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Abstract

Resilience-based management is essential to protect ecosystems in the Anthropocene.
Unlike large-scale climate threats to Great Barrier Reef (GBR) corals, outbreaks of coral-
eating crown-of-thorns starfish (COTS; Acanthaster cf. solaris) can be directly managed
through targeted culling. Here, we evaluate the outcomes of a decade of strategic COTS
management in suppressing outbreaks and protecting corals during the 4™ COTS outbreak
wave at reef and regional scales (sectors). We compare COTS density and coral cover
dynamics during the 3" and 4" outbreak waves. During the 4th outbreak wave, sectors that
received limited to no culling had sustained COTS outbreaks causing significant coral
losses. In contrast, in sectors that received timely and sufficient cull effort, coral cover
increased substantially, and outbreaks were suppressed with COTS densities up to six-fold
lower than in the 3™ outbreak wave. In the Townsville sector for example, despite exposure
to comparable disturbance regimes during the 4" outbreak wave, effective outbreak sup-
pression coincided with relative increases in sector-wide coral cover (44%), versus signifi-
cant coral cover declines (37%) during the 3™ outbreak wave. Importantly, these estimated
increases span entire sectors, not just reefs with active COTS control. Outbreaking reefs
with higher levels of culling had net increases in coral cover, while the rate of coral loss was
more than halved on reefs with lower levels of cull effort. Our results also indicate that out-
break wave progression to adjoining sectors has been delayed, probably via suppression of
COTS larval supply. Our findings provide compelling evidence that proactive, targeted, and
sustained COTS management can effectively suppress COTS outbreaks and deliver coral
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growth and recovery benefits at reef and sector-wide scales. The clear coral protection out-
comes demonstrate the value of targeted manual culling as both a scalable intervention to
mitigate COTS outbreaks, and a potent resilience-based management tool to “buy time” for
coral reefs, protecting reef ecosystem functions and biodiversity as the climate changes.

1. Introduction

Anthropogenically-driven disturbances are superimposing additional stressors upon the natu-
ral cycles of decline and recovery inherent to coral reef ecosystems [1] major drivers of coral
mortality on Indo-Pacific coral reefs are cyclones, coral bleaching events, and outbreaks of
crown-of-thorns starfish (COTS) Acanthaster cf. solaris [2-6]. Climate driven disturbances are
increasing in frequency, intensity, and spatial scale, subjecting many coral reef ecosystems to
escalating cumulative impacts with shorter disturbance-free recovery periods [2,3]. Ongoing
chronic impacts (e.g. overfishing, pollution and sedimentation) compound acute disturbances,
further limiting the capacity of reefs to recover and regain pre-disturbance levels of diversity,
ecological function and productivity [4,5].

Strategic management interventions, such as pest and pollution management are becoming
increasingly necessary to mitigate damage and assist the recovery of many ecosystems, includ-
ing the Great Barrier Reef (GBR) [6,7]. The rapid increase in frequency and severity of recur-
rent disturbances has made resilience-based management (RBM) key to steering coral reefs
through the Anthropocene [6,8,9]. The RBM approach identifies current and future drivers of
environmental change to prioritise, implement, and adapt management actions that can assist
ecosystems to resist and recover from cumulative stressors as the climate changes [9,10]. Of
the three major drivers of coral mortality on the GBR, only COTS outbreaks can be directly
mitigated via local management action [11-14].

The first COTS outbreak wave identified within the Great Barrier Reef Marine Park
(Marine Park) was recorded on reefs offshore from Cairns in 1962 [15]. This was followed by
three subsequent outbreak waves over the following decades, each persisting for 10-15 years
and resulting in significant coral losses across much of the GBR [14-18]. Evidence shows that
COTS outbreak waves originate on reefs in the northern region of the Marine Park (referred
to as “the initiation box”) [14,19]. Larval dispersal from these primary outbreak reefs drives
recruitment of successive cohorts, perpetuating waves of secondary outbreaks that progress
both southward and northward (driven by the bifurcation of the North Vanuatu Jet [20]),
through the Marine Park [14,21]. COTS outbreaks accounted for approximately 40% of the
coral loss recorded on the GBR between 1985 and 2012, corresponding to a decline in coral
cover of approximately -1.42% per year [13]. The same analysis indicated that even in the pres-
ence of coral bleaching and cyclone damage, prevention of COTS predation would have
yielded a net increase in GBR-wide coral cover over the same period [13].

