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Abstract

Coral-eating crown-of-thorns seastars (Col'S, Acanthaster spp.) are major contributors to the coral reef crises across the
Indo-Pacific region. Until recently, CoTS throughout the Indo-Pacific were regarded to be a single species, Acanthaster
planci. However, genetic and morphological analyses demonstrated that there are at least four distinct species: Acanthaster
benziei in the Red Sea, Acanthaster mauritiensis and A. planci in the Indian Ocean, and Acanthaster cf. solaris in the west-
ern Pacific. Acanthaster cf. ellisii in the eastern Pacific needs more taxonomic attention. Here, we review the biological
knowledge for each species adapting a pragmatic geographical species definition and using a systematic literature review
complemented with more focused searches for individual species. The vast majority of CoTS research (88%) was conducted
on A. cf. solaris, with much of this research undertaken on the Great Barrier Reef or in Japan. Many studies of A. cf. solaris
are focused on monitoring or documenting incidences of outbreaks, though there is a solid base of knowledge on larval,
juvenile and adult ecology derived from field and laboratory experiments. By contrast, most of the published studies on the
four remaining species simply document cases of population outbreaks. The major taxonomic bias in CoTS research con-
stitutes a significant limitation for understanding and managing these species for two reasons. First, even for A. cf. solaris,
which is the most studied species, limited fundamental knowledge of their biology and ecology constrains understanding of
the drivers of outbreaks and hinders corresponding management actions for prevention and control of these events. Second,
understanding and management of other species are predicated on the assumption that all CoT'S species have similar biology
and behaviour, an unsatisfying assumption for ecosystem management.

Keywords Coral reef crisis - Echinoderm - Population outbreaks - Reef management

Introduction

Acanthaster spp., referred to as Crown-of-Thorns Seastars
(CoTS) inhabit coral reefs throughout the Indo-Pacific and
are among the most notorious corallivorous invertebrates
(Glynn and Enochs 2010). CoTS usually occur in low
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numbers (< 0.001 ind. 100 m~2) (Pratchett et al. 2017a), but
periodically exhibit major population outbreaks (Uthicke
et al. 2009; Pratchett and Cumming 2019), which have
attracted attention since the 1960s. On many reefs through-
out the Indo-Pacific, population outbreaks of CoT'S represent
one of the major causes of coral mortality and reef degrada-
tion (Pratchett et al. 2014; Castro-Sanguino et al. 2021). New
or reoccurring CoT'S outbreaks have recently been reported
from the Maldives, French Polynesia, and Baja California
(Kayal et al. 2012; Baird et al. 2013; Nakamura et al. 2014;
Roche et al. 2015; Saponari et al. 2015; Yasuda 2018). On
Australia’s Great Barrier Reef, it has recently become appar-
ent that CoT'S densities are increasing in the northern sector,
likely representing the initiation of the 5th outbreak event
since the 1960s (Uthicke et al. 2022).

Acanthaster spp. (NB: for the purpose of this review we
omit A. brevispinus, generally a non-coral eating [but see
Keesing et al. (2023) and Yuasa et al. (2017)] sister species
to the CoT'S species complex) occur throughout the tropical
Indo-Pacific and were formerly regarded as a single, widely
distributed species (A. planci). DNA barcoding in the 2000s,
however, suggested that there are at least four species with
generally non-overlapping distributions (Vogler et al. 2008,
2012, 2013). It has since been realised that there are at least
five species (Haszprunar and Spies 2014; Haszprunar et al.
2017) and that Acanthaster planci (Linnaeus, 1758) (which
was originally named based on specimen(s) collected in
Goa, India) is restricted to the Northern Indian Ocean. In
the same publications, it was also realised that the (mainly)
Southern Indian Ocean species is correctly referred to as
Acanthaster mauritiensis (Loriol 1895), whereas the spe-
cies in the Red Sea was recently named Acanthaster ben-
ziei (Worheide et al. 2022). Thus, all Indian-Ocean and
Red Sea species now have accepted species names. Most
of the Western Pacific Ocean and the coral triangle appear
to be inhabited by a single species, Acanthaster cf. sola-
ris (Vogler et al. 2008, 2013), thus covering a large range
and occurring on both hemispheres. Although some debate
exists regarding the correct species name of the latter due
to the absence of holotypes, Haszprunar and Spies (2014)
and Haszprunar et al. (2017) suggested A. solaris (Schreber,
1795) for that species, and many publications currently use
the name A. cf. solaris. An exception to the homogeneity
in the Pacific Ocean appears in the East Pacific (e.g., Gulf
of California, Panama, Costa Rica), and Haszprunar et al.
(2017) suggested Acanthaster ellisii (Gray, 1850) as the
correct name for that species, but acknowledged that clari-
fication is required. Although A. ellisii is a valid species,
it cannot easily be distinguished by COI barcoding from
A. cf. solaris, although genetic substructure was detected
in mtDNA control region sequence analyses (Vogler et al.
2008, 2013). A recent genomic study (Yuasa et al. 2021) also
suggested that additional undescribed species in the Pacific
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are likely because Hawaiian CoT'S clustered into a clade dif-
ferent from many other A. cf. solaris. For the purpose of this
review, CoT'S in Hawai’i are considered to be part of the A.
cf. solaris complex.

The cause(s) or driver(s) of CoT'S population outbreaks
are still unresolved (e.g., Pratchett et al. 2014; Babcock et al.
20164, b) and may vary among species and regions. It was
proposed that outbreaks can be natural or anthropogenic
driven and alter in frequency (summarised in (Pratchett et al.
2014). One of the main hypotheses debated is that overfish-
ing of adult CoTS predators such as Triton snails (Endean
1969) or fish (McCallum 1987) promotes outbreaks. Con-
versely, the “nutrient limitation hypothesis” poses that
increased runoff from agriculture promotes phytoplankton
growth which leads to faster growth and higher survivorship
of the planktotrophic CoTS larvae (Birkeland 1982; Brodie
et al. 2005; Fabricius et al. 2010). Understanding the causes
and drivers of outbreaks in a regional context is vital for
informed management. For instance, an imbalance in preda-
tor abundance can be addressed through fisheries manage-
ment or areas closed to fishing (Marine Protected Areas),
whereas nutrient runoff needs to be managed terrestrially
through improved land-management practices (Babcock
et al. 2020).

As outlined above, ecological knowledge of the respec-
tive species is essential for understanding outbreak dynamics
and deciding on appropriate management actions. Although
several recent summaries and reviews on CoTl'S ecology exist
(Pratchett et al. 2014, 2017a, 2021a), these mostly focus on
research conducted within the West Pacific and are there-
fore mostly relevant for only Acanthaster cf. solaris. Here,
we aim to (1) review research efforts on the five individual
CoTS species and (2) summarise current knowledge and
identify knowledge gaps for each individual species.

Materials and methods
Working definition of species based on geography

To compare research and knowledge among distinct spe-
cies of Acanthaster spp., we utilise currently recognised
geographical distributions of the five nominal species
(Haszprunar and Spies 2014; Haszprunar et al. 2017,
Fig. 1). We refer to the Red Sea species as A. benziei and
the two Indian Ocean species as A. planci and A. mauri-
tiensis. We use A. cf. solaris for the widely distributed
western and central Pacific species following Haszpru-
nar et al. (2017), which suggests that the most appro-
priate type species is likely Acanthaster solaris (Schre-
ber, 1795). To acknowledge the fact that Acanthaster
ellisii needs more taxonomic and molecular work to be
confirmed as a separate species (see Haszprunar et al.
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Acanthaster spp. species distribution
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Fig.1 Map of over 5000 observations of Acanthaster species
retrieved from the Ocean Biodiversity Information System (OBIS)
databases. The majority of reports (99.8%) were recorded as Acan-
thaster planci. Colouring denotes species under our current working
definition based on geography (Haszprunar and Spies 2014; Haszpru-
nar et al. 2017). Zones of sympatry exist between A. planci and A.
mauritiensis in Oman (white dots) and A. planci and A. cf. solaris

2017), we refer here for the Eastern Pacific species to A.
cf. ellisii. This allowed us to classify most publications
with high confidence based on their geographic location.
Uncertainty exists in some areas of Indonesia, Malaysia,
and Thailand (see details in Fig. 1), because in that region
A. planci and A. cf. solaris occur sympatrically. Similarly,
in Oman and the United Arab Emirates (UAE), A. planci
and A. mauritiensis co-exist (Vogler et al. 2008, 2012;
Haszprunar et al. 2017). To ensure we were considering
individual species, we omitted reports from these areas
(N=3) from downstream analyses.

