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EXECUTIVE SUMMARY

Spatial and temporal stochasticity in the abundance and population dynamics of crown-of-
thorns starfish (CoTS; Acanthaster spp.) highlights the critical need for improved knowledge
of demographic variability within and among populations. This study explored variation in the
demography of Pacific CoTS (Acanthaster cf. solaris) during the latest period of elevated CoTS
densities (active population irruptions) in the central section of Australia’s Great Barrier Reef.
Specifically, we examined variation in i) the prevalence and severity of sub-lethal injuries
among juvenile and adult CoTS, and ii) the recruitment, growth and survivorship of early-stage
juvenile starfish, across different management zones where fishing is restricted (Habitat
Protection Zone, Conservation Park Zone) versus effectively prohibited (Marine National Park
Zone).

On the Great Barrier Reef, apparent differences in the incidence of population irruptions of A.
cf. solaris occur on reefs where fishing is permitted (but restricted) versus reefs where
recreational and commercial fishing are prohibited. The most logical explanation for these
differences are that higher densities of fisheries target species within no-take marine reserves
may directly or indirectly regulate the local abundance of crown-of-thorns starfish by
moderating their growth and survival, though this has never been tested. This study used
incidence of injuries, which was measured for both early-stage juveniles, as well as larger and
older A. cf. solaris, as a proxy for rates of predation, and compared among reefs within different
management zones. The prevalence (proportion of individuals with injuries) was very high for
early-stage juvenile starfish (91.0%, n = 200), compared to larger individuals (43.2%, n =
5,238). For early-stage juvenile A. cf. solaris, both the prevalence and severity of injuries varied
with size of individuals, and did not differ with management zone. For larger individuals (50-
600 mm diameter), however, there were significant differences in prevalence and severity of
injuries among management zones, even after carefully accounting for the effects of body size.
Importantly, both the prevalence and severity of sub-lethal injuries were significantly higher for
CoTS collected from reefs with Marine National Park (green) Zones, versus Conservation Park
(yellow) Zones or Habitat Protection (blue) Zones. This finding is consistent with the notion
that predation rates on CoTS are higher within reef habitats where recreational and commercial
fishing are prohibited, presumably due to the higher size or abundance of predators that feed
on adult CoTS. It remains to be tested whether higher rates of predation within no-take areas
also lead to higher rates of adult CoTS mortality, but even higher rates of sub-lethal predation
may sufficiently constrain growth and reproduction to supress densities of CoTS in reef
habitats that are closed to fishing.

To explicitly test for variation in the growth and survivorship of early-stage juvenile A. cf. solaris,
recurrent sampling was conducted from June 2018 to November 2019 at each of five reefs
within contrasting management zones; Kelso Reef and Little Kelso Reef (Marine National Park
Zone), Rib Reef, Lodestone Reef and Keeper Reef (Habitat Protection Zone). A total of 266
early-stage juvenile crown-of-thorns starfish were recorded across the five reefs, most of which
(74.1%) were very small (4-19 mm) and found on coralline algae. Both highest and lowest
densities of early-stage juvenile starfish were recorded at reefs (Lodestone Reef and Keeper
Reef, respectively) where restricted fishing is permitted (Habitat Protection Zone). There were
also no apparent differences in growth or survivorship among reefs with respect to fisheries
management, though there was high inter-reef and inter-annual variability in vital rates. This
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study shows that it is not only possible to detect recently settled CoTS within shallow reef
habitats, but recurrent sampling across a broad range of locations could provide significant
insights into the factors affecting early stage demography of A. cf. solaris.

This study adds to existing evidence that established networks of marine protected areas and
differential fisheries management among reefs within the GBR may have important effects on
the demography and therefore, local abundance of A. cf. solaris. Effects of marine protected
areas were very specific and quite subtle, and it is unlikely that further restrictions in fisheries
management will necessarily prevent future population irruptions of A. cf. solaris. However,
the fisheries management may have an important role in mitigating effects of CoTS as part of
increasing the general resilience of reefs across the GBR.
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1.0 INTRODUCTION

Population outbreaks of crown-of-thorns starfish (Acanthaster spp.) are an enigmatic
phenomenon (Moran 1986; Pratchett and Cumming 2019), which have significant influence on
the health and condition of coral reef ecosystems throughout the Indo west-Pacific (e.g.,
Chesher 1969; Kayal et al. 2012). In French Polynesia, for example, recent population
irruptions of Pacific crown-of-thorns starfish (Acanthaster cf. solaris) killed >96% of corals
around the entire circumference of the island of Moorea (Kayal et al. 2012). Population
irruptions of crown-of-thorns starfish at Moorea (which occurred in 1980 and 2007) are the
foremost cause of coral loss recorded since 1979 (Faurea 1989; Trapon et al. 2011), despite
high frequency of other acute disturbances, including mass coral bleaching and severe tropical
storms. Population irruptions of crown-of-thorns starfish are considered to be among the most
significant causes of coral loss in many reef locations (Bruno and Selig 2007; Osborne et al.
2011; Mellin et al. 2019a), but have also attracted considerable and increasing attention
because they are one of the few major causes of coral loss and reef degradation that may be
amenable to direct and localised management interventions (De’ath et al. 2012; Anthony et al.
2015; Babcock et al. 2016a; Westcott et al. 2016).