Since its establishment in 1975, the Great Barrier Reef Marine Park Authority (Reef
Authority), in partnership with the tourism industry and research community, has been evalu-
ating the severity of COTS outbreaks and effective options for their management [22,23]. The
first COTS management interventions mostly involved manual removal of starfish, with lim-
ited impact beyond site-scales or on long-term outbreak dynamics [24]. The first COTS Con-
trol Program (the Program) began in 2002 in response to the 3" outbreak wave, deploying
culling via injection of COTS with multiple shots of sodium bisulphate solution, that proved
efficient and effective albeit at site scales [25]. Although significant numbers of COTS were
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culled and coral was protected across many high-value tourism sites, the Program did not have
sufficient resourcing to be deployed at reef and regional scales. Building upon these founda-
tions, the Program was remobilised with increased resources in 2012 in response to the emer-
gence of the 4™ outbreak wave. Importantly, dedicated COTS research programs and iterative
testing within the Program led to the development of ‘single shot’ injection culling techniques,
using either ox bile salt or household vinegar solutions, to deliver a step-change in culling effi-
ciency that made large scale COTS control operations feasible [26,27]. Furthermore, systematic
reef monitoring programs, combined with the development of COTS and coral larval dispersal
and connectivity models, substantially improved our understanding of COTS outbreak
dynamics enabling precise selection of reefs for COTS control [28,29].

Reef managers, researchers, Program contractors, and the tourism industry and operators
have worked in partnership over the past decade to deliver COTS control operations at
increasing spatial scales. The spectre of climate change and the reality of mounting cumulative
impacts has driven the Program’s development, with increased resourcing and on-water
capacity from 1-2 dedicated vessels from 2012-2018, to 5-7 vessels since 2018. Importantly
this expansion of resources (~300%) has enabled proactive surveillance and targeted culling
across hundreds of reefs and coincided with the full implementation of a tailored Integrated
Pest Management (IPM) framework in 2018 [30,31]. This IPM framework was the culmina-
tion of a decade of COTS research, primarily funded under the National Environmental Sci-
ence Program (NESP), which improved the efficacy and efficiency of COTS control operations
by ~63% [32]. These advances and outcomes established GBR-wide COTS control as a core
priority of both the Reef 2050 Plan [33] and the Blueprint for Resilience [34], and underpin
the $161.4m Australian government investment in the Program from 2022 to 2030. Long term
funding has improved Program continuity and enhanced the expertise of contractors and ves-
sel crew to control COTS more efficiently and safely. Increased capacity, coupled with techno-
logical advances, experienced crew and improved application methods, has significantly
enhanced the opportunity to go beyond the protection of individual high-value (predomi-
nantly tourism) sites. The Program has evolved to target the protection of a network of ecolog-
ically and economically significant reefs to deliver regional (sector) scale outbreak suppression
and coral protection outcomes. Indeed, targeted COTS control on the GBR represents an eco-
system scale application of resilience-based management [9] consistent with the recommenda-
tions for managing coral reefs in the Anthropocene [6].

The Program has been implemented consistent with the objectives of the COTS Strategic
Management Framework, that describes a theoretical hierarchy of objectives designed to be
applied sequentially to maximise coral protection across the Marine Park [23] (S1 Fig). Preven-
tion is the first order objective, with the management action being to mitigate the environmental
factors that contribute to the initiation of a primary outbreak wave (e.g. managing overfishing of
predators, improving water quality). If surveillance indicates that a primary outbreak is underway,
then suppression (i.e. containment) of the outbreak wave is the secondary objective, followed by
the protection of coral at individual reefs if suppression cannot be achieved at regional scales. The
ability to achieve higher order objectives of regional suppression likely depends upon the timeli-
ness of action and the ability to allocate and sustain sufficient culling resources. Given that the
Program was remobilised two years after the initiation of the primary outbreak in 2010, preven-
tion was not possible. Management actions therefore initially focused on suppression of the pri-
mary outbreak in the early years of the Program (e.g. 2012-2015) and thereafter focused on the
protection of individual high value reefs. Protecting coral from COTS predation has been the fun-
damental goal of the Program throughout the 4th outbreak wave.