To illustrate the species distributions and names as
applied here, we downloaded all observations for Acan-
thaster from the Ocean Biodiversity Information System
(OBIS, https://obis.org) and allocated species names by
geography as outlined above (Fig. 1, download and our
annotation of the species in Supplementary Table 1). This
database contained 5031 observations, most of which
(with the exception of 12 observations only labelled to
Genus name) were entered as A. planci. Observations
in some countries (e.g., Vietnam, China) are sparse or
absent, despite that several research papers from that area
exist. Specimens from the latter countries are also classi-
fied as A. cf. solaris for the purpose of this review.

in West Indonesia (grey dots). Reports from those regions were not
considered for this review. We manually added one location of A. cf.
solaris in Vietnam based on Yasuda et al. (2022), and three locations
in the South China Sea and Taiwan based on Kimura et al. (2022).
Similarly, based on our review of A. cf. ellisii several locations were
manually added for that species. The OBIS download and species
designations as applied here are included in Supplementary Table 1

General literature review

To document research efforts on the different Acanthaster
species over the last 35 years (the period comprising detailed
information available on the Web of Science Core Collection),
we conducted a Web of Science Topic Search (TI=Acan-
thaster, date range = 1987 to January 2023, Web of Science
Core Collection). We screened each of the resulting publica-
tions and scored whether these were relevant to research on
Acanthaster. For the relevant studies, we identified the study
region or location of the source material and assigned spe-
cies according to our geographic definition. We omitted three
studies conducted in the geographic areas of uncertainty high-
lighted above. In addition, we grouped each of the relevant
studies into one of three research topics (a) species ecology,
biology; (b) populations and outbreaks; (c) management, gen-
eral and 17 traits or subtopics studied (see Table 1, details on
how each study was classified in Supplementary Table 2).
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Table 1 The number of
publications and research topics

in the web of science review

Topic Traits/subtopics studied N
Species ecology, biology Adult ecology, physiology behaviour 58
Larval ecology, physiology behaviour 29
Reproduction and recruitment 27
Juvenile ecology, physiology, behaviour 19
Predation 17
Genetics® 37
Taxonomy 3
Fossil record, taphonomy 8
Disease, microbiology 7
Populations and outbreaks
Ecological effects of outbreaks 57
Modelling populations, effects, connectivity 37
Outbreak reports and dynamics 32
Management, general Monitoring techniques 16
Outbreak causes 19
Outbreak management 18
Reviews, comments 25
Others Chemistry, toxicity, medical applications® 66

4Several publications on genetics cover population genetics and connectivity, and thus are also relevant for
the category “Modelling populations, effects and connectivity”

"Not further considered in this review

Results
General literature review

We reviewed a total of 784 publications, 309 of which were
excluded because while they made reference to Acanthaster,
they were not relevant to discerning the biology or behaviour
of one or more distinct species of CoTS. Thus, 475 publica-
tions were included in the final general literature review.
Since 2017, an increasing number of publications
acknowledged the existence of multiple CoTS species and
utilise species names relevant to the specific geographic
location of the respective research. Most of the CoTS
research (Fig. 2), however, was conducted in the Indo-West-
Pacific, the most appropriate name for the Western Pacific
CoTS is likely Acanthaster solaris (Schreber, 1795), for
which the type locality is likely the Philippines (Haszprunar
and Spies 2014; Haszprunar et al. 2017), but given persistent
uncertainty, it is largely referred to A. cf. solaris. While there
have been 416 publications on A. cf. solaris since 1987,
there have been less than 20 publications for all other spe-
cies, with no publication in our literature search focussing
solely on A. mauritiensis. Nevertheless, the species A. mau-
ritiensis was mentioned in several review papers, publica-
tions discussing CoT'S species complex, and some molecular
genetic studies (see the section on A. mauritiensis below).
By far, most publications (255) were conducted on
Australia’s Great Barrier Reef (GBR), followed by studies
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conducted in Japan (mainly Okinawa: 49). Fourteen rela-
tively recent publications focus on CoT'S in China, whereas
French Polynesia (15), New Caledonia (7), and Taiwan (6),
are other centres of CoT'S research. The majority of publi-
cations focused on chemistry, toxicity and medical appli-
cations, adult ecology, physiology, behaviour, and the eco-
logical effects of CoT'S outbreaks in coral reef ecosystems
(Table 1). Because this review focuses on the ecology and
biology of these species “Chemistry, toxicity, medical appli-
cations” are not further considered.

Summary of knowledge on individual species

In the following section, we summarise knowledge on each
species based on the WoS literature review. However, given
the limited data available for most species apart from A. cf.
solaris, we complemented the WoS search with additional
targeted searches and included “grey literature” reports and
information available from the period prior to 1987. Figure 3
shows photographs of the five species discussed.

Acanthaster benziei Worheide & Kaltenbacher in Worheide
et al. 2022 (Fig. 3a)

Relatively few studies have specifically investigated CoT'S
within the Red Sea, especially since A. benziei was formally
described (Worheide et al. 2022). However, several semi-
nal studies on Acanthaster spp. (e.g., Goreau 1962; Polunin
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eral or all species (see Supplementary Table 2 for details)

1974) were based on research conducted in the Red Sea. In
all, a total of 11 studies were based on research conducted
in the Red Sea over the past 35 years, though only one study
explicitly references A. benziei.

Species ecology and biology Original insights into the feed-
ing ecology of Acanthaster spp. were based on research
conducted in the Red Sea (e.g., Goreau 1962) and, there-
fore, relevant solely for A. benziei. Goreau (1962) reported
on its feeding behaviour based on observations during the
Israel South Red Sea Expedition in 1962. The latter author
observed that A. benziei feed nocturnally, that they restrict
their feeding activities to circumscribed territories, and
that they spend prolonged periods immobile during the day
before coming out to feed again at night. Goreau (1962)
suggested that this territorial feeding behaviour may be
responsible for the failure of large coral reefs to develop
in the investigated area in the Dahlak Archipelago, Eritrea.
Campbell and Ormond (1970) then reported on the Cam-
bridge Expedition conducted in 1968 and 1969 to the area
around Port Sudan, Sudan, and confirmed CoTS nocturnal
feeding behaviour as suggested by Goreau (1962). They
also suggested that due to its feeding on living corals and a
lack of predators of adults (the Giant Triton snail, Charonia
tritonis, a predator of adult CoTS, is not common in the
Red Sea, so is less likely to control their population den-
sity) causes extensive damage and leaves reefs vulnerable
to erosion. They conducted extensive surveys by snorkel-
ling and SCUBA diving and found that CoT'S were present

in relatively low densities, but more commonly found on
sheltered sides of barrier reefs and exposed sides of fringing
reefs. The size distribution of individual CoT'S in the south-
ern Red Sea forms two main groups, with overall diameters
averaging 22.5 and 32.5 cm (Campbell and Ormond 1970).
The latter authors suggested these groups correspond to ages
of 1.5-2.5 and 2.5-3.5 years, respectively.

Generally, CoT'S were found in parts of the reef that were
rather sheltered. The corals they preyed upon were predomi-
nantly species of Goniastrea, with Pocillopora, Acropora,
Favia and Porites also being consumed frequently (Camp-
bell and Ormond 1970). It was suggested that the ease with
which the seastar can maintain its grip on corals while feed-
ing, seemed to determine which prey species they target. In
very exposed areas, A. benziei appeared to prefer branch-
ing forms like Acropora and Pocillopora; in less exposed
sites, smaller rounded forms like species of Goniastrea and
Goniopora were the more common prey; and in increas-
ingly protected sites, larger rounded Porites species were
targeted. In addition, based on observations by divers stung
in the Red Sea, Campbell and Ormond (1970) suggested that
CoTS in the Red Sea are less poisonous than CoT'S from the
Pacific (i.e., A. cf. solaris). Similar to Goreau (1962), the
latter authors reported low densities of triton snails in the
area, but observed damaged arms in 23% of the examined
CoTS, presumably caused by predation attempts.

Populations and outbreaks Off the Sudanese coast, A. ben-
ziei densities were reported between as low as 5-20 ind. X

@ Springer
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Fig.3 The five nominal CoIS species recognised based on geo-
graphical distributions. a A. benziei from the Red Sea (Eilat, Gulf of
Aqgaba). b A. planci from the northern Indian Ocean (Maldives). ¢ A.
mauritiensis from the southern Indian Ocean (Zanzibar, Tanzania).
d A. cf. solaris from the western and central Pacific (Great Barrier

km™! in the early 1970s, but on some reefs, aggregations of
several hundred individuals were reported within a few hun-
dred meters (Roads and Ormond 1971), likely representing
the first report of a CoT'S outbreak in the Red Sea.