Coral reefs, like many nearshore marine environments, are subject to extensive and escalating
pressures and disturbances (Pandolfi et al. 2003; Hughes et al. 2017b; Bellwood et al. 2019;
Darling et al. 2019), which have already caused sustained coral loss and fundamental shifts in
habitat structure across a broad range of locations (Gardner et al. 2003; Graham et al. 2006;
Alvarez-Filip et al. 2009; Norstrém et al. 2009; De’ath et al. 2012; Sheppard et al. 2020). The
causes of coral loss vary regionally. However, there is often a mismatch between regional
drivers of coral loss and reef degradation versus localised management priorities and actions
(Hughes et al. 2017a; Bellwood et al. 2019). Long-term studies on changes in the structure
and function of reef ecosystems highlight the critical influence of large-scale, but discrete (or
acute) disturbances (Gardner et al. 2005; Adjeroud et al. 2009; Osborne et al. 2011; Trapon
et al. 2011; Pisapia et al. 2016; Sheppard et al. 2020). However, contemporary coral reef
management remains focussed on redressing perennial and pervasive human pressures, such
as fisheries exploitation and land-based pollutants (Brodie and Pearson 2016; Aswani et al.
2018; Weijerman et al. 2018; Comeros-Raynal et al. 2019). Sustained degradation of coral
reef ecosystems is at least partly attributable to persistent (or chronic) pressures (Anthony et
al. 2015; Pratchett and Hoogenboom 2019), and corresponding impacts on the population
dynamics of habitat-forming (Fabricius 2005; Browne et al. 2015) and functionally important
reef species (Bellwood et al. 2012; Edwards et al. 2014). Reducing direct pressures on these
groups of organisms may therefore, provide broad-scale ecosystem benefits, such as
enhanced resilience (Bozec et al. 2016; Mellin et al. 2016; Steneck et al. 2018; Topor et al.
2019). Most notably, effective no-take marine reserves have been shown to enhance key
ecosystem functions, which promote recovery of coral assemblages and maintenance of coral-
dominated habitats in the aftermath of major disturbances (Mellin et al. 2016; Topor et al.
2019). Reduced fishing pressure and establishment of no-take marine reserves may also be
effective in supressing or preventing population irruptions of crown-of-thorns starfish (Dulvy et
al. 2004; Sweatman 2008; Condie et al. 2018), which would greatly reduce coral loss (De’ath
et al. 2012).



Pratchett et al.

1.1 Cause(s) of population irruptions

Population irruptions of Acanthaster spp. are variously attributed to either; i) particular life-
history characteristics (most obviously, their extreme levels of fecundity and variability in the
extent to which reproductive capacity is realized) that predispose populations to marked
fluctuations in abundance (Uthicke et al. 2009; Babcock et al. 2016a; Babcock et al. 2016b;
Wilmes et al. 2020a), or ii) major changes in biological or environmental conditions that disrupt
normal regulatory processes that otherwise constrain local densities of Acanthaster spp., such
as predation (e.g., Endean 1969) or food-limitation (Antonelli and Kazarinoff 1984). While there
IS increasing recognition that early life-history stages are fundamental in understanding
population dynamics (Wilmes et al. 2018, 2020a, 2020b), there is persistent controversy
regarding the role of planktonic conditions (especially, availability of prey resources) in
determining spatial and temporal fluctuations in larval supply, and if (or how) these processes
are influenced by land run-off and nutrient inputs (Lucas 1982; Olson 1985; Brodie 1992;
Brodie et al. 2005, 2017; Pratchett et al. 2014). While there have been numerous experimental
tests of larval food-limitation for Acanthaster spp. (Lucas 1982; Ayukai 1994; Fabricius et al.
2010; Wolfe et al. 2015, 2017; Caballes et al. 2017; Pratchett et al. 2017a), there is yet to be
effective sampling of larval abundance and condition showing explicit links to planktonic
communities or nutrient availability in the wild, considered critical in resolving this debate (e.qg.,
Babcock and Mundy 1993). More generally, understanding the cause(s) of population
irruptions requires much greater sampling to document fine-scale spatial and temporal
changes in the demography and population dynamics of crown-of-thorns starfish (Moran
1986), and corresponding sampling of relevant biological and environmental conditions
(Babcock and Mundy 1993).

One of the foremost hypotheses that has been proposed to explain population irruptions of
crown-of-thorns starfish is the predator removal hypothesis (Endean 1969). Endean (1969)
argued that overfishing of the giant triton (Charonia tritonis) on the Great Barrier Reef (GBR)
in the 1940s and 1950s contributed to the first documented population irruption of Pacific
crown-of-thorns starfish (Acanthaster cf. solaris) in the early 1960s. Reported catches of C.
tritonis during the 1950s were >10,000 per annum (Endean 1973), and subsequent densities
of giant triton on the GBR have been highly supressed. Excessive removal of giant triton from
reefs in the northern GBR was linked to increased abundance of large adult starfish capable
of initiating outbreaks by virtue of their massive combined reproductive output (Endean 1969).
While the role of giant triton in regulating abundances of crown-of-thorns starfish remains
equivocal (Ormond et al. 1990), most of the contemporary studies of predatory regulation of
crown-of-thorns starfish have focussed on reef fishes (Cowan et al. 2017b) and especially
fishery target species (e.g., coral trout). Notably, Sweatman (2008) showed that the incidence
of population irruptions of crown-of-thorns starfish was 3.75 times higher on GBR mid-shelf
reefs that were open to fishing (e.g., Habitat Protection Zones) compared to no-take marine
reserves (Marine National Park Zones). Observed differences in the incidence of population
irruptions were attributed to trophic cascades arising due to fisheries-induced depletion of
larger piscivorous fishes, such as coral trout (Sweatman 2008). There are, however, yet to be
any detailed studies quantifying comparative rates of predation or mortality from A. cf. solaris
inside versus outside of no-take marine reserves.
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1.2 Inter-reef differences in the incidence and severity of population
irruptions

On the GBR, reef-wide population irruptions of A. cf. solaris appear to originate on mid-shelf
reefs in the vicinity of 14-15°S (Sweatman et al. 1998; Vanhatalo et al. 2016). In 1994, for
example, population irruptions of A. cf. solaris were first recorded at Lizard Island and several
other reefs within the immediate area, including Linnet, North Direction, and Rocky Islet
(Sweatman et al. 1998). These initial population irruptions (primary outbreaks) then give rise
to successive population irruptions (secondary outbreaks) that propagate predominantly
southwards, but also northwards (Kenchington 1977; Reichelt et al. 1990; Moran et al. 1992;
Vanhatalo et al. 2016). Consideration of the cause(s) of population irruptions on the GBR (e.qg.,
Wooldridge and Brodie 2015; Babcock et al. 2016a; Pratchett et al. 2017b) focusses mainly
on factors that lead to the initiation of population irruptions on northern reefs, whereas there
are altogether different factors that might contribute to the propagation of secondary population
irruptions (e.g., Hock et al. 2014; Brodie et al. 2017). Large-scale (GBR-wide) analyses of the
incidence of population irruptions of A. cf. solaris tend to focus on overall patterns of initiation
and spread (Moran et al. 1992; Vanhatalo et al. 2016), highlighting inherent connections and
coupled oscillations in ecosystem state among closely-positioned reefs. However, the
incidence and severity of population irruptions (both in terms of starfish densities and
ecological impacts on coral assemblages) can vary among reefs (Vanhatalo et al. 2016),
attributable to variation in cross-shelf position (e.g., proximity to coast) and inherent
environmental conditions (Mellin et al. 2019b), connectivity to reefs with active population
irruptions (Hock et al. 2017), and/ or fisheries management (Sweatman 2008).