The Program draws upon multiple empirical and modelled data, and extensive field intelli-
gence, to identify ‘priority reefs’ that have high ecological and/or economic value and are
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vulnerable to COTS at various stages of an outbreak wave. Each year, a subset of priority reefs
that are presently at risk from COTS, are logistically feasible to control and have adequate
coral cover to sustain an outbreak, are identified as target reefs. Following a consultation pro-
cess with Program partners and contractors, the target reefs become the operational focus for
surveillance and culling in that year. The IPM framework is then used to direct reef surveil-
lance, detect COTS, and ensure sustained control effort is directed to the appropriate target
reefs until COTS densities are reduced to ecologically sustainable levels (i.e., below densities
where coral growth and recovery will outpace COTS predation) [35,36]. While there is evi-
dence that culling effectively suppresses COTS outbreaks and protects coral at sites actioned
on individual target reefs [37], there has been limited evaluation of evidence for effective sup-
pression of outbreaks and protection of coral at the scale of individual reefs and no evaluation
across reef regions (hereafter: sectors) [7]. We hypothesise that the magnitude of outbreak sup-
pression and coral protection outcomes that can be achieved from COTS management
depends upon (1) how early into an outbreak culling begins, (2) how much culling effort can
be allocated and sustained over time, and (3) the cumulative impacts of other disturbances.

Herein, we evaluate the outbreak suppression and coral protection outcomes of the Pro-
gram at reef and sector scales. Specifically, we: (1) evaluate the effectiveness of COTS control
in reducing COTS densities and protecting coral cover relative to the timing of management
action and the level of effort applied, and (2) determine if these management actions generated
coral protection benefits at reef and regional (sectoral) scales. To evaluate these outcomes, we
make use of a long-term monitoring dataset [38] Program data to compare the densities of
COTS and change in coral cover between the 3™ and 4™ outbreak waves at reefs within sectors.
We also assess relative changes in coral cover over the course of the 4™ outbreak wave when
the Program was fully operational and compare coral cover outcomes at individual reefs rela-
tive to the levels of culling effort that were applied. Our findings quantify the outcomes to date
and identify opportunities for operational and strategic improvement of the Program.

2. Material and methods
2.1. The COTS control program and study location

The Program is funded by the Australian Government and delivered via a partnership between
the Great Barrier Reef Marine Park Authority (the Reef Authority; the governing body that
manages the Marine Park), the Great Barrier Reef Foundation (GBRF), and the Reef and Rain-
forest Research Centre (RRRC). Field operations (surveillance and culling) is conducted by
commercial contractors who supply their own vessels, equipment, divers and crew (for details
of how the culling occurs in situ, please see the Supplemental Text). To date, the majority of
culling effort has been focused on reefs spanning an approximately 600km stretch between Liz-
ard Island and Cape Upstart (Fig 1B). This reflects the number of high value (economic and
ecological) reefs in this area, their relative ease of access from major ports, and the intensity of
secondary COTS outbreaks in this region [39]. More recently (since 2018), culling effort has
also been directed toward the Southern region of the Marine Park on Capricorn-Bunker and
Swain reefs. Here, we assess the outbreak suppression and coral protection outcomes of the
Program across reefs distributed within sectors of the GBR spanning the majority of the
Marine Park (Fig 1).

2.2. Estimates of coral cover and COTS abundance

Focal reefs within eleven sectors have been systematically monitored by the Australian Insti-
tute of Marine Science’s Long-Term Monitoring Program (LTMP) since 1986. The LTMP pro-
vides a spatially and temporally extensive dataset, collected following standard procedures for
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Fig 1. COTS outbreaks, spatial extent and management action. Maximum COTS density and the corresponding
outbreak category at each reef during the 3" outbreak wave (A) (1992-2009) and the 4™ outbreak wave (B)
(2011-Present) at LTMP reefs. Only reefs from sectors and outbreaks included in the following analysis are shown.
Sector-scale colour coding depicts the management action taken during the 4™ outbreak wave with the number of
culling hours (total of all cull divers bottom time) listed below the sector labels. * Site-Scale Action refers to COTS
culling conducted at high-value tourism sites during the 3" outbreak wave, which had no discernible impact on
sectoral level outbreak dynamics. * No Action refers to sectors where no control was implemented. A Insufficient Data
reflects sectors where time series data was insufficient to determine Outbreak periods or no distinct outbreak wave was
observed. These sectors have thus been excluded from these analyses. Sector outlines republished from AIMS: https://
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broad scale reef-wide estimates of coral cover and COTs abundance [40], that are used to
assess status and trends in reef condition and to quantify the impacts of disturbance events
and cumulative pressures on the Reef (S5 Fig). The LTMP dataset has enabled a robust evalua-
tion of the outcomes of the Program on outbreak suppression and coral cover dynamics at the
scale of individual reefs and across seven sectors in which control effort was deployed (Fig 1
and Table 1). The spatial hierarchy of sectors, reefs, and culling sites is presented in S2 Fig.

