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Abstract Outbreaks of crown-of-thorns starfish (Acan-
thaster spp.) represent a major threat to coral reef
ecosystems throughout the Indo-Pacific, and there is sig-
nificant interest in whether no-take marine reserves could
moderate the frequency or severity of outbreaks. Herein,
we investigate whether the incidence and severity of sub-
lethal injuries among juvenile Pacific crown-of-thorns
starfish (Acanthaster cf. solaris, max diameter = 45 mm)
differs between areas that are open versus closed to fishing,
between microhabitats (i.e. dead coral substratum versus
live coral) and with body size. The majority (180 out of
200) of juvenile starfish had conspicuous injuries, pre-
sumably caused by predation. The incidence of injuries in
juvenile starfish was negatively related to body size, but
links between body size and severity of injuries were only
evident in individuals collected from dead coral micro-
habitats. Small (3 mm radius) starfish from dead coral
microhabitats had injuries to 68.06% of arms, compared to
12.00% of arms in larger (12 mm radius) starfish from the
same microhabitat. Juvenile starfish associated with dead
coral habitats had a higher incidence (95 vs. 87% respec-
tively) and severity (i.e. the percentage of injured arms; 21
vs. 6%) of injuries, compared to those associated with live
corals. Interestingly, there was no difference in the inci-
dence or severity of injuries between areas that are open
versus closed to fishing. Our results show that small
juvenile A. cf. solaris are extremely vulnerable to
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sublethal, if not lethal, predation, and predation risk
declines as they grow and change their microhabitat. Pre-
dation during and immediately following settlement is,
therefore, likely to have a major influence on population
dynamics and ontogenetic changes in microhabitat use for
A. cf. solaris.
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Introduction

Crown-of-thorns  starfishes (CoTS, Acanthaster spp.)
exhibit boom-and-bust population dynamics (Antonelli and
Kazarinoff 1984; Bradbury et al. 1985; Pratchett et al.
2014; Condie et al. 2018). Given their diet of reef-building
or scleractinian corals (Chesher 1969; Branham et al.
1971), CoTS have a major influence on coral reef ecosys-
tems during population booms or outbreaks (e.g. Chesher
1969; De’ath et al. 2012; Baird et al. 2013). While CoTS
outbreaks are increasingly considered to be a natural phe-
nomenon (Pratchett et al. 2018), debate continues about the
extent to which human activities, such as fishing (e.g.
Endean 1969; Sweatman 2008; Vanhatalo et al. 2017) or
runoff from catchments with intensive agriculture (Brodie
et al. 2005, 2017; Fabricius et al. 2010), contribute to
increased frequency or severity of outbreaks (Pratchett
et al. 2014). One of the earliest and foremost hypotheses to
explain population outbreaks of CoTS is the predator
removal hypothesis (Endean 1969), suggesting that decli-
nes in the abundance of predators, and concomitant
increases in survivorship of CoTS, may cause or exacerbate
population outbreaks (e.g. Endean 1969; Dulvy et al. 2004;
Sweatman 2008; Cowan et al. 2017a; Vanhatalo et al.
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2017). Declines in the abundance of predatory organisms is
generally ascribed to direct exploitation (Endean 1969), but
might also occur due to trophic cascades (Dulvy et al.
2004) or general degradation of reef ecosystems (Men-
donca et al. 2010; Cowan et al. 2017a). For example, Dulvy
et al. (2004) showed that when densities of predatory fishes
declined along a fishing intensity gradient by 61% at the
most heavily fished sites in Fiji, CoTS densities increased
by three orders of magnitude. Similarly, CoTS outbreaks
were shown to have occurred 3.75 times more often on
midshelf reefs of Australia’s Great Barrier Reef (GBR) that
were open to fishing (albeit restricted) compared to those
that were closed to fishing (no-take reefs) (Sweatman
2008).