In 1998, outbreaks of A. benziei were first documented
off the mainland Egyptian Red Sea coast, at Hurghada's Sha-
bror Umm Gam'ar reef. To assess the impact of this event,
Ammar (2005, 2007) monitored coral recovery in the after-
math of the outbreak. Their results showed that stony corals

@ Springer
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Omri Bronstein; c—Morgan Pratchett; d—Morgan Pratchett; e—Juan
José Alvarado

had an estimated recovery time (RT) of 64.9 years with a
recovery rate of 0.67% cover/year following CoT'S infesta-
tion. In contrast, soft corals had both fast RT (0.76 years)
and recovery rate (1.31%). Diversity had an estimated fast
RT of 4.3 years indicating that the space cleared by A. ben-
ziei improves the diversity faster than improving the percent
cover. The slow recovery time for stony corals was largely
attributed to ongoing CoT'S predation. Soft corals were able
to adapt quickly and out-compete hard corals after CoTS
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infestation. These studies by Ammar (2005; 2007) high-
lighted how CoTS can have a significant impact on coral
reefs of the Red Sea, but also, how reefs can be resilient if
given enough time to recover from such events.

Riegl et al. (2013) found that one-third of the reefs in
Saudi Arabia between the Farasan Islands and Al Wajh
Banks exhibited degradation due to CoTS outbreaks or
bleaching (during 1998 and 2010), with bleaching increas-
ing towards the south. Their ecological models suggested
community resilience at a disturbance frequency of 20 years
or less, but degradation at higher frequencies. CoI'S impacts
and bleaching were found to be key drivers of coral degrada-
tion along the sampled sites in the Saudi Arabian Red Sea.

Riegl et al. (2013) concluded that active management of
water quality is necessary to reduce coral population decline.
Following increased runoff, elevated chlorophyll-a concen-
trations (indicative phytoplankton biomass) were observed
at Wajh Banks, Saudi Arabia, six months prior to CoTS out-
breaks in the region. The latter finding can be interpreted as
support for the nutrient limitation hypothesis.

Management, general In the northern Gulf of Aqaba, CoTS
have been actively removed from Eilat Coral Beach Nature
Reserve by rangers of the Nature and Parks Authority. This
practice was adopted likely as a precaution inspired by the
reports of CoT'S outbreaks in the Pacific. However, since
2010, CoTS removal from the wild was completely halted
and no significant increase in population size or outbreak
occurred. Following the identification of A. benziei as a
novel species, a research program was established in January
2023 to evaluate and regularly monitor CoT'S populations on
the coral reefs of Eilat and develop eDNA-based procedures
to facilitate effective management of the species. In Egypt,
CoTS monitoring has been carried out as part of the Ras
Mohammed National Park monitoring program (Smith and
McMellor 2006) reporting zero observations at the moni-
tored sites and only occasional solitary individuals through-
out the region. To the north of the Sinai Peninsula, adjacent
to the town of Dahab, CoTS monitoring was included in
an 11-year long coral community monitoring program that
similarly reported remarkably low CoTS abundances, with
a single individual observed over the 824 transects surveyed
(Reverter et al. 2020). Nevertheless, the severity of threats to
the marine biodiversity of Jordanian coral reefs from CoTS
outbreaks is classified as ‘very high’ in the latest Aqaba
Marine Reserve management plan for 2022-2026.

Acanthaster planci (Linnaeus, 1758) (Fig. 3b)

A total of 347 (out of 475) publications in the dataset from
1987 to 2023 referred to A. planci, but only 10 of these stud-
ies included sampling within the northern Indian Ocean,
which is the recognised range of A. planci (Haszprunar and

Spies 2014; Haszprunar et al. 2017) (Fig. 2). Acanthaster
planci is readily distinguished from other species of CoTS
based on distinctive colouration (often vibrant blue) along
the aboral distal portion of the arms where there is also a
conspicuous lack of spines (Fig. 3). However, only eight
publications in the WoS survey specifically relate to the true
A. planci. Moreover, most of these publications are descrip-
tive accounts of outbreaks within the northern Indian Ocean
[e.g., Maldives (Morri et al. 2010; Saponari et al. 2015,
2018)] and do not advance understanding of the biology
and ecology of this species.

Species ecology and biology An intensive study of the biol-
ogy and ecology of A. planci was undertaken in the Maldives
(Burn et al. 2020), which showed that this species (at least in
this location) is rarely exposed during the day and generally
active and feeding only at night. A. planci has been recorded
feeding extensively on Acropora spp. when and where avail-
able in high abundance (James et al. 1990; Saponari et al.
2015). Conversely, A. planci has been observed feeding on
a variety of prey, including soft corals, where Acropora spp.
are scarce (Chansang et al. 1987).

While there is very limited demographic information
available for A. planci, the maximum recorded size is 50 cm
(Burn et al. 2020). At some locations, however, only rela-
tively small individuals occur. In the Andaman Islands, for
example, CoI'S sampled ranged in size from 12.5 to 15.5 cm
in diameter and had 14-19 arms (James et al. 1990).

Populations and outbreaks Outbreaks of A. planci have been
reported in the Maldives (Saponari et al. 2015, 2018; Carag-
nano et al. 2021), Thailand (Chansang et al. 1987), India
(Andaman Isl) (Ravindran et al. 1999). Furthermore, popu-
lation outbreaks have been reported from Oman (NB: listed
here under A. planci, but note species uncertainty in Oman,
Fig. 1). Densities of A. planci recorded during outbreaks in
the Maldives averaged 3.62 ind. 100 m~2 (Saponari et al.
2018; see also Burn et al. 2020), though maximum reported
densities approached 25 ind. 100 m~2 at Ari Atoll (Saponari
et al. 2018).

Management, general The documented occurrence of popu-
lation outbreaks of A. planci in central Ari Atoll in the Mal-
dives (Saponari et al. 2018), which is highly isolated, makes
it difficult to attribute outbreaks to anthropogenic influences.
Outbreaks of A. planci contributed to extensive coral loss
and shifts in coral composition recorded in Maldives from
2015 to 2018, but the effects were compounded by mass
coral bleaching in 2016 (Saponari et al. 2018; Pisapia et al.
2019). There are, therefore, extensive efforts to remove A.
planci from reef areas during population outbreaks (e.g.,
Stevens and Froman 2019).

@ Springer
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Acanthaster mauritiensis de Loriol, 1885 (Fig. 3¢)

Acanthaster mauritiensis is the least researched species
of the five species reviewed here, with no publications in
our systematic WoS review referring to that species alone.
However, following our geographical species assignment
(Fig. 1), designated searches for Acanthaster in the South
Indian Ocean, revealed a number of publications (erro-
neously) referring to A. planci, while likely addressing
A. mauritiensis. Originally described by de Loriol (1885)
from Mauritius, A. mauritiensis was initially considered to
be morphologically indistinguishable from Acanthaster in
the North Indian Ocean (i.e., A. planci) (Doderlein 1888),
but this may be attributable to comparisons of poorly pre-
served or dried specimens. In reality, A. mauritiensisis is
distinguished based on its “light blue to rusty” coloration in
contrast to the “electric blue” colour typical of North Indian
Ocean A. planci (Haszprunar et al. 2017) (Fig. 3). Moreo-
ver, molecular evidence clearly defines A. mauritiensis as a
distinct species based on both COI barcoding (Vogler et al.
2008, 2012) and microsatellite analysis (Yasuda et al. 2009).

Species ecology and biology To date, no available studies
focused on the ecological and biological uniqueness of
A. mauritiensis with respect to the other CoTS species.
Studies comparing the damage caused by A. mauritiensis
coral predation show a clear preference for A. mauritien-
sis to Acropora species (Muhando and Lanshammar 2008).
While noticeably showing a preference for hard coral prey,
A. mauritiensis was occasionally reported to also prey upon
soft corals, and even sponges (Celliers and Schleyer 2006).

In La Reunion Island, A. mauritiensis was more com-
mon on the outer reef slopes (83%) than on the reef flat
(17%), with individuals rarely seen below 20 m depth. These
populations were low in abundance (less than 4 individuals
per 30 min dive), and the modal size of individuals at La
Reunion was about 40 cm (Emeras et al. 2004). Follow-
ing the 1992 localised outbreak on Two-mile Reef, Sod-
wana Bay, South Africa, CoTS size frequency distributions
showed minimal body diameters of 40 cm in 1998, with a
mean body diameter of 50-55 cm (Celliers and Schleyer
2006). At the same site, Col'S appeared to aggregate at the
deeper fringing reef (24-27 m) where the reef shelf emerges
from sediment-covered bedrock (27-30 m). Once aggregated
(during spring and summer), they jointly moved to feed on
the reef (Schleyer 1998). In the Comoro Islands, three size
cohorts were observed in 1973, with the largest individuals
reaching 44 cm in diameter (Polunin 1974).