The GBR comprises thousands of separate shallow, often emergent, reef systems (Pratchett
et al. 2019), which are sometimes connected by very large continuous expanses of reef
framework at greater depths (Beaman 2010). More importantly, closely positioned reefs are
often highly connected by ocean currents that transport larval and dispersal stages of marine
organisms (Hock et al. 2014, 2017) and have similar exposure to environmental pressures and
large-scale disturbances (Mellin et al. 2019a). However, distinct reefs do vary in their size,
shape, geomorphologic structure and maturity (Hopley et al. 2007), habitat (Emslie et al. 2010)
and management (Day 2002). In terms of management, reefs are generally ascribed to one of
several different management zones, including i) Preservation Zones (pink on zoning maps),
which are no-access and the most restrictive of all zones; ii) Marine National Park Zones
(green) which are no-take areas where all types of extractive activity are prohibited; iii)
Conservation Park Zones (yellow) where only limited fishing is allowed; and iv) Habitat
Protection Zones (blue) where recreational and commercial fisheries are permitted subject to
certain conditions (Day 2002; Pratchett et al. 2019). Aside from demonstrated benefits for
fisheries target species, which often extend (spill-over) beyond the boundaries of no-take areas
(Williamson et al. 2004; Miller et al. 2012; Emslie et al. 2015; Carter et al. 2017), Preservation
Zones and Marine National Park Zones have been shown to confer broader ecosystems
benefits, such as ecosystem resilience (Sweatman 2008; McCook et al. 2010; Mellin et al.
2016). Explicitly testing for inter-reef differences in the demography of crown-of-thorns starfish
with respect to contrasting management zones, may therefore provide important insights into
the role of predators, but also alternative spatial management arrangements, in regulating
populations and reducing the incidence and severity of population irruptions.
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1.3 Study Objectives

The reported incidence of injuries among adult crown-of-thorns starfishes ranges from <5%
(e.g., Ormond and Campbell 1971) to >65% (Rivera-Posada et al. 2014), and apparent injuries
are widely attributed to sub-lethal predation (McCallum et al. 1989). If fisheries exploitation
reduces predation pressure on these adult Acanthaster spp., we would expect to find lower
incidence and severity of injuries among starfish located in reef habitats where fishing is
permitted and higher incidence or severity of injuries in areas closed to fishing, as was shown
in reefs in the Philippines (Rivera-Posada et al. 2014). Previously, Messmer et al. (2017) found
no difference in the incidence or severity of injuries for A. cf. solaris among reefs where fishing
is prohibited (Marine National Park) versus reefs where fishing is permitted (Conservation Park
and Habitat Protection Zones) on the GBR. However, sampling across management zones
was confounded by latitude, with most of the reefs within Marine National Park Zones sampled
in the northern GBR, whereas reefs sampled in the south were exclusively Conservation Park
and Habitat Protection Zones. Similarly, Wilmes et al. (2019) also did not find differences in
the incidence and severity of injuries among early-stage juvenile starfish (5-45 mm diameter)
across reefs where fishing is prohibited versus permitted. The present study builds on (and
includes) results presented in Messmer et al. (2017) and Wilmes et al. (2019).

The objectives of this study were:

i) To compare the prevalence (proportion of individuals with conspicuous injuries) and severity
of injuries (extent of damage apparent on individual with injuries) for both adult and juvenile
crown-of-thorns starfish among reefs within contrasting GBRMPA fisheries management
zones, explicitly testing whether injuries are more prevalent or severe on reefs where fishing
is permitted.

i) To explore spatiotemporal variation in the size and abundance of early-stage juvenile crown-
of-thorns starfish between seasons in two successive years (2018 and 2019) and among reefs
within contrasting GBRMPA fisheries management zones. By explicitly testing for changes in
the size and abundance within fixed sampling locations, we test for variation in apparent growth
and survivorship of crown-of-thorns starfish in the first year post-settlement, which may be
critical in accounting for spatiotemporal variation in the abundance of these organisms (Wilmes
et al. 2018, 2020Db).
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2.0 METHODS

2.1 Prevalence and severity of injuries

2.1.1 Adult crown-of-thorns starfish

A total of 5,238 A. cf. solaris (ranging in size from 50-600mm diameter) were sampled across
70 reefs in the Great Barrier Reef Marine Park between 2013 and 2018 (Table 1), building
substantially on the sample (n = 3,846) of starfish analysed previously (Messmer et al. 2017).
All starfish were carefully extracted from the reef matrix, using purpose-built large stainless-
steel tongs or hooks, taking care not to damage the starfish. Starfish were then kept in mesh
bags or perforated collection boxes for transport to support vessels. All starfish were processed
within 3 hours of collection, except where we had access to holding facilities with large tanks
and rapid exchange of fresh seawater (e.g., at Lizard Island Research Station) and could
maintain the starfish for prolonged periods with limited adverse effects on individual condition.