The initial formulation of the predator removal
hypothesis (sensu Endean 1969) was focussed on predators
that were capable of killing adult CoTS. Endean (1969)
suggested that giant triton (Charonia tritonis) were one of
the few predators that attack and completely consume
healthy adult starfish, albeit smaller individuals. Excessive
harvesting of giant triton, therefore, may have allowed for
increased densities and larger sizes of CoTS (Endean
1969), which together would have greatly increased
reproductive output (Babcock et al. 2016). Subsequent
studies have revealed many more reef organisms (including
fishes and invertebrates) that will feed on healthy adult
CoTS (reviewed by Cowan et al. 2017a), though it is still
unclear to what extent they actually kill adult starfish.
Nonetheless, predation may contribute to reductions in
population size (and may moderate outbreaks) in several
ways, including (1) direct reductions in local densities of
larvae, juveniles or adults; (2) reducing individual size and
fecundity through partial predation; or (3) disrupting nor-
mal feeding or spawning behaviour. Moreover, predation
rates on CoTS may be particularly pronounced during early
life history stages (including settlement and early post-
settlement stages) and have an important influence on
population dynamics (Wilmes et al. 2018).

Estimates of natural rates of predation on early life
history stages of CoTS (and variation therein) are scarce,
largely due to difficulties in detecting and following the
fate of juvenile starfish in situ (Wilmes et al. 2018). To
date, estimates of predation on newly settled CoTS (i.e. 0+
starfish in their first year post-settlement) have been
derived from aquarium studies or experimental studies in
which captive naive starfish were deployed in the field (e.g.
Sweatman 1995). Aquarium studies indicate that both
gametes and larvae of CoTS may be heavily preyed upon
by planktivorous reef fishes, such as damselfishes (Cowan
et al. 2016b, 2017b). In turn, settling larvae and post-
metamorphic juvenile CoTS are likely to experience strong
predation pressure from benthic invertebrates (Yamaguchi
1973), and this is supported by the results of an aquarium
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study which investigated predation on settling CoTS larvae
by polychaetes and trapeziid crabs (Cowan et al. 2016a).
Field estimates of predation rates on captive-bred naive 0+
starfish indicate that predation rates generally decrease
with body size but are highly variable (Keesing and Hal-
ford 1992; Keesing et al. 1996, 2018). For instance, pre-
dation rates by epibenthic fauna were highest for small
1-month-old starfish (mean diameter = 1.1 mm) at
5.05% d~" and decreased to 0.85% d~' for larger 4-month-
old starfish (mean diameter = 2.7 mm) (Keesing and Hal-
ford 1992). Notably, predation rates on 1-month-old star-
fish varied markedly among small habitat units, indicating
that the composition and/or abundance of cryptofaunal
predators (e.g. polychaetes and crustaceans) varied sub-
stantially within these units (Keesing et al. 1996).

Although the vulnerability of juvenile CoTS to different
types of predators is expected to change as they grow
(Keesing 1995), very little is known about how body size
and ontogenetic shifts in microhabitat (i.e. from coralline
algae encrusted pieces of dead coral to live scleractinian
coral) affect predation on wild 0+ CoTS. Despite apparent
evolutionary adaptations in behaviour (i.e. cryptic and
nocturnal) and colouration to evade diurnal visual preda-
tors such as fishes (Yamaguchi 1973; Zann et al. 1987;
Stump 1996), observations of predation on small juvenile
CoTS, especially on 0+ starfish, have been limited (En-
dean 1969; Pearson and Endean 1969; Zann et al. 1987,
Sweatman 1995). Aquarium studies indicate, however, that
small juvenile CoTS (i.e. diameter < 70 mm) are vulner-
able to predation, mostly by crustaceans (e.g. hermit crabs
and spiny lobster—Zann et al. 1987; Hymenocera
shrimp—Keesing et al. 2018).

