individuals of <15 cm and total individuals in the same cohort of Acanthaster cf. solaris for five sectors along the
Onna coast, Okinawa, Japan with observed values (Grey).
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