The total diameter of individual starfish was measured by inverting starfish on a flat surface
and measuring the distance between tips of opposite and undamaged arms. Measurements
were taken (to the nearest mm) from the termination of the ambulacral grooves and ignoring
the spines projecting from the tips of the arms. Where starfish were noticeably asymmetrical,
the diameter was measured at least twice and then averaged. The underside (oral surface) of
starfish was then examined to determine the number of arms and evidence of injuries, following
Rivera-Posada et al. (2014). The total number of arms was counted based on the number of
discrete ambulacral grooves extending directly from the oral cavity. Arms were considered to
be damaged if they were less than 75% the length (Figure 1) of the other seemingly intact
arms, or were conspicuously damaged, missing or regenerating. Recent injuries (e.g., fresh
tears in the surface integument) were disregarded, as they likely occurred during collection.
The incidence of injuries was determined based on the proportion of starfish with any evidence
of injuries, whereas severity of injuries was estimated based on the proportion of an individual's
arms that were injured. Where only the number of injured arms was recorded, this was
expressed as a proportion, using the median number of arms (15) recorded for all A. cf. solaris
where the number of arms was counted (Figure 2).

Variation in the incidence (modelled as presence/absence of injuries) and severity (modelled
as proportion of arms damaged or missing on injured starfish) were compared among the three
different management zones; 1) Marine National Park Zones (green); ii) Conservation Park
Zones (yellow); and iii) Habitat Protection Zones (blue), while also accounting for variation in
the size (maximum diameter) of individual starfish. Differences among management zones
(samples from individual reefs pooled across management zones) and with body size
(maximum diameter) as an additive fixed effect were modelled using generalised linear model
(GLM) with a binomial error distribution in R (R Core Team 2020). Analysis of deviance
(likelihood ratio chi-square) on the models were done using the ‘Anova’ function within the ‘car’
package in R (Fox & Weisberg 2019). Post hoc pairwise comparisons of injury prevalence and
severity among management zones were conducted using the ‘emmeans’ package in R (Lenth
et al. 2017).
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Table 1: Extent of sampling conducted at reefs within different GBRMP management zones. Reefs within
each zone are listed alphabetically with total number of starfish sampled from each reef and zone shown
in brackets.

Marine National Park Zone, aka Green Zone (n = 2,467)

13-144 (3)

15-072 (20)

Briggs Reef (208)
Eagle Reef (23)
Endeavour Reef (349)
Fairfax Island (13)
Feather Reef (2)
Green Island (29)

Hedley Reef (331)
Heron Island 915)

Lark Reef (20)

Lizard Island (642)

Low Isles (9)

Martin Reef (31)
MacGillivray Reef (336)
Mermaid Reef (1)

Conservation Park Zone, aka Yellow Zone (n = 526)

Boulder Reef (2)
Davies Reef (3)
Elford Reef (99)

Opal Reef (3)
Pickersgill Reef (322)
Sykes Reef (7)

Habitat Protection Zone, aka Blue Zone (n = 2,245)

15 044 (20)

16-018 (10)

17-060 (14)

17-061 (8)

22-143 (11)
Adelaide Reef (12)
Arlington Reef (399)
Batt Reef (30)
Bramble Reef (74)
Broadhurst Reef (19)
Cayley Reef (10)
Centipede Reef (5)
Chinaman Reef (20)
Coates Reef (3)
Dicks Reef (94)
Eddy Reef (8)

Ellison Reef (3)

Emily Reef (348)
Forrester Reef (20)
Gibson Reef (6)
Gilbey Reef (10)
Hall-Thompson Reef (6)
Howie Reef (11)
Irene Reef (10)
Lodestone Reef (1)
Mackay Reef (20)
Maori Reef (37)
McCulloch Reef (312)
Morning Reef (10)
Musgrave Island (1)
Noggin Reef (2)
Noreaster Reef (27)

Michaelmas Cay (5)
Moore Reef (10)
Nathan Reef (12)
Norman Reef (16)

North Direction Island (305)

Stevens Reef (3)

South Direction Island (257)

Taylor Reef (7)

Thetford Reef 10)
Trunk Reef (42)
Vlasoff Reef (20)

Otter Reef (3)
Peart Reef (6)
Potter Reef (10)
Rib Reef (158)
Ribbon Reef No. 10 (20)
Rudder Reef (10)
Sandshoe Reef (5)
Spitfire Reef (300)
Startle Reef (30)
Sudbury Reef (10)
Sweetlip Reef (6)
Tongue Reef (16)
Two Isles (20)
Undine Reef (30)
Walker Reef (55)
Wardle Reef (5)
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Figure 1: Marked variation in the size of arms of Acanthaster cf. solaris, where the smallest arm is likely
to be regenerating from previous injuries, potentially caused by sub-lethal predation. Photograph: V.
Messmer
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Figure 2: Frequency and density of the total number of arms recorded for 3,883 Acanthaster cf. solaris

sampled on the Great Barrier Reef. The median number of arms was 15, but nearly as many starfish had
16 arms.
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2.1.2 Early-stage juvenile crown-of-thorns starfish

Variation in the incidence and severity of injuries was also assessed for 200 early-stage
juvenile A. cf. solaris (size range = 5-45 mm diameter) — presumed to be <1-year-old (Wilmes
et al. 2016, 2019, 2020b). These early-stage juveniles were sampled from an extensive
collection of early-stage juvenile starfish (n = 3,532) that had been collected on the GBR in
2015 (Wilmes and Schultz 2019). Sampling was in the present study intentionally biased
towards the largest, and presumably oldest, individuals to avoid confusion between newly-
forming versus regenerating arms (Wilmes et al. 2019). All starfish were collected on SCUBA
(max depth = 15 m), during extensive searching in areas of unconsolidated coral rubble,
interspersed with patches of consolidated carbonate and live corals (see Wilmes et al. 2019).
Starfish were preserved in 95% ethanol following collection for later processing.

Table 2: List of reefs (from north to south) from which juvenile A. cf. solaris were collected across
contrasting GBRMP management zone. Adapted from Wilmes et al. 2019.