The objective of this study was to quantify the incidence
and severity of injuries in newly settled CoTS (0+ starfish)
and assess whether rates of injury (and thereby predation
rates) vary with zoning status (i.e. no-take marine reserves
versus restricted fishing zones), microhabitat (i.e. dead
coral substratum versus live scleractinian coral) and/or
body size. Although sublethal predation was not witnessed
per se, it is generally assumed that sublethal injuries in
starfish result from predatory attacks or defensive interac-
tions (Lawrence and Vasquez 1996). High incidence of
sublethal injuries is therefore thought to reflect intense
predation on starfish (McCallum et al. 1989; Bos et al.
2011; Rivera-Posada et al. 2014), such that high rates of
partial injury may be a proxy for high levels of overall
mortality from predation. While the frequency and extent
of injuries has been used previously as proxy for predation
pressure among subadult and adult CoTS (Rivera-Posada
et al. 2014; Messmer et al. 2017), no such investigation has
been conducted for 0+ CoTS.
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Materials and methods
Sampling and definition of injured arms

A total of 200 juvenile starfish (max diameter = 45 mm)
were sampled from an extensive collection of 0+ CoTS
from reefs in the northern GBR during outbreaking con-
ditions in 2015 (see Wilmes et al. 2016). All starfish were
collected on SCUBA (max depth = 15 m), with searches
focussing in reef slope areas where there was unconsoli-
dated coral rubble, interspersed with patches of consoli-
dated carbonate and live corals. All starfish were measured
(diameter to the nearest mm) and preserved in 95% etha-
nol. During collection, we explicitly distinguished between
individuals recovered from dead coral substratum (mostly
coral rubble) encrusted with coralline algae, which were
presumed to be feeding on coralline algae, versus those
living within live (mostly branching) scleractinian coral,
presumed to be feeding on coral (Wilmes et al. 2016).

To test for variation in the incidence and severity of
injuries, we sampled 100 O+ starfish from each of the two
microhabitats (i.e. pieces of dead coral substratum versus
live coral colonies). All starfish were collected between 11
October and 15 December 2015 from 19 reefs located

Table 1 List of reefs (from north to south) from which 0+ Acanthaster

between 15.51 and 17.67°S (Table 1). Of the 200 0+
starfish, 76 originated from marine national park zones (no-
take) and 124 from restricted fishing zones (habitat pro-
tection and conservation park zones). Starfish were pho-
tographed (Olympus OM-D E-M5) for image analysis in
ImageJ1. Sampling was intentionally biased towards the
largest individuals to avoid confusion between newly
forming versus regenerating arms. Because several 0+
starfish were severely injured and regeneration of lost body
arms is prioritised over somatic growth in starfish (Lawr-
ence and Lane 1982; Diaz-Guisado et al. 2006), maximum
radius was chosen, over diameter, as a more robust indi-
cator for body size at the time of injury. For each starfish,
the number of arms was counted, and its maximum radius
was measured from the centre of the aboral disc area to the
tip of the longest arm (Fig. 1b). Injured arms were defined
as those that were > 10% shorter than the maximum radius
(Fig. 1b), following Bos et al.’s (2011) criterion for the
identification of injured arms, which conformed most with
our visual identification of injuries.

cf. solaris originated, together with descriptive statistics

Reef Name, Reef ID GBR marine park Sample Percentage of injured Proportion of injured arms
zoning size starfish -
Lower Median Upper
quartile quartile
U/N Reef, 15-072 MNPZ 3 100.00 0.27 0.31 0.39
Rosser Reef, 15-081 HPZ 3 100.00 0.29 0.31 0.49
Escape Reef, 15-094 HPZ 2 100.00 0.13 0.13 0.13
Morning Reef, 15-098 HPZ 11 90.91 0.19 0.38 0.63
U/N Reef, 16-013a MNPZ 4 100.00 0.18 0.19 0.22
Agincourt Reefs (No. 5), MNPZ 100.00 0.18 0.31 0.38
15-099d