The reproductive season of A. mauritiensis in South
Africa (based on field dissections) shows that gonad devel-
opment takes place in spring and summer (November—
March), reaching a peak in February, followed by greatly
reduced gonads in March—indicative of spawning. A
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number of specimens collected showed scars and signs of
regeneration on the arms of A. mauritiensis, providing evi-
dence that this species is predated in South Africa (Schleyer
1998).

Populations and outbreaks Early reports of CoTS in the
Western Indian Ocean indicate outbreaks as early as 1973
off the north coast of Grande Comore, Comoro Islands
(Polunin 1974). The authors estimate between 40 and 90%
mortalities of hard corals. In surveys conducted across other
West Indian Ocean sites from Mohéli and Mayotte (Comoro
Islands) to Aldabra and Assumption, the latter authors found
no signs of CoTl'S. In Tanzania, CoTS outbreaks were rare
events prior to 1988, when the first reported outbreak was
observed on a single reef on Pange (UNEP 1989). Smaller
incidences occurred in 1996—-1997 on the reefs of Changuu
Island (Mohammed et al. 2000), and since 2002 a series of
outbreaks erupted on several reefs close to Zanzibar and
quickly expanded to infest more than 60% of Tanzanian reefs
by 2006 [including Tanga, Zanzibar, Pemba, Songosongo,
Mafia and Mnazi Bay reefs Obura et al. 2004; Mohammed
et al. 2005; Obura 2005; Ussi 2009)]. Repeated outbreaks
have been reported in Zanzibar, Tanga, Mikindani Bay, and
Mtwara (Muhando and Lanshammar 2008). On Changuu,
as a consequence of the CoT'S outbreak of 1996, the previ-
ously dominant Acropora corals were replaced by Porites
and Galaxea. On the adjacent Bawe Island, Acropora cover
remained stable at about 21% until the CoTS outbreak of
2003, when Acropora cover steadily declined to 1-2% in
2008 (Muhando and Lanshammar 2008), demonstrating the
substantial ecological impact of A. mauritiensis on south-
western Indian Ocean coral reefs.

In the remote Chagos Archipelago, CoTS outbreaks at
Danger and Eagle Islands were noticed in 2012 although
outbreaks were observed on only two out of the six sites sur-
veyed in 2013 (Roche et al 2015). On the southern boundary
of its range, in the high-latitude coral communities along the
east coast of South Africa, A. mauritiensis were documented
since the early 1970s (Heydorn 1972) and have since been
reported on all the major South African reefs (Celliers and
Schleyer 2006, 2008), as well as those in southern Mozam-
bique and the Bazaruto Archipelago (Schleyer 1998). During
the 1990s, local outbreaks (termed spot outbreaks or aggre-
gations) have been reported from Two-mile Reef (TMR)
at Sodwana Bay (Celliers and Schleyer 2006). Lasting for
nearly a decade, these outbreaks peaked between 1994 and
1996, although they were spatiotemporally limited to the
fore-reef of TMR and disapated completely in the following
years to the point that A. mauritiensis became locally extinct
on these reefs (Celliers and Schleyer 2006).

CoTS affecting coral reefs in Mozambique have been doc-
umented in recent years (Wilkinson 2004; Haszprunar et al.
2017), although earlier reports of localised outbreaks exist
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(Bligh and Bligh 1971). In Seychelles, CoT'S outbreaks have
been reported in some locations in 1997 and 2014 (Obura
et al. 2017). The latter report also mentions CoT'S outbreaks
at ‘certain sites’ in Mauritius in 2014, although more spe-
cific information is not provided.

Outbreaks were reported for reefs in the Bazaruto Archi-
pelago and nearby coastal reefs in 1995-1996, impacting
approximately 90% of corals on affected reefs (Schleyer
and Celliers 2005). Later, CoTS were reported from reefs
in southern Mozambique (Celliers and Schleyer 2006). Hill
et al. (2009) reported that CoT'S in the Quirimbas Archipel-
ago of northern Mozambique and COTS outbreaks have also
disturbed reefs in southern Tanzania near the Mozambique
border (Wagner 2008).

Genetic data on A. mauritiensis includes material col-
lected from Kenya, Mayotte and Madagascar (Gerard et al.
2008a; Yasuda et al. 2009). Despite being referred to as A.
planci in the original studies, samples from all sites in the
Southwestern Indian Ocean show clear genetic distinction
from their Pacific, Northern Indian Ocean, and Red Sea
congeners.

Management, general Several local and regional CoTS
monitoring programs have been implemented in the South-
ern Indian Ocean, mostly operated by local NGOs. In Zan-
zibar (Tanzania), annual reef benthos surveys that include
data on CoT'S have been performed since 1992 on the reefs
of Chumbe, Bawe and Changuu Islands (Muhando and
Lanshammar 2008). Their data show that following the
1997-1998 El Nifio-associated bleaching event, which
reduced coral cover in the Indian Ocean by up to 30%, a
slow recovery in coral cover was observed which ended with
the 2002-2003 CoTS outbreak in the region. Following this
outbreak, live Acropora cover was reduced dramatically.
However, a single site, the protected Chumbe Reef Sanctu-
ary, showed no signs of coral decline. The authors attributed
these findings to management action rapidly implemented by
the Chumbe Island Coral Park (CHICOP) that initiated an
active CoT'S removal programme as early as 2004. More than
3000 CoTS individuals were removed from within the 0.4
km? marine park, keeping densities close to zero at all times.
Consequently, in contrast to other reefs in Tanzania (Tanga,
Dar es Salaam, and on reefs off Zanzibar town), where active
CoTS removal initiated much later, on the protected reefs of
Chumbe Island, the percent live coral cover was back to the
same level as before the El Nifio bleaching event (Muhando
and Lanshammar 2008). Removal programmes in Dar es
Salaam (Wagner 2008) and in Tanga were similarly unsuc-
cessful as CoT'S removal was initiated well after significant
coral damage occurred.

In South Africa, sodium bisulphate poisoning was rec-
ommended to control outbreaks at Bazaruto Island and
Sodwana Bay (Schleyer 1998). Most CoT'S were physically

removed by volunteers at Bazaruto within a year but the
conservation authority at Sodwana Bay, the KwaZulu-Natal
Nature Conservation Services, has decided upon a policy of
cosmetic control only at intensively used dive sites, and to
date only limited quantities of research material have been
removed (Schleyer 1998).

Acanthaster cf. solaris (Schreber, 1793) (Fig. 3d)

As stated previously, most of the scientific research and
monitoring on Acanthaster was undertaken in the Western
Pacific (Table 3), for which the most appropriate species
name is likely Acanthaster solaris (although further work
is required to confirm the nomenclature). Over 380 of the
publications identified in the WoS review focused exclu-
sively on this species. In addition, several major reviews
summarised the biology and ecology of this species (Moran
1986; Caballes and Pratchett 2014; Pratchett et al. 2014,
2017a). Hence, we only briefly summarise knowledge on
this species herein.

Species ecology and biology About half of all publications
identified for A. cf. solaris fall into the biology and ecol-
ogy category, with most publications focussing on adults
(Table 3). Age and longevity of CoTS are difficult to assess
due to the plasticity of their weight and size. The spines
of CoT'S have pigmented bands which may serve as annual
growth markers (Stump and Lucas 1990), but this is not uni-
versally accepted (Souter et al. 1997). Nevertheless, indi-
viduals sampled during population outbreaks hardly possess
more than 8 bands (Souter et al. 1997; MacNeil et al. 2017),
which can be taken as evidence that few individuals get older
than 8-10 years. Maximum diameter (L) modelled in the
latter study varies from 28 to 41 cm (depending on locality),
but individuals over 60 cm in diameter have been recorded
(Pratchett 2005). Recently, telomer length has been tested as
a marker for CoT'S age (Kwong et al. 2023).

Adult A. cf. solaris can consume 161-678 cm? of coral
per day (Keesing and Lucas 1992). Based on this and coral
growth rates, the latter authors suggested that densities > 10
CoTS ha™! (0.1 ind. 100 m~?) would lead to coral depletion.
A variety of coral species are consumed, but a hierarchy of
preference exists (De'ath and Moran 1998b; Pratchett 2007;
Pratchett et al. 2009). Acropora spp. are usually the preferred
coral prey, but once these are depleted also other species are
readily consumed (Pratchett 2007). CoTS were documented
to move 10.3 m day~! on average (Keesing and Lucas 1992),
but maxima up to 520 m day~! were proposed (Pratchett
et al. 2017b) and this species exhibits high site fidelity in
areas with abundant coral prey (Ling et al. 2020).
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A. cf. solaris are most active and tend to feed mostly at
night (Burn et al. 2020; Ling et al. 2020), especially smaller
(<20 cm) individuals (De'ath and Moran 1998a).

Adult A. cf. solaris can tolerate a wide range of tempera-
tures but show metabolic depression at temperatures higher
than 33 °C (Lang et al. 2021). No reduced oxygen uptake
was detected in sub-adults until 36 °C.