Percentage of

Reef Sample size starfish with
injuries
Marine National Park Zone, aka Green Zone (n = 76)
U/N Reef 15-072 3 100.00
U/N Reef 16-013a 4 100.00
Agincourt Reef No. 5 5 100.00
Hastings Reef 14 78.57
Upolo Reef 12 91.67
Green Island 30 90.91
Nathan Reef 8 87.50
Conservation Park Zone, aka Yellow Zone (n = 17)
Oyster Reef 3 100.00
U/N Reef 16-044a 14 92.86
Habitat Protection Zone, aka Blue Zone (n = 107)
Rosser Reef 3 100.00
Escape Reef 2 100.00
Morning Reef 11 90.91
Pretty Patches 22 90.91
Arlington Reef 36 91.67
Gibson Reef 11 90.91
Howie Reef 2 100.00
Gilbey Reef 12 91.67
Hall-Thompson Reef 1 100.00
Potter Reef No. 1 7 85.71

The aboral side of each of the 200 juvenile starfish selected for this study (Table 2) was
photographed using an Olympus Om-D E-M5 camera. 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 (using ImageJ1, see Figure 3). Injured arms were defined as those
that were >10% shorter than the radial extent of the longest arm, following Bos et al (2011).
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Two injured arms

Figure 3: Measuring radial extent for each arm of an early-stage juvenile crown-of-thorns starfish,
whereby injured arms were defined as those that were >10% shorter than the longest arm (based on
radial extent, not arm length). Figure from Wilmes et al. 2019

Both the incidence (modelled as the presence/ absence of injuries) and severity (modelled as
the proportion of injured arms) of injuries were related to size (maximum radius) of individual
starfish — using generalised linear mixed effects model (gimmPQL function from the MASS
package; Venables and Ripley 2002) with binomial error distribution in R (R Core Team 2020).
Zoning was included as an additive fixed effect, with data pooled across Conservation Park
and Habitat Protection Zones, to test for differences between no-take areas (Marine National
Park Zones, n = 76) versus areas with restricted fishing (n = 124).

2.2 Recruitment and survival of early-stage juvenile crown-of-thorns
starfish

Field studies were conducted in 2018 and 2019 at five mid-shelf reefs (Kelso Reef, Little Kelso
reef, Rib Reef, Lodestone Reef and Keeper Reef) of the central GBR (Figure 4) to explore
variation in recruitment and survival of early-stage juvenile crown-of-thorns starfish between
reefs where fishing was permitted (Habitat Protection Zone; n = 3) versus those where fishing
was prohibited (Marine National Park Zone; n = 2). Each reef was surveyed twice each year
(June and November). Reefs were selected to represent contrasting GBRMPA management
zones, at the time of active population irruptions. The specific study locations at each reef (see
Figure 4) were chosen following extensive surveys at selected locations, which identified areas

11
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with elevated densities of early-stage juvenile CoTS. The initial surveys in June 2018 were
conducted at least 5 months after peak annual spawning and settlement (in late December
and early January, respectively; Uthicke et al. 2019) as newly settled starfish are difficult to be
visually detected prior to this time (Wilmes et al. 2016, 2020b).
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Figure 4: Survey locations at five reefs in the central Great Barrier reef, Australia. Colours reflect Great
Barrier Reef Marine Park zoning, where Marine National Park Zones are no-take areas and Habitat
Protection Zones permit limited recreational and commercial fisheries activities. Map data © GBRMPA

While study locations varied in their orientation to the prevailing south-east trade winds, they
were all characterised by relatively steep slopes, enabling sampling of multiple depths (up to
15 m water depth). Surveys were conducted following an adapted version of Wilmes et al.
(2020a), using 60 replicate 1m x 1m quadrats to survey each location. Replicate quadrats were
placed haphazardly, working systematically from the bottom of the reef slope up to the reef
crest and avoiding areas comprised mostly or entirely of sand. To maximize detection of early-
stage juvenile starfish, the area encompassed within each quadrat was further divided into
quadrants, which were thoroughly searched in turn (Wilmes et al. 2020a). All starfish detected
(up to 200mm diameter) were measured in situ.
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3.0 RESULTS AND DISCUSSION

3.1 Prevalence and severity of injuries

3.1.1 Adult crown-of-thorns starfish

2,264 out of 5,238 (43.22%) adult crown-of-thorns starfish sampled from across the GBR had
evidence of injuries, whereby they had at least one arm that was missing or evidently shorter
and thinner and generally covered in shorter and finer spines (Figure 1). This is very similar to
overall prevalence of injuries (40%; n = 276) reported by McCallum et al (1989) on the GBR,
though this is much lower than previous prevalence of injuries reported by Budden et al. (2019)
from Davies Reef (73.0%; n = 52) and Lynch Reef (58.3%; n= 96) in the central GBR. While
prevalence of injuries is known to vary among reefs (Messmer et al. 2017; Budden et al. 2019),
we pooled data across reefs to explicitly test for variation in the incidence of prevalence relative
to GBRMP management zones and size (Figure 5a, c).

Overall, zoning (X?=21.54, df =2, p<0.001) had a significant effect on the prevalence of injuries.
The overall prevalence of injuries was significantly higher for starfish sampled from reefs within
Marine National Park Zone (‘Green’; 49.00%: 1,209/2,467) compared to those sampled from
Conservation Park Zones (p=0.004; ‘Yellow’; 41.25%: 217/526) and Habitat Protection Zones
(p<0.001; ‘Blue’; 37.33%: 838/2,245). However, there was no statistical difference in
prevalence of injuries recorded in Conservation Park Zones versus Habitat Protection Zones
(p=0.217; Figure 5a). If the prevalence of injuries relates to incidence of sub-lethal predation
and/or overall rates of predation (sensu McCallum et al. 1989) this would suggest predation
rates increase with increasing levels of fisheries protection, as would be expected if fisheries
target species do actually prey on crown-of-thorns starfish (Rivera-Posada et al. 2014). There
is considerable evidence showing that coral trout are larger and more abundant in Marine
National Park Zones across the GBRMP (Williamson et al. 2004; Miller et al. 2012; Emslie et
al. 2015), at least in areas with moderate to high coral cover (e.g., in the early stages of
population irruptions of crown-of-thorns starfish). Injury prevalence relative to CoTS size
(Figure 5c) also showed a significant relationship with larger-sized CoTS exhibiting an overall
lower injury prevalence (X?=22.43, df =1, p<0.001). Data presented here provides one
possible mechanism to explain lower incidence of population irruptions of A. cf. solaris within
Marine National Park Zones (Sweatman 2008) suggesting that key fisheries species may be
functionally important in regulating populations of crown-of-thorns starfish.