Hastings Reef, 16-057 MNPZ 14 78.57 0.06 0.23 0.36
Pretty Patches, 16-062b HPZ 22 90.91 0.07 0.13 0.18
Opyster Reef, 16-043a CPZ 3 100.00 0.26 0.26 0.43
U/N Reef, 16-044a CPZ 14 92.86 0.23 0.29 0.47
Upolo Reef, 16-046 MNPZ 12 91.67 0.12 0.17 0.28
Arlington Reef, 16-064 HPZ 36 91.67 0.13 0.27 0.43
Green Island, 16-049 MNPZ 30 90.00 0.13 0.24 0.31
Gibson Reef, 17-017 HPZ 11 90.91 0.13 0.29 0.45
Howie Reef, 17-018a HPZ 2 100.00 0.15 0.16 0.17
Nathan Reef, 17-035 MNPZ 8 87.50 0.12 0.19 0.44
Gilbey Reef, 17-057 HPZ 12 91.67 0.13 0.23 0.31
Hall-Thompson Reef, 17-037 HPZ 1 100.00 0.86 0.86 0.86
Potter Reef (No. 1), 17-059a HPZ 7 85.71 0.10 0.31 0.35

MNPZ marine national park zone, HPZ habitat protection zone, CPZ conservation park zone
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Fig. 1 a Example of 0+
Acanthaster cf. solaris found
in situ associated with dead
coral, b definition of injured
arms; an arm was defined as
injured if the arm’s length was
> 10% shorter than the
maximum arm radius

Statistical analyses
Incidence of sublethal injuries

The incidence of sublethal injuries was modelled as the
presence/absence of injuries against the maximum radius
of individuals to test whether body size affected the
probability of injury incidence in 0+ starfish. Modelling
was conducted using a generalised linear mixed effects
model (glmmPQL function from the MASS package—
Venables and Ripley 2002) with a binomial error distri-
bution and a logit link function, conducted in R (R Core
Team 2018). Reef was included as a random effect to
account for variations in the incidence ~ size relationship
among reefs, while explicitly testing for differences
between no-take marine reserves and restricted fishing
zones (habitat protection and conservation park zones).
Goodness of fit was evaluated by comparing the sum of the
squared Pearson’s residuals to chi-squared (lack of fit if
p value < 0.05). The significance of fixed effects was
based on p values (significant if p < 0.05), as provided by
the summary function.

To test for variation in the incidence of different levels
of sublethal injuries among O+ starfish from different
microhabitats and marine park zones, injuries were divided
into five categories of severity depending on the percentage
of injured arms: 0% (no arms injured), > 0-25%,
> 25-50%, > 50-75% and > 75-100%. Frequencies of
0+ starfish in different injury severity categories were then
compared between different microhabitats and marine park
zones separately, using Pearson’s Chi-squared test of
independence. As sample sizes between no-take (n = 76)
and restricted fishing zones (n = 124) differed, frequency
data are displayed as percentages for ease of interpretation.
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Severity of sublethal injuries

The proportion of injured arms (as proxy for injury
severity) was modelled against the maximum radius to test
whether injury severity was related to body size in 0+
starfish. Modelling was again conducted in R, using gen-
eralised linear mixed-effects models (glmmPQL function)
with a binomial error distribution and logit link function. In
addition, zoning (i.e. no-take zone versus restricted fishing
zone) was added in the model as an additive fixed effect, to
test for an effect of zoning on the injury severity ~ size
relationship. Because the dietary shift of 0+ starfish from
coralline algae to scleractinian coral is size-related (size
threshold ~ 8-10 mm, Yamaguchi 1974) and is accom-
panied by a shift in microhabitat (i.e. from dead coral
substratum to live scleractinian coral), microhabitat and
size are inevitably correlated. As a result, injury severity
was modelled separately for O+ starfish from different
microhabitats. All models included reef (n =19) as a
random effect and goodness of fit was again evaluated by
comparing the sum of the squared Pearson’s residuals to
Chi-squared (lack of fit if p value < 0.05), and by
inspecting diagnostic plots of residuals (see Logan 2011).
The significance of fixed effects was based on p values
(significant if p < 0.05), as provided by the summary
function.