Gonad maturation and spawning in A. cf. solaris occur in
early summer in each hemisphere. On the GBR, gonads rap-
idly mature in November and December (Lucas 1973), with
many spawning observations in late November to December
(summarised in Pratchett et al. 2014). In the northern GBR,
genetic larval identification suggested the main spawning
peak occurred after mid-December, once water tempera-
tures climbed above 28 °C (Uthicke et al. 2019). However,
in the same study larvae were still found towards late Febru-
ary. In the northern hemisphere (Japan), spawning was first
observed in May at the location nearest to the equator, and
occurs later (up to July) at higher latitudes (Yasuda et al.
2010). The same study also suggested 28 °C as a thresh-
old for spawning. A. cf. solaris is a highly fecund species,
with > 100 Mio eggs observed in individual females (Bab-
cock et al. 2016b).

Experiments on larval ecology by raising larvae under
varying conditions have been conducted in laboratories
in Guam (Caballes et al. 2016) and Japan (Fabricius et al.
2010). In addition, several laboratories have raised larvae
from CoTS of the GBR (Lucas 1973; Keesing et al. 1997;
Fabricius et al. 2010; Wolfe et al. 2015; Pratchett et al.
2017c; Uthicke et al. 2018b). Larvae undergo a classical
life cycle for feeding asteroid larvae, from early embryonal
stages (Gastrula, Blastula) via Bipinnaria and Brachiolaria
stages (Keesing et al. 1997).

Under optimum conditions, larvae can reach late Brachio-
laria and settle after 9-11 days (Lucas 1982) but can sur-
vive >40 days under limiting food conditions (Lucas 1982;
Pratchett et al. 2017c¢). Larvae can develop to the Bipinnaria
stage and survive for two weeks without food (Lucas 1982).
With the exception of extreme food densities (i.e., orders of
magnitude above naturally occurring cell densities), which
can limit development (Pratchett et al. 2017¢), the devel-
opmental time of the larvae decreases with increasing food
density, as has now been studied at three separate outbreaks
on the GBR (Lucas 1982; Fabricius et al. 2010; Pratchett
et al. 2017c; Uthicke et al. 2018b). Increased developmental
time for A. cf. solaris larvae will lead to increased mortality
in the plankton due to high predation rates (Uthicke et al.
2018b).

Settlement and metamorphosis of larvae are induced
by cues from crustose coralline algae (CCA) or associated
microbes (Johnson et al. 1991), with induction ranging from
2 to>90% between CCA species (Doll et al. 2023). Settle-
ment success and survival can also depend on temperature,

@ Springer

with some indications that climate change may reduce
recruitment success (Lang et al. 2022).

Settled larvae rapidly metamorphose to juvenile seastars,
which appear to initially feed on biofilms (own observation)
but after a few weeks switch to crustose coralline algae feed-
ing. However, juveniles can be kept on biofilms for many
months, resulting in stunted development (Deaker et al.
2020b). When suitable corals are present, juveniles start
switching to a coral diet after 140 days, with 50% having
transitions after 175-191 days (Neil et al. 2022). However,
if no coral is present, transition can be (reversibly) delayed
for many years resulting in small individuals (Deaker et al.
2020a). Once juveniles switched to coral diets, they showed
a similar preference towards Acropora species as adults
(Johansson et al. 2016). When corals are available, CoTS
can reach maturity and first spawn after about two years
(Zann et al. 1987).

A review on CoTS predation [NB: possibly includ-
ing some references to Acanthaster species other than cf.
solaris] identified 80 species consuming CoTS at different
adult and sub-adult developmental stages, mainly fishes and
invertebrates (Cowan et al. 2016). Several additional preda-
tors were detected using eDNA analysis of fish gut contents
(Kroon et al. 2020). A detailed experimental study found a
variety of crustaceans as predators of juvenile CoT'S, with
one species of decorator crab consuming more than five
specimens per day (Desbiens et al. 2023).

Many publications (N=36, Table 3) investigated the
genetics of A. cf. solaris. Most of these were population
genetic studies investigating population structure and con-
nectivity. Throughout the last four decades, these have used
several genetic methods available at the time. Early stud-
ies by John Benzie and colleagues on the GBR and other
Australian locations used allozyme variation (Benzie and
Stoddart 1992; Benzie and Wakeford 1997) and showed
high connectivity within the GBR but some separation from
West Australian and Lord Howe Island populations. Later
studies used mitochondrial DNA and found more phylogeo-
graphic structure in larger geographic areas (Williams and
Benzie 1998). These studies ultimately led to work across
the entire geographic range of the genus, resulting in the
delineation of species as we now understand it (Vogler et al.
2008, 2012, 2013). Generally, mitochondrial markers also
failed to detect differences within the Pacific archipelagos,
despite highlighting some regional structuring (Timmers
et al. 2011). Studies using microsatellites found no genetic
structure within the GBR (Harrison et al. 2017). However,
microsatellite markers and analysis of complete mitochon-
drial genomes were able to separate populations in larger
geographic areas across the Pacific Ocean (Yasuda et al.
2009, 2022; Tusso et al. 2016).

Recently, eDNA has been used to detect A. cf. solaris
post-settlement (Doll et al. 2021; Kwong et al. 2021; Uthicke
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et al. 2022) as well as CoT'S larvae (Uthicke et al. 2015). The
genome of A. cf. solaris has also been published from speci-
mens in Australia and Japan (Hall et al. 2017), unfortunately
under the wrong species name (A. planci), and no vouchers
were kept for future studies.

Studies on CoT'S fossil record are all concerned with sedi-
ment cores from the GBR and discuss whether these can be
used to infer changes in the frequency of outbreaks (Walbran
et al. 1989; Fabricius and Fabricius 1992). Publications on
disease and microbiology are mainly descriptive, focusing
on the microbiome in different tissues investigating poten-
tial disease (Hgj et al. 2018; Wada et al. 2020) or exploring
microbes as control options (Rivera-Posada et al. 2012).

Populations and outbreaks Outbreaks of A. cf. solaris have
attracted increased attention in Okinawa (Japan) and the
GBR (Australia) since the 1960s, but there is evidence that
these have occurred in both regions prior to that (Walbran
et al. 1989; Yasuda 2018). To date, outbreaks of this species
have been reported throughout the entire range of this spe-
cies, with reports of outbreaks in over 20 countries.

Most publications in this category (50) document the
ecological effects of population outbreaks. Many of these
document the obvious, primary effects of the CoT'S outbreak,
namely a decline in overall coral cover (Lourey et al. 2000;
Wakeford et al. 2008; Baird et al. 2013). Selective feeding on
Acropora species can lead to species shift among hard cor-
als on coral reefs (Pratchett et al. 2009), and the open space
created can promote the proliferation of other taxa such as
soft coral (Fabricius 1997). Loss of corals as habitat can
have consequences on fish communities (Kayal et al. 2012)
or fish communities may be affected by changes in the avail-
ability of food (Hart et al. 1996). In addition, the recruitment
of fishes to reefs may be altered due to olfactory responses
(Coppock et al. 2016). Other ecological effects measured
after CoT'S outbreaks are increases in nitrogen fixation (Lar-
kum 1988), promotion of coral disease (Nugues and Bak
2009; Katz et al. 2014) and impeding the potential of reefs to
recover following other disturbances such as coral bleaching
(Haywood et al. 2019).

Most modelling studies reviewed here investigate the
effects of outbreaks or the propagation of outbreaks among
reefs. These include general population models attempting to
elucidate causes for population fluctuations (Seymour 1990;
McCallum 1992; Matthews et al. 2020).

Other modelling studies are testing the importance of
CoTS as one of the multiple stressors to coral reefs, includ-
ing modelling under future climate scenarios (Wolff et al.
2018). The latter study demonstrated that even under climate
change scenarios CoTS and other local pressures will have
a significant impact on coral reefs. Castro-Sanguino et al.
(2021) showed that, among other pressures, CoT'S have a

strong negative influence on the state and performance of
GBR coral reefs.

Studies using hydrographic models generally focus on
the connectivity of larvae and to some extent attempt to
explain outbreaks and spread of CoT'S on the GBR (Dight
et al. 1990; Black et al. 1995).

Management, general A variety of monitoring techniques
have been used to survey CoTS populations. One issue is
that densities between outbreaks and non-outbreaks are
vastly different. Outside of outbreaks, CoT'S are rare and
highly cryptic making it very difficult to effectively quantify
densities. As a compromise, many surveys use the manta
tow technique, a method covering large areas but with
low detectability (Fernandes et al. 1990; Miller and Death
1996). Other techniques used include SCUBA swim surveys
or underwater transects (Moran and Death 1992; Pratchett
2005). More recently, eDNA methods were developed to
monitor and detect low densities of CoTS (Uthicke et al.
2018a, 2022).