Beyond differences in the prevalence of injuries, we show that the severity (proportion of
injured arms) also increases with increasing levels of fisheries protection (Figure 5b). For
starfish with injuries, the median number of injured arms was 15 across all management zones
(Figure 6). The average severity of injuries was significantly different between management
zones (X?=21.74, df=2, p<0.001), whereby severity was higher for starfish sampled from reefs
within Marine National Park Zone (7.37% +0.21SE) compared to those sampled from
Conservation Park Zones (p=0.005; 6.31% +0.48SE) and Habitat Protection Zones (p<0.001;
5.56% +0.20SE). Variation in mean severity is mainly attributable to the lower incidence of
injuries in Conservation Park Zones and Habitat Protection Zones. If we consider only those
starfish with injuries, there are significant differences (X?=78.66, df =12, p<0.01) in proportion
of individuals with between 1 and >6 arms damaged (Figure 6), but there are more starfish
with more severe injuries in Conservation Park Zones and Habitat Protection Zones. While not
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considered in this study, McCallum et al. (1989) showed (based on the clustering of injured
arms) that increasing severity of injuries rarely reflects cumulative impacts of multiple discrete
injuries, but single large injuries caused by larger or more voracious and persistent predators.
If so, this may suggest that there is higher abundance of opportunistic predators in areas that
are closed to fishing (Marine National Park Zone), causing higher prevalence of injuries, but
rarely killing these starfish outright. Conversely, the predators that do exist within areas where
there is fishing permitted (though restricted) may be larger or more voracious. In addition, a
significant decreasing trend in severity (Figure 5d) was observed with increasing body size
(X?=96.93, df =1, p<0.001).
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Figure 5: Prevalence (a; number of injured COTS: total number of COTS) and severity (b; number of
injured arms: total number of arms) of injuries recorded for 5,238 crown-of-thorns starfish sampled
across the GBRMP on reefs pooled across specific management zones (with increasing level of fisheries
protection); Habitat Protection Zones (blue zones), Conservation Park Zones (yellow zones) and Marine
National Park Zones (green zones). Letters indicate significantly different groups based on post hoc
tests. Trends of prevalence (c) and severity (d) of injuries in relation to COTS size (measured as maximum
diameter).

While some studies consider sub-lethal predation a proxy for overall rates of predation

mortality, it seems likely that the predators that cause sub-lethal injuries (especially loss of
individual arms) are different from those predators capable of killing crown-of-thorns (Cowan
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et al. 2017b). Higher prevalence and severity of sub-lethal predation is nonetheless, likely to
have significant impact on the individual fitness and population dynamics of crown-of-thorns
starfish regardless of whether injuries are a valid proxy for overall predation and predation
rates (Harris 1989; Zajac 1995; Budden et al. 2019; Wilmes et al. 2019). Budden et al. (2019),
for example, showed that sublethal injuries can significantly reduce reproductive potential of
A. cf. solaris. When coupled with high rates of self-recruitment (e.g., Wooldridge and Brodie et
al. 2015) this would suggest that higher densities of putative predators, ranging from
planktivorous fishes that feed on gametes and/ or larvae (Cowan et al. 2016a, 2017a) to larger
benthic feeding fishes (Kroon et al. 2020) within no-take marine reserves, may serve to
suppress populations and perhaps even prevent localized population irruptions. As such, high
prevalence of sub-lethal predation may contribute to the lower incidence of population
irruptions of A. cf. solaris recorded on reefs that are closed to fishing (Sweatman 2008).

0.7 -~
06 4 _[]
— B Marine National Park Zone
@ 05 4m
g 0 Conservation Park Zone
® 0.4 -
v @ Habitat Protection Zone
(¢}
S5 0.3 1
©
>
'g 0.2 4
a
0.1 - H
No 1 2 3 4 5 6 >6
injuries

No. of injured arms

Figure 6: Proportion of Pacific crown-of-thorns starfish (A. cf. solaris) sampled from reefs within three
different management zones on the Great Barrier Reef (see Table 2) without injuries versus increasing
number of arms injured.

3.1.2 Early-stage juvenile crown-of-thorns starfish

Most (182 out of 200) early-stage juvenile CoTS sampled from across the GBR had evidence
of injuries, whereby they had at least one arm for which the overall radial extent was >10%
shorter than the longest arm (Figure 4). The prevalence of injuries (91.00%) for these small
(up to 45mm diameter) starfish was much higher than was recorded for adult A. cf. solaris
(43.22%; n = 5,238) considered in this study, but also much higher than has been recorded for
crown-of-thorns starfish more broadly (reviewed by Cowan et al. 2017b). Vulnerability to
predation is known to vary with size and ontogeny in many organisms (e.g., Scharf et al. 2000;
Urban 2007). While size-based differences in the prevalence of injuries in early-stage juvenile
starfish may be somewhat confounded by differences in their capacity for regeneration
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(Wilmes et al. 2019), our results suggest that vulnerability to predation declines for crown-of-
thorns starfish with increasing body size (also see Rivera-Posada et al. 2014, Messmer et al.
2017, Wilmes et al. 2019). Taken together with previous studies (e.g., Keesing and Halford
1992; Cowan et al. 2016b; Wilmes et al. 2019), our results suggest that smallest post-
settlement stages of CoTS (e.g., settling larvae and newly-metamorphosed starfish) are most
vulnerable to sub-lethal or lethal predatory attacks.
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Figure 7: Mean (£SE) prevalence of injuries (proportion of individuals on each reef that had apparent
injuries) recorded for 200 crown-of-thorns starfish sampled across the GBRMP on reefs (Table 2) from
specific management zones (with increasing level of fisheries protection); Habitat Protection Zones (blue
zones), Conservation Park Zones (yellow zones) and Marine National Park Zones (green zones).