Results
Incidence of sublethal injuries

The proportion of juvenile CoTS with injuries in samples
from the 19 reefs varied between 78.57 and 100%
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(median = 91.67%, IQR =90.91-100%) (Table 1). The
incidence of injury was negatively related to body size
(p < 0.05) and most 0+ starfish showed signs of sublethal
injuries (i.e. 91%); overall, only 9% were intact (Fig. 2).
The incidence of injuries was slightly higher in 0+ starfish
that were found among pieces of dead coral (95%), than in
those associated with live coral (87%). The frequency of
0+ starfish in different injury severity categories differed
significantly ~ between  microhabitats; X*  (df = 4,
n =200) = 15.358, p = 0.004. Notably, 21% of starfish
found in dead coral showed signs of severe sublethal
injuries (i.e. > 50% arms injured), compared to 6% of
starfish found in live coral (Fig. 2). By contrast, a higher
proportion of starfish associated with live coral (63%)
showed no or minor signs of injury (i.e. 0-25% of arms
injured), compared to 44% of individuals that were found
associated with dead coral. We found no indication that the
frequency of 0+ starfish in different injury severity cate-
gories differed between no-take and restricted fishing zones
(Fig. 3); X* (df = 4, n = 200) = 2.366, p = 0.669.

Severity of sublethal injuries

The median percentage of injured arms in O+ starfish
varied among reefs, ranging from 12.5% and 85.71%
(median = 26.32%, IQR = 19.06-30.77%, Table 1). Injury
severity was significantly related to size in 0+ starfish,
especially for starfish found in dead coral (Table 2, Fig. 4).
For starfish from dead coral microhabitats, the model
estimates that 68.06% (CI [54.01-79.45%]) of arms were
injured in small starfish (3 mm radius), compared to just
12.00% (CI [7.14-19.47%]) in larger starfish (12 mm
radius). While the proportion of injured arms in starfish
found in live coral tended to decline with increasing body
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Fig. 3 Percentage of 0+ A. cf. solaris, in different injury severity
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size, this trend was not significant (Table 2, Fig. 4). Marine
park zoning did not significantly affect the proportion of
injured arms in 04 starfish.

Discussion

This study shows that the incidence and severity of sub-
lethal injuries in O+ starfish (3—22 mm radius) decreases
with increasing body size and was largely driven by
changes in the extent of injuries in starfish (3—12 mm
radius) from dead coral microhabitats. The incidence and
severity of injuries were higher for starfish associated with
dead coral than for larger starfish that had transitioned to
feeding on, and living among, live corals. Although
predatory attacks were not witnessed per se, differences in
the incidence and severity of injuries among starfish from
the two microhabitats may be explained by differences in
the composition and abundance of potential predators,
including cryptofaunal invertebrates (Enochs and Manzello
2012; Takada et al. 2012) and fish assemblages (e.g.
Messmer et al. 2011; Komyakova et al. 2018). However, as
body size and microhabitat are inevitably confounded, the
reduced incidence and severity of injuries among juveniles
from the live coral habitat may also, at least in part, be
explained by their inherently larger size and faster growth
rates (Yamaguchi 1974). Interpretation of our results is
further obfuscated by the fact that sublethal injuries in
starfish associated with live coral may have been carried
across from the dead coral microhabitat or could have
resulted from defensive interactions with coral polyps
during the transition to live coral (Yamaguchi 1974).
Nonetheless, coral-rubble-dominated dead coral habitats
are extremely diverse environments that support high
numbers of predatory cryptofaunal invertebrates and fishes
(Takada et al. 2012; Enochs and Manzello 2012). Species
richness of motile cryptofauna is indeed estimated to be
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Table 2 Results of generalised linear mixed effects models (with logit link function) testing for the effect of size and zoning on injury severity in
0+ A. cf. solaris from different microhabitats (i.e. pieces of dead coral versus live coral colonies)