A variety of theories have been put forward to explain the
initiation of population outbreaks of A. cf. solaris, includ-
ing the possibility that these are natural phenomena. Preda-
tor removal of adult CoTS (e.g., the Triton shell, Charonia
tritonis) was first put forward as a plausible cause in the late
1960s (Endean 1969). Since then, a variety of predators of
all life history stages of CoTI'S have been identified (Cowan
et al. 2016, 2017). Some crustaceans can eat several juvenile
CoTS in a day, suggesting that predation on juvenile CoTS
may be a more important population-regulating mecha-
nism than that of adults (Desbiens et al. 2023). Although
CoTS sub-lethal damage was frequently observed, marine
park zones did not seem to affect this damage in juveniles
(Wilmes et al. 2019) or adults (Messmer et al. 2017). Ter-
restrial runoff increasing the phytoplankton food for larvae
is the second major hypothesis for CoT'S outbreaks (nutrient
limitation hypothesis), initially proposed for Pacific Island
groups (Birkeland 1982). Experimental results suggesting
that larvae are indeed limited by food (Lucas 1982; Fab-
ricius et al. 2010) and other evidence (e.g., correlations with
runoff events) led to the suggestion that this may also be
the cause for outbreaks on the GBR (Brodie et al. 2005).
Wooldridge and Brodie (2015) proposed that strong larval
retention around reefs in conjunction with enhanced runoffs
may trigger outbreaks. Hence, outbreak causes are still not
resolved, and may differ under different circumstances. In
fact, Babcock et al. (2016a) proposed the best explanation
for outbreaks is a combination of nutrient enhancement and
overfishing.

Understanding the cause(s) of outbreaks is important to
focus management decisions. For example: is it more impor-
tant to protect predators, e.g., through MPAs, or address land
runoff? Current management on the GBR (and elsewhere)

@ Springer



32 Page120f24

Marine Biology (2024) 171:32

mainly focuses on culling once outbreaks occur. A thresh-
old of 10~15 ind. ha™' (0.1-0.15 ind. 100 m™?) was used
as a threshold to define outbreaks (‘ecological threshold’)
(Keesing and Lucas 1992; Moran and De'ath 1992). More
recently, Rogers et al. (2017) modelled that reproductive
output disproportionally increases at densities > 3 ind. ha™!
(0.03 ind. 100 m~2), which is referred to as the reproductive
(or Allele) threshold. These values are currently used on the
GBR to manage and report outbreaks. Culling of CoTS is
usually achieved through under water injection of household
vinegar, lime juice or bile salts (Rivera-Posada et al. 2013;
Moutardier et al. 2015; Bostrom-Einarsson and Rivera-
Posada 2016). In some countries, such as Japan, CoTS are
also removed manually from the reef (Nakamura et al. 2016).
Increasingly, culling effort is accompanied by modelling best
culling strategies, e.g., in Australia (Plaganyi et al. 2020) or
Guam, Hawaii and Samoa (Plaganyi et al. 2020).

Acanthaster cf. ellisi Gray, 1840 (Fig. 3e)

With 14 studies on the putative species A. cf. ellisii iden-
tified in our WoS search, this species is the second most
studied species of the species complex. Several additional
studies not listed on WoS or published prior to 1987 were
identified.

Acanthaster cf. ellisii is distributed throughout the East-
ern Tropical Pacific (ETP), from the Gulf of California to the
Galapagos Islands (Solis-Marin et al. 2012). In Mexico there
are reports of the species in several locations in Baja Califor-
nia (Ziesenhenne 1937; Holguin Quinones et al. 2000; Her-
mosillo-Nuiiez et al. 2015; Solis-Marin et al. 2016) (Fig. 1).

In Costa Rica, the species has been reported for the
Cocos Islands (Guzman and Cortes 1992), and two conti-
nental islands (Guzméan 1988; Chac6n-Monge et al. 2021).
In Panama it has been reported only for the Gulf of Chiriqui
(Glynn 1973), while in Colombia it is found in the Malpelo
(Narvéaez and Zapata 2010) and Gorgona islands (Zapata
et al. 2017). For Ecuador, the only reports of the species
come from the Galapagos archipelago, exclusively for the
islands of Darwin and Wolf (Feingold and Glynn 2013; Son-
nenholzner et al. 2013). The species has also been seen on
Clipperton Atoll at low densities (Glynn et al. 1996). The
first record of this species in the ETP was in 1869 (Verrill
1869) in the Gulf of California. The presence of the species
in the ETP has been documented to occur from almost 4000
years before present by describing skeletal elements in sedi-
ment cores (Enochs and Glynn 2017).

In the first systematic studies, two taxa of Acanthaster
were recognised in the ETP, Acanthaster cf. ellisii (Gray,
1850) and the subspecies Acanthaster ellisii pseudoplanci
(Caso 1962), indicating that they differ with respect to
buccal plates, pedicelaria, spines and other structures
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(Caso 1962, 1970). However, on the basis of raw mor-
phology and meristic data, Glynn (Glynn 1974) suggested
that the Eastern Pacific populations of Acanthaster should
be assigned to species planci, which, by today’s knowl-
edge, is an incorrect taxonomic assignment (Haszprunar
and Spies 2014; Haszprunar et al. 2017). However, addi-
tional comparative morphological as well as genetic work
is needed to investigate the species sub-species status of
Acanthaster cf. ellisii (Gray, 1850) and Acanthaster ellisii
pseudoplanci (Caso 1962), respectively.

Species ecology and biology Only very few morphological
studies for A. cf. ellisii exist. (Glynn 1982b) reported that
the specimens from Panama are smaller (average 14.8 cm
in diameter) than specimens from Guam (i.e., A. cf. solaris,
17.1 cm), while the number of arms, anuses and madrepo-
rites were very similar between those locations. The same
study found a lower number of crustacean lesions in the indi-
viduals studied in Panama compared to Guam. The shrimp
Hymenocera picta and the polychaete Pherecardia striata
frequently attack and kill A. cf. ellisii (Glynn 1984). Several
other species were reported to prey on dead or moribund
specimens, namely the sea urchin Diadema mexicanun,
and the fish species Stegastes acapulcoensis, Thalassoma
lucasanum, Holocanthus passer, Sufflamen verres, Arothron
mealeagris and A. hispidus. Complete decay of the dead A.
cf. ellisii takes about 4 days (Glynn 1984).

Undoubtedly, the El Nifio-Southern Oscillation (ENSO)
phenomenon has been a modulator of the dynamics of the
ETP coral reefs, which is why it was vital to understand how
these events interact with the presence of the seastar (Glynn
1985). Pocillopora represents 85% of A. cf. ellisii’s diet
(Glynn et al. 1972; Glynn 1973), and Pocillopora verrucosa
is the preferred prey of CoT'S along the Pacific coast of Mex-
ico (Rodriguez-Villalobos et al. 2015). However, the pres-
ence of the guardian crustaceans Trapezia and Alpheus in
Pocillopora may repel attacks from the seastar (Glynn 1976,
1980). When pocilloporid corals deteriorate due to bleaching
during El Niflo, the density of the crabs decreases, allow-
ing the seastar to advance and prey on them (Glynn 1985).
As the Pocillopora protective barrier is lost, other corals
enclosed by it, such as Gardineroseris planulata, Pavona
clavus, Pavona gigantea and Pavona varians (Glynn 1976,
1985, 1984), became susceptible to Acanthaster predation.
Thus, although ENSO did not directly trigger an increase in
the populations of the seastar, it created opportunities for
more intense predation (Glynn and Colgan 1992).

In addition to the above-mentioned genera, Acanthaster
cf. ellisii was also observed to prey on corals of the genus
Porites, Psammocora and Millepora (Maté 2003; Rodri-
guez-Villalobos and Ayala-Bocos 2021). Small seastars
feed on Porites panamensis, coralline algae and turf, while
larger stars feed mainly on Pocillopora and very few on
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macroalgae. Medium-sized stars have a greater diversity
in their diet, feeding on all mentioned food types (Hernan-
dez-Morales et al. 2021). Rodriguez-Villalobos and Ayala-
Bocos (2021) measured coral consumption rates of up to
0.31 m? day~".

Feeding of A. cf. ellisi on gorgonians has also been
observed (Dana and Wolfson 1970).

Hardly any research exists on the reproduction of A. cf.
ellisii, but it was suggested that this species has a protracted,
if not continuous, spawning season in spring (Dana and
Wolfson 1970).