The proportion of injured early-stage juvenile crown-of-thorns starfish ranged from 78.57% to
100.00% among reefs (Table 2), with no apparent effect of management zone (Figure 7).
Similarly, the severity (ratio between the number of injured arms and the total number of arms)
of injuries did not vary between juveniles that were sampled from reefs where restricted fishing
was permitted (Conservation Park and Habitat Protection Zones) versus no-take areas (Marine
National Park Zones). The severity of injuries was negatively related to body size, and this was
significant for coralline algal-feeding juveniles (p<0.05, Figure 8 — Wilmes et al. 2019). After
accounting for differences in size and ontogenetic stage, there was no difference in the severity
of injuries for juvenile starfish from no-take and restricted fishing zones (X? =2.37, df =4, p =
0.67 — Wilmes et al. 2019).
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Figure 8: Severity of injuries in early-stage juvenile CoTS distinguishing between those starfish found
feeding on coralline algae versus those (generally larger individuals) feeding on coral, and between those
sampled from no-take marine reserves (Marine National Park Zones) and reefs where fishing was
restricted (Habitat Protection Zones and Conservation Park Zones). Model data from Wilmes et al. 2019

3.2 Recruitment and survival of early-stage juvenile starfish

A total of 266 crown-of-thorns starfish (4—200 mm diameter) were recorded from June 2018 to
November 2019 (Table 3). Most of these starfish (197 out of 266; i.e., 74.06%) were small (4—
19 mm) and found associated with, and generally feeding on, coralline algae, while the
remainder (69 individuals — 25.94%) had already shifted to feeding on scleractinian corals. In
each sampling year (2018 and 2019), the initial (June) samples were clearly dominated by
small (<20 mm diameter) algal-feeding individuals (Figure 9). However, by November (5
months later) there were relatively few individuals found on coralline algae, likely reflecting the
ontogenetic shift in diet and habitat use, as well as growth and survivorship of these early-
stage juvenile crown-of-thorns starfish (sensu Wilmes et al. 2020b). Though the transition from
small algal-feeding individuals to larger coral feeding individuals was more apparent in 2018
than it was in 2019 (Figure 9).
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Table 3: Variation in the size of crown-of-thorns starfish (Acanthaster cf. solaris) recorded during each of
two distinct sampling occasions (June and November) in 2018 and 2019. Data was pooled across five
mid-shelf reefs (n = 266 starfish); Kelso Reef, Little Kelso Reef, Rib Reef, Lodestone Reef and Keeper

Reef.
i Diameter (in mm
Samplmg — ( ) | S.ample
time mean | SE min max size (n)
Coral 63.29 12.98 20 120 7
Jun-18 -
Coralline algae 8.93 0.23 4 18 135
Coral 44.06 6.91 15 200 34
Nov-18 :
Coralline algae 11.00 1.73 6 14 4
Coral 84.21 6.48 10 130 19
Jun-19 -
Coralline algae 9.78 0.48 4 17 45
Coral 81.33 10.54 22 135 9
Nov-19 -
Coralline algae 11.46 0.89 8 19 13
2004
150 4
£
c Diet
§ 100 - Coral
q’ .
c E Coralline algae
9
@)
50
0 -

June 2018 November 2018 June 2019 November 2019
Sampling time (month - year)

Figure 9: Boxplots showing diet-related size distribution of Acanthaster cf. solaris for each of two distinct
sampling occasions (June and November) in 2018 and 2019. Data was pooled across five mid-shelf reefs
(n = 266 starfish); Kelso Reef, Little Kelso reef, Rib Reef, Lodestone Reef and Keeper Reef.

Average densities of juvenile crown-of-thorns starfish ranged from 0.32-0.58 individuals m
across sampling locations in June 2018 (Table 4; Figure 10), with both highest and lowest
densities recorded at reefs (Lodestone Reef and Keeper Reef, respectively) where restricted
fishing is permitted (Habitat Protection Zone). These densities lie within the upper range of
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densities of early-stage juvenile starfish (i.e., 0.00-0.77 individuals m2), recorded previously
in 2017 by Wilmes et al. (2020a). In November 2018, densities of crown-of-thorns starfish
recorded at reefs closed to fishing (Kelso and Little Kelso Reefs) were higher than those
recorded at reefs where restricted fishing is permitted.

In June 2019 average densities of crown-of-thorns starfish were substantially lower than in
June 2018, ranging from 0.05-0.30 individuals m? across sampling locations (Table 4; Figure
10). Highest averaged densities (0.22—0.30 individuals m-2) were recorded at both, reefs where
restricted fishing is permitted (Rib, Lodestone and Keeper Reef) and a no-take reef (Little Kelso
Reef). By contrast, starfish occurred in June 2019 at the lowest density (0.05 individuals m)
at Kelso Reef (no-take). Densities of early-stage juvenile starfish recorded in June 2019 were
lower than in the preceding year, but still remained within the upper range (mean = 0.11 starfish
m2, median = 0.07 starfish m2, IQR = 0.01-0.13 starfish m) of those recorded by Wilmes et
al. (2020a) in 2017. In November 2019, densities of crown-of-thorns starfish recorded at reefs
closed to fishing (Kelso and Little Kelso Reefs) did not seem to differ from those recorded at
reefs where restricted fishing is permitted (Table 4; Figure 10).

Table 4: Density of crown-of-thorns starfish (Acanthaster cf. solaris) recorded at each of five mid-shelf
reefs within contrasting spatial management zones.