Sample population Response variable Parameter Estimate SE p value
0+ starfish associated with dead coral Proportion of injured arms (proxy for Intercept 1.6729 0.4829
substratum (n = 100) injury severity) Maximum radius ~ — 0.3055 0.0622 0.0000
Intercept 1.5868 0.5135
Maximum radius — 0.3043 0.0625 0.0000
Zoning (restricted 0.1091 0.2169 0.6217
fishing)
0+ starfish associated with live scleractinian ~ Proportion of injured arms (proxy for Intercept — 0.6887 0.4234
coral (n = 100) injury severity) Maximum radius ~ — 0.0489 0.0335 0.1474
Intercept — 0.7641 0.4619
Maximum radius — 0.0486 0.0337 0.1531
Zoning (restricted 0.1245 0.2834 0.6758

fishing)

Reef is included as random effect in all models

Bold values represent p-values < 0.05

1.00 —
Microhabitat

—— Dead coral substratum
Live scleractinian coral

Proportion of injured arms
o o
(o) ~
o (&}
| |

o

)

o
1

Maximum radius (mm)

Fig. 4 The relationship between modelled proportion of injured arms
(as proxy for injury severity) and maximum radius (mm) of 0+ A. cf.
solaris from live coral and dead coral microhabitats. Dots represent
partial residuals modelled at the reef level derived from the models

greater in dead coral habitats than in live coral habitats
(Enochs and Manzello 2012). Our results show that 0+
CoTS living on live corals have lower incidence of injuries
compared to those on dead corals, suggesting that there
may be increased densities of predators and higher rates of
predation in rubble habitats.

These results suggest that as for other marine inverte-
brates and fishes, population bottlenecks (i.e. major
reductions in population size) are likely to occur during
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settlement and the early post-settlement phase of the CoTS
life cycle, when settling and newly settled individuals are
smallest and most vulnerable (e.g. Gosselin and Qian 1997;
Almany and Webster 2006). Indeed, the incidence of
injuries in 04 starfish (i.e. 91%) from this study was much
higher than the incidence of injuries previously reported
from subadult and adult CoTS populations from the GBR
(i.e. 33—-51%—Pearson and Endean 1969; McCallum et al.
1989; Stump 1996; Messmer et al. 2017). This suggests
that the predation pressure during and immediately after
settlement has a marked influence on population dynamics
of crown-of-thorns starfish (see also Keesing and Halford
1992; Cowan et al. 2017a; Wilmes et al. 2018; Keesing
et al. 2018).

While individuals that experience sublethal injuries may
survive and ultimately reproduce, the regeneration of lost
and/or damaged body components incurs an energetic cost.
Depending on the life history stage and severity of the
injuries, sublethal injuries can constrain the capacity to
forage (Ramsay et al. 2001) and limit energy available for
growth and reproduction (Lawrence and Lane 1982;
Lawrence and Vasquez 1996; Bingham et al. 2000; Diaz-
Guisado et al. 2006; Barrios et al. 2008). For instance,
feeding and growth rates were demonstrated to be sub-
stantially reduced in severely injured (i.e. 6 arms lost,
~ 33% of total arms) juveniles (~ 20 mm radius, 17-27
arms) of the South American sun-star, Heliaster helianthus,
while moderately injured (i.e. 3 arms lost, ~ 17%) starfish
showed similar feeding and growth rates to intact ones
(Barrios et al. 2008). Recovery was slow in severely
injured starfish and even after 5 months, feeding rates were
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~ 30% lower than those of intact starfish, resulting in
comparatively low growth rates (Barrios et al. 2008). By
comparison, recovery rates of injured arms in juvenile
CoTS are essentially unknown and limited to a sole record
of a 90-mm juvenile/subadult CoTS from the GBR, which
was able to regenerate an injured arm (i.e. 4 times shorter
than its average arm length) within 3 months, while
increasing its overall diameter by 36 mm (Pearson and
Endean 1969).