Populations and outbreaks Glynn (1973) estimated that
densities greater than 2.60 ind 100 m~2 would cause rapid
destruction of reefs in Panama, considering the growth of
coral colonies and predation by sea stars. In that region,
CoTS populations remained largely stable between 0.07 and
0.3 ind 100 m~2 (Glynn 1982a). Until 2018, along the ETP
the populations of this species had not experienced popula-
tion outbreaks (Guzman 1988; Reyes-Bonilla and Calderon-
Aguilera 1999; Narvéez and Zapata 2010; Rodriguez-Villa-
lobos et al. 2015; Enochs and Glynn 2017).

CoTS densities in the Gulf of California can locally
reach between 2.20 and 15.00 ind 100 m~2 (Herrero-Pérez-
rul 2008; Rodriguez-Vilalobos and Ayala-Bocos 2018;
Rodriguez-Villalobos and Ayala-Bocos 2021). Average
CoTS densities in that region reached 6.07 ind 100 m~2 in
2018/2019 (Rodriguez-Villalobos and Ayala-Bocos 2021).
Consequently, damage to corals and deterioration of the reef
infrastructure has been evident with coral mortalities associ-
ated with A. cf. ellisii predation greater than 50% and with
acute injuries, indicating active predation (Rodriguez-Vil-
lalobos and Ayala-Bocos 2021). In contrast, between 2005
and 2016, when the average CoTS densities were 0.7 ind
100 m~2, no CoTS-associated coral decline was observed
(Rodriguez-Villalobos et al. 2020). The 2018/2019 CoTS
population explosion also affected coral restoration projects,
where the mortality of the outplanted fragments of Pocillo-
pora was reduced between 39 and 88%, probably due to the
size of the fragments and the lack of symbiont crustaceans
that could defend the colonies (Martinez-Sarabia and Reyes-
Bonilla 2021).

Management, general Due to the concern about the impact
that CoTS may cause throughout the region, continuous
monitoring of their populations have been undertaken. In
Mexico, CoT'S have been culled, despite having no official
strategy for doing so. Nonetheless, individual actions and
continuous monitoring of its populations in the region do
exist, to evaluate the impact it is causing.

The species is listed as a non-native invasive species in
the Galapagos Islands (Keith et al. 2016), but due to its low
densities no eradication actions have been carried out. In

Costa Rica, eradication actions have been carried out by
diving companies without scientific support or permits. On
the island of Cafio, they have extracted organisms for fear
of what these seastars may cause on the reefs. In addition,
the belief that it is an invasive species has led to decisions
without scientific basis for its eradication, highlighting the
lack of substantiated knowledge and calling for rapid action
to bridge these gaps.

Discussion

The principle aim of this review was to summarise knowl-
edge available for the five distinct species of Crown of
Thorns Seastars (CoT'S) and assess inter-specific variation
in the ecology of these important coral predators. While
we recognised a priori that most of the research on CoTS
has been conducted on Acanthaster cf. solaris in the cen-
tral West Pacific, the magnitude of this bias was surprising;
418 out of the 444 (94%) publications in the WoS search
that focused on a single species investigated A. cf. solaris.
Moreover, most of this research was undertaken in Australia,
Japan, New Caledonia and French Polynesia. There is, there-
fore, extensive knowledge on the biology and ecology of A.
cf. solaris across a broad range of different topics (Table 2),
but only based on a limited number of study locations. Criti-
cally, this biased research effort towards A. cf. solaris has
shaped the widely held assumptions about the biology and
ecology of other Acanthaster spp., and greatly influenced
management responses throughout the Indo-Pacific.

Acanthaster cf. solaris has a complex life cycle, with
planktotrophic larvae that preferentially feed on certain
microalgal types and densities (Mellin et al. 2017; Uthicke
et al. 2018b). Larvae preferentially settle in response to cues
from specific species of CCA (Doll et al. 2023) and develop
into algal-feeding juveniles, which switch to coral predation
at around 5-6 months (Neil et al. 2022). After switching
diets, juvenile A. cf. solaris grows rapidly (Wilmes et al.
2020) and can become reproductive within two years, at
10-15 cm in diameter (Pratchett et al. 2021b). Adult A. cf.
solaris tend to exhibit strong and consistent feeding prefer-
ences, such that outbreaks (which have been documented
across > 20 different countries throughout the Pacific,
Table 3) not only cause extensive coral loss (Chesher 1969a;
Kayal et al. 2012) but disproportionally impact Acropora
spp. (Pratchett et al. 2009). While the developmental pro-
gression and timing are likely to be highly conserved among
distinct species of Acanthaster spp. including A. brevispi-
nus (Lucas and Jones 1976), it is quite possible that their
behavioural ecology fundamentally differs, which could
have major ramifications for their population dynamics and
impacts on local reef environments.
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Table 2 Ecological knowledge of the five CoTS species considered in this review

Topic Species (Acanthaster)

benziei cf. solaris cf. ellisii mauritiensis planci
Species ecology, biology
Adult ecology, physiology, behaviour 0 49 7 0 3
Larval ecology, physiology, behaviour 0 29 0 0 0
Juvenile ecology, physiology, behaviour 0 19 0 0 0
Reproduction and recruitment 0 27 0 0 0
Predation 0 17 0 0 0
Genetics 3 36 6 6 5
Taxonomy 3 2 2 2
Fossil record, taphonomy 0 0 0 0
Disease, microbiology 0 0 0 0
Populations and outbreaks
Outbreak reports and dynamics 0 25 3 0 4
Ecological effects of outbreaks 3 50 5 1 1
Modelling populations, effects, connectivity 2 37 2 2 2
Management, general
Monitoring techniques 0 14 0 0 2
Outbreak causes 0 18 0 0 0
Outbreak management 0 18 0 0 0
Reviews, comments 14 25 14 14 14

Numbers in the table correspond to the number of corresponding publications in our Web of Science search. When multiple species were men-
tioned in a single publication, that publication was counted for all species included

While there is a definite need for increased research on
the biology of all Acanthaster spp., explicitly testing for
interspecific variation in key life processes, the remainder
of this discussion will focus on assessing behavioural dif-
ferences and corresponding impacts on local reef environ-
ments. Most notably, we will explore variation in (1) diurnal
activity patterns, (2) feeding behaviour (especially feeding
preferences) of adult seastars and (3) an apparent difference
in the propensity of outbreaks between the different species.
These important aspects of the behaviour of Acanthaster
spp. have been studied across multiple distinct species (Burn
et al. 2020) and will provide critical tests of the prevailing
assumption that distinct species of Acanthaster sp. are osten-
sibly similar in their ecology and function.

Diurnal activity patterns

Early studies on the behavioural ecology of CoTS in the
Red Sea (i.e., A. benziei) reported that adult seastars feed
almost exclusively at night (Goreau 1962; Haszprunar et al.
2017). There are further anecdotal observations that CoTS
are observed feeding much more often at night than during
the day, for A. cf. solaris at various locations throughout the
Pacific (e.g., Chesher 1969a, b; Branham et al. 1971). Given
their tendency to feed mostly at night, CoTS are also seen
to be most exposed and moving mainly at night. Notably,

@ Springer

Ormond and Campbell (1974) described a very similar pat-
tern of activity for A. benziei to that formally characterised
by Ling et al. (2020) for A. cf. solaris, whereby individuals
became active at dusk when searching for coral prey. They
then fed (often being exposed, but stationary) through much
of the night before seeking shelter within the reef matrix
before daylight (Ling et al. 2020). Diurnal variation in expo-
sure and feeding is also often most pronounced in smaller
individuals, at least for A. cf. solaris (e.g., Keesing 1995).
This diurnal variation in behaviour is commonly attributed
to the risk of predation from diurnally active predators
(Cowan et al. 2017), and if so, might be influenced more by
the local abundance of predatory species than interspecific
differences in behaviour. Whether differences in toxicity
and thus protection from predators affect diurnal behaviour
as suggested by Haszprunar et al. (2017) requires further
investigation.