. . Mean
GBRMP Zoning Reef Sampling time density Standard S.ample
(month-year) . 2 error (se) | size (n)
(ind. m=)

Jun-18 0.40 0.10 60

Rib Nov-18 0.08 0.04 60

Jun-19 0.30 0.07 60

Nov-19 0.18 0.06 60

Jun-18 0.58 0.13 57

Habitat Protection Zone Lodestone Nov-18 0.05 0.03 60

Jun-19 0.22 0.06 60

Nov-19 0.08 0.04 60

Jun-18 0.32 0.09 60

Keeper Nov-18 0.11 0.05 61

Jun-19 0.25 0.08 60

Nov-19 0.00 NA 60

Jun-18 0.57 0.12 60

elle Nov-18 0.18 0.05 61

Jun-19 0.05 0.03 60

Marine National Park Zone Nov-19 0.00 NA 60

Jun-18 0.53 0.13 60

Little Kelso Nov-18 0.20 0.06 60

Jun-19 0.25 0.07 60

Nov-19 0.10 0.05 60
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Figure 10: Mean (£SE) density of crown-of-thorns starfish (Acanthaster cf. solaris) recorded at each of
five mid-shelf reefs (n ~ 60 quadrats) within contrasting spatial management zones (see Table 4).
Sampling was conducted in approximately the same locations using haphazardly placed quadrats on
each sampling occasion.

When considering all locations and all sampling occasions, there are no consistent differences
in densities of starfish with respect to spatial management zones (Table 4; Figure 10). Given
the small sample size of sampling locations in each group of the GBRMP zone (Habitat
Protection Zone, n = 3; Marine National Park Zone, n = 2), differences in mean densities of
starfish, could not be statistically tested in relation to the GBRMP management zone.

Survival of starfish was estimated for each reef and year as the ratio between the mean density
of starfish recorded in November and the mean density of starfish recorded in June, and then
expressed as a percentage (Table 5). In 2018, estimated survivorship of starfish ranged
between 8.64-37.50%, with highest survival rates recorded at Little Kelso (37.5%), followed
by Keeper (36.24%), Kelso (31.82%), Rib (20.83%) and Lodestone Reef (8.64%). By contrast,
in 2019 estimated survivorship ranged between 0.00-61.00%. When considering all locations
and all sampling occasions, there are no consistent differences in survivorship of starfish with
respect to spatial management zones.
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Table 5: Reported mean densities of starfish and estimated percentage of survival and mortality by year
(based on changes in densities of starfish), reef and marine park zone

Mean density in .
o E Estimated . ,
individuals m . Estimated mortality
: survival (%)
. (by sampling month- (%) by year
GBRMP Zoning | Reef by year
year)
Jun | Nov | Ju No
2018 2019 2018 2019
e 201 | ne |v
_ _ Rib 0.40 | 0.08 | 0.3 | 0.1 | 20.83 61.11 79.17 38.89
gsr?gat Protection " odest | 0.58 | 0.05 | 0.2 | 0.0 | 8.64 | 3846 |91.36 | 61.54
Keeper | 0.32 | 0.11 | 0.2 [ 0.0 | 36.24 | 0.00 63.76 100.00
, . Kelso |0.57 |0.18 |00 |0.0 |31.82 |0.00 68.18 100.00
Marine  National i (—)2 (-) 1
Park Zone e los3 020 |7 | 77 | 3750 |40.00 | 6250 60.00
Kelso 5 0
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4.0 RECOMMENDATIONS AND CONCLUSIONS

The significant research and management interest in crown-of-thorns starfish directly stems
from their propensity to undergo population irruptions, and their corresponding effects on coral
assemblages and reef habitats (Westcott et al. 2020). Understanding population dynamics and
population irruptions of Acanthaster spp. is currently constrained by limited knowledge of early
life-history processes and vital rates (Wilmes et al. 2018) and how these vary among
management zones. The present study presents the first attempt at explicitly comparing growth
and survivorship of early-stage juvenile A. cf. solaris among reefs with contrasting
management zones, based on intensive and recurrent sampling at five distinct sites. The
results suggest high inter-reef and annual variability in recruitment rates of early-stage juvenile
crown-of-thorns starfish. However, due to the limited number of survey sites across different
zones (Habitat Protection Zone, n = 3; Marine National Park Zone, n = 2), the results are
inconclusive with respect to differences in demographic rates of early-stage juveniles in
relation to management zone. It is critical therefore, that further and increased research be
undertaken to explicit quantify spatiotemporal variation in demographic rates of crown-of-
thorns starfish and across all life-stages.

Data pertaining to the incidence and severity of injuries for both juvenile and adult crown-of-
thorns starfish adds to the considerable weight of evidence showing that Acanthaster spp. are
extremely vulnerable to predation (Endean 1969; McCallum et al. 1989; Ormond et al. 1990;
Bos et al. 2008; Rivera-Posada et al. 2014; Cowan et al. 2016a, 2017b; Wilmes et al. 2019,
Kroon et al. 2020). Predation and predators may therefore, play a significant role in regulating
local populations of crown-of-thorns, potentially dampening fluctuations in their local
abundance and greatly reducing the likelihood of population irruptions (Ormond et al. 1990;
Babcock et al. 2016a; Cowan et al. 2016a; Messmer et al. 2017). Importantly, the high
prevalence, and sometimes high severity, of injuries apparent across juvenile and adult starfish
are likely to impact on subsequent growth and survivorship, as well as reproductive capacity
(Budden et al. 2019). There remains, however, a definite need to quantify rates of predation
and mortality of crown-of-thorns starfish to better understand the specific role of reef predators
on the population regulation of Acanthaster spp.

Maximising the number and diversity of potential predatory species (e.g., through the
increased establishment no-take marine reserves and/ or increased fisheries regulation) is a
no regrets strategy to minimise the risk of future population irruptions, given that it would also
increase the resilience of coral reef ecosystems (Condie et al. 2018). However, explicit
research is required to establish the relative importance of different predatory species and at
different life-stages, based on their capacity to regulate larval supply, settlement, and post-
settlement survivorship of Acanthaster spp. Rates of pre- and post-settlement predation should
then be related to the local abundance of different predators to test whether changes in the
functional diversity and composition of coral reef assemblages (e.g., inside and outside of no-
take marine reserves) have measurable effects on the demography and population dynamics
of crown-of-thorns starfish (Cowan et al. 2016a). Importantly, new technologies provide much
improved opportunities to identify potential predators (Kroon et al. 2020), while increased
potential to tag and track benthic species within reef environments (Pratchett et al. 2020;
Schlaff et al. 2020) pave the way for much greater insights into predator-prey dynamics.
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