Most newly settled starfish sampled from the dead coral
microhabitat (i.e. 74%) showed minor to moderate signs of
sublethal injuries (i.e. > 0-50% of arms damaged), and a
substantial proportion of starfish (i.e. 21%) were severely
injured, with some even missing parts of their central disc
(Fig. 2). Such severely injured starfish are not just extre-
mely likely to have a reduced capacity to escape predators,
but also to have a reduced capacity to forage that would
likely negatively affect growth and ultimately size-related
reproductive output and chances of survival. Severe sub-
lethal injuries could even substantially delay the timing of
the ontogenetic dietary shift from coralline algae to live
coral, especially if injuries result in body size being
reduced below the size threshold of the ontogenetic dietary
shift (i.e. 810 mm in diameter—Yamaguchi 1974). In
turn, this may have important flow-on effects on population
dynamics, considering that marked delays in the ontoge-
netic dietary shift are likely to negatively affect individu-
als’ lifetime fitness and ultimately constrain population
growth.

We found no evidence that the incidence and/or severity
of sublethal injuries in O+ starfish differed significantly
between areas that were open versus closed to fishing
(Table 2). This finding is consistent with the results of a
previous study on sublethal injuries in subadult and adult
starfish populations from the GBR (n = 3846), which
detected no significant difference in the incidence or
severity of sublethal injures among starfish from different
marine park zones (Messmer et al. 2017). While coral trout
(Plectropomus spp.), the primary target species on fished
reefs of the GBR, has consistently been reported to be more
abundant in no-take marine reserves (Williamson et al.
2004; Russ et al. 2008; Emslie et al. 2015), this piscivorous
fish is unlikely to prey on 0+ CoTS. Rather, it has been
suggested that declines in densities of coral trout result in
increased densities of benthic carnivorous fishes, such as
wrasses, and subsequent flow-on reductions in densities of
coral rubble inhabiting invertebrates that prey on 0+ star-
fish, thereby effectively releasing predation pressure on 0+
starfish (Sweatman 2008). Effect sizes of no-take marine
reserves on densities of benthic foragers are, however,
small and inconsistent between inshore and offshore reefs
of the GBR (Emslie et al. 2015), and evidence in support of
mesopredator release or prey release is weak (Rizzari et al.

2015; Casey et al. 2017), suggesting limited top-down
control on reef fish and benthic assemblages on the GBR
(Emslie et al. 2015; Rizzari et al. 2015; Casey et al. 2017).
Nonetheless, sublethal injuries may not be directly corre-
lated with mortality and potential differences in survivor-
ship of 0+, and older starfish among marine park zones
may therefore simply not be detectable with this approach.

Our study results have been difficult to interpret, mostly
owing to the fact that predatory attacks were not actually
observed within respective microhabitats. Also, both body
size at the time of injury and the severity of injuries in 0+
starfish may be underestimated, as regeneration and
regrowth could have occurred since the predatory attack.
Determining whether or not the observed higher frequency
of CoTS outbreaks on fished midshelf reefs of the GBR is
indeed related to increased survivorship of 0+ starfish that
live among pieces of dead coral (Sweatman 2008), will
therefore necessitate ongoing in situ measuring of settle-
ment and post-settlement survivorship of 0+ starfish
cohorts among reefs that are open and closed to fishing,
across different types of habitats and starfish densities, and
during different stages of the outbreak cycle. Supporting
information on the identity and relative abundance of
predators among habitats and between differently zoned
reefs is also required. Difficulties associated with detecting
0+ starfish have greatly hindered previous attempts to
monitor CoTS field populations on the GBR (Doherty and
Davidson 1988; Johnson et al. 1992). However, the proven
ability to detect herbivorous 0+ starfish (Zann et al.
1987, 1990; Habe et al. 1989; Wilmes et al. 2016) provides
an opportunity to fill critical knowledge gaps and improve
understanding and management of crown-of-thorns starfish
outbreaks.
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