Burn et al. (2020) explicitly compared the diurnal activ-
ity patterns of A. planci in the Maldives with that of A. cf.
solaris on Australia’s GBR. The extent to which CoTS were
exposed (i.e., not concealed within or beneath coral sub-
strates) was higher (63.14%) for A. planci in the Maldives,
compared to 28.55% for A. cf. solaris at Rib Reef (GBR).
Moreover, >97% of A. planci were completely exposed dur-
ing surveys conducted at night, compared to only 52% for
A. cf. solaris. Geographical differences were not necessarily
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Table 3 Reported outbreaks for the five Acanthaster species considered in this review

Country (region)

Citations

A. benziei

A. cf. solaris

A. cf. ellisii

A. mauritiensis

A. planci

Egypt, Red Sea®

Saudi Arabia, Red Sea
Sudan, Red Sea®

American Samoa

Australia (GBR)

Australia (Lord Howe Island)
Australia (Western Australia)
Brunei

China (South China Sea)
French Polynesia

Fiji

Guam

Hawaii

Indonesia (Sulawesi)
Indonesia (Kalimantan)
Japan (Okinawa)

Malaysia (Eastern Peninsula)
Marianna Islands
Micronesia

New Caledonia

Palau

Papua New Guinea
Philippines

Thailand (Gulf of Thailand)
Taiwan®

Vanuatu

Vietnam (Khanh Hoa Province)

Western Samoa
Mexico

Costa Rica®

Panama®

Komoro Islands, WIO
Mayotte

Seychelles®

South Africa®
Mozambique®
Mauritius®

Oman®

Chagos Islands®
Tanzania

India, Andaman Islands®
Maldives

Sri Lanka

Cocos (Keeling) Isl
Thailand, Andaman Sea

Oman®

Ammar (2005, 2007)

Riegl et al. (2013)

Roads and Ormond (1971)

Brown et al. (2016)

Moran et al. (1987) and Pratchett (2005)*
Harriott (1995)

Keesing et al. (2019)

Lane (2012)

Reimer et al. (2019)

Pratchett et al. (2011)

Zann et al. (1987)

Chesher (1969b)

Kenyon and Aeby (2009)

Lane (1996) and Plass-Johnson et al. (2015)
Nugues and Bak (2009)

Nakamura et al. (2014)

Chak et al. (2018)

Quinn and Kojis (2003)

van Woesik and Cacciapaglia (2019)
Adjeroud et al. (2018) and Dumas et al. (2022)
Chesher (1969b)

Quinn and Kojis (1987) and Pratchett et al. (2009)
de Diosi et al. (2014)

Scott et al. (2017)

Kimura et al. (2022)

Houk and Raubani (2010)

Tkachenko et al. (2016, 2020)

Berthe et al. (2016)

Reyes-Bonilla and Calderon-Aguilera (1999), Martinez-Sarabia and Reyes-
Bonilla (2021) and Rodriguez-Villalobos and Ayala-Bocos (2021)

Guzman and Cortes (1992)
Glynn (1974)

Polunin (1974)

Gerard et al. (2008b)

Obura et al. (2017)

Celliers and Schleyer (2006)
Bligh and Bligh (1971)
Obura et al. (2017)

Glynn (1987)

Roche et al. (2015)

UNEP (1989), Mohammed et al. (2000) and Muhando and Lanshammar (2008)

Ravindran et al. (1999)

Saponari et al. (2015, 2018)

Dissanayak and Terney Pradeep Kumara (2015)
Pratchett et al. (2014)

Chansang et al. (1987)

Glynn (1987)

“Many reports, only some examples listed

YA. planci and A. mauritiensis co-occur in Oman. It is unclear if both species exhibited outbreaks there

“High densities occasionally recorded, but the scale is small or unknown, or outbreaks are local or represent aggregations
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attributable to inherent behavioural differences among spe-
cies but appeared to be largely explained by apparent dif-
ferences in coral cover and habitat structure between the
particular study locations (Burn et al. 2020).

In general, it appears that the tendency to feed mostly at
night and mainly shelter during the day is common among
different Acanthaster spp., including A. benziei, A. planci
and A. cf. solaris, though individual differences in diurnal
activity patterns vary with the size of the individuals and
habitat structure.

Food preferences

The ecological effects of CoT'S on local coral assemblages
and reef ecosystems are strongly influenced by the relative
predilection for different coral species, or feeding prefer-
ences (e.g., De'ath and Moran 1998a; Pratchett et al. 2009).
Most studies that have explicitly considered feeding prefer-
ences [which needs to take account of the availability and
accessibility of different coral prey (Pratchett 2007; Toke-
shi and Daud 2011)] have been undertaken in the Western
Pacific for A. cf. solaris. However, the limited studies con-
ducted elsewhere, such as in the Red Sea (Campbell and
Ormond 1970), suggest that other Acanthaster spp. have
similarly strong and consistent preference for Acropora spp.
if available. A possible exception is A. cf. ellisii because
Acropora does not exist in the ETP, thus it is unclear if that
species would still prefer Acropora if present. These inher-
ent feeding preferences are further reflected in the numer-
ous anecdotal observations of CoT'S feeding predominantly
on Acropora spp. (e.g., A. mauritiensis, Roche et al. 2015),
and disproportionate declines in Acropora spp. during CoTS
population outbreaks (e.g., A. planci, Glynn 1973; Sapon-
ari et al. 2018). Nevertheless, in areas where Acropora spp.
are scarce (or already depleted), CoT'S are observed to feed
extensively on alternative prey. In the eastern Pacific, for
example, A. cf. ellisii feeds predominantly on Pocillopora
spp. and has also frequently been observed feeding on non-
hard coral prey, such as macro—, turf—, and coralline algae,
as well as gorgonians (Hernandez-Morales et al. 2021). This
dietary flexibility, apparent for A. cf. ellisii, may represent
an adaptation necessary to persist in marginal reef environ-
ments in the eastern Pacific, such as the Gulf of California
(Rodriguez-Villalobos et al. 2015). It is unknown whether
other Acanthaster spp. possess similar dietary flexibility,
though their feeding physiology does allow for exceptional
flexibility in diet (Goreau 1962), and A. mauritiensis has
been observed to feed on sponges (Celliers and Schleyer
2006).

Given their strong preference for Acropora spp., severe
or recurrent outbreaks of CoT'S are likely to cause localised
depletion of these corals (e.g., Maldives, Saponari et al.
2018; Pisapiai et al. 2019) and may contribute to persistent
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shifts in coral composition (e.g., French Polynesia, Pratch-
ett et al. 2011). More importantly, however, these feeding
preferences likely reflect the nutritional benefit that CoT'S
derive from feeding on these corals (Caballes et al. 2016),
such that limited availability or accessibility to Acropora
spp. may constrain their individual fitness and population
viability. It is apparent for example, that CoT'S will feed on
an increasing variety of coral prey once Acropora spp. are
locally depleted. During the latter stages of population out-
breaks in Maldives, for example, A. planci were reported to
feed predominantly on Porites, Favites and Pavona (Sapon-
ari et al. 2018; Burn et al. 2020). Increasing intake of these
least preferred, and presumably sub-optimal coral prey, may
impose physiological constraints that limit the persistence or
initiation of population irruptions.

Propensity for outbreaks

Reported outbreaks of A. cf. solaris are widespread, often
reoccurring and lead to significant loss of coral. This is not
necessarily the case in other species. Reported outbreaks
of A. benziei are relatively localised in most places where
they occur, except for the Saudi Arabian Red Sea where
high densities were observed on several reefs and signifi-
cant coral loss reported (Riegl et al. 2013). Similarly, sev-
eral outbreaks of A. mauritiensis were localised or charac-
terised as ‘aggregations’ (Bligh and Bligh 1971; Celliers
and Schleyer 2006), whereas several other outbreaks of that
species were only observed once since the 1970s (Moham-
med et al. 2000; Gerard et al. 2008b). However, the remote-
ness of most locations in the West Indian Ocean and few
monitoring programmes makes it difficult to judge if addi-
tional outbreaks were overlooked. Outbreaks of A. planci in
some locations also appear local, but outbreaks in several
Atolls of the Maldives (Saponari et al. 2018) for example,
or in Sri Lanka (Dissanayak and Terney Pradeep Kumara
2015) were also severe. On the eastern end of the Acan-
thaster distribution, A. cf. ellisii also appears less prone to
outbreaks, with a significant outbreak only reported in 2018
in Mexico (Rodriguez-Villalobos and Ayala-Bocos 2021).
Thus, although data are sparse and outbreak definitions vary
between authors, it appears the species at the eastern (A. cf.
ellisii) and western (A. mauritiensis, A. benziei) margin of
the Genus’ distribution are less prone to severe, repeated
and destructive outbreaks compared to the ‘central’ species
A. planci and A. cf. solaris. It is currently unresolved
whether the reasons for this are intrinsic differences in the
biology of the species or driven by extrinsic processes, such
as the availability of Acropora coral species.
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Conclusions

As outlined above, there are practically no data on most of
the life cycle (fertilisation, larval development, settlement,
CCA and coral feeding juvenile) of four of the Acanthaster
species considered here. Compared to that, A. cf. solaris is
extensively investigated making it one of the best studied
tropical marine invertebrates. However, even for that spe-
cies, knowledge is considered too limited to fully under-
stand outbreak causes and recommend effective management
action. In a recent horizon scan for that species, Pratchett
et al. (2021a) identified the incidence of population irrup-
tions, feeding ecology of larval sea stars, effects of elevated
water temperature and predation on juveniles as the most
important topics for further research. We urge the scientific
community, nature conservation managers, and other stake-
holders to support filling these research gaps for all species
given that it is not appropriate to assume that the biology of
five species is the same (at least not without testing) and this
may result in inappropriate management responses.
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