Reefs are monitored using manta tow surveys, whereby a trained, experienced observer is
towed behind a small vessel (5-6m) around the entire reef perimeter in a series of two-minute
tows. Each tow is approximately 200m in length with a swathe width of ~10m (~2000 m” sur-
vey area). At the end of each tow, observers record: 1) the estimated categorical coral cover,
and 2) the number of COTS observed (note that additional variables are also recorded) [40].
Coral cover estimates and COTS abundances from each individual tow are then modelled to
produce average reef level and sector-wide estimates for each survey year (see Section 2.5). The
36 years of monitoring has provided an extensive spatio-temporal dataset from which to exam-
ine coral cover and COTS dynamics from a total of 492 reefs spanning the Marine Park. These
data formed the basis for assessing the subset of sector-wide trends in coral cover and COTS
abundance from the seven sectors where control effort was deployed during the 4™ outbreak
(n =207 reefs).

COTS abundance data are also collected by trained observers via manta tow by the Reef
Joint Field Management Program (RJFMP, 2012-2022) and by COTS Program contractors
(2015-2022) using the same standard operating procedures as the LTMP. The data collected
from these programs was used to supplement COTS density estimates from LTMP data where
there were data gaps for specific reefs in specific years across the temporal series. Manta tow
surveys conducted by the RJEMP and the Program are conducted prior to the initiation of cull
operations. These RJFMP and Program pre-cull surveys provided a more representative esti-
mate of COTS densities at specific reefs in certain years, particularly when LTMP surveys were
conducted after the initiation of culling. If reefs were surveyed by multiple programs in a given
year, the maximum COTS density recorded across all surveys was chosen as the representative
sample for the reef.

Table 1. COTS Management on the GBR.

Sector Latitudinal span (°S) |3 Outbreak 4™ Qutbreak 4™ Outbreak Culling Effort 4™ Outbreak Management Action
(Hours)

Cooktown/Lizard Island -14.2; -15.9 1994-2001 2011-2018 3,558 (5.7%) Limited Action

Cairns -15.9; -17.1 1998-2002 2013-2017 15,352 (24.8%) Reactive action

Innisfail -17.1;-18.3 1997-2004 2015-2021 11,082 (17.9%) Reactive action

Townsville -18.3;-19.4 1998-2008 2016-present 23,534 (37.9%)

Cape Upstart -19.45 -20.1 2002-2009 2020-present™ 221 (0.4%) Proactive action

Swain -21.8; -23.0 1992-2006 2016-present 1,599 (2.6%) Limited Action

Capricorn Bunker -22.6;-24.9 Not recorded 2018-present 6,619 (10.7%) ‘

Sectors on the GBR managed under the COTS program, the outbreak duration within each sector, the management effort and action implemented within each sector.
Management effort is only included on reefs also surveyed by the LMTP included in the analysis. * Indicates an expected outbreak based on historic outbreak patterns
but has not yet eventuated.

https://doi.org/10.1371/journal.pone.0298073.t001
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2.3. Definition of sector-wide management action

Action taken by the Program between 2012 and 2022 was categorised based on the available
resources that could be allocated to a sector as well as the timing of culling intervention relative
to the onset of the outbreak (i.e. how far into the outbreak cycle did culling begin). To evaluate
the overall efficacy of COTS control, sector level management actions were categorised by the
culling activity conducted during the 4™ outbreak wave (Fig 1).

1. Proactive action: Pre-emptive targeted culling begins before COTS reach sector-wide out-
break densities (0.11 COTS/Tow), with the goal of delaying or preventing the onset of a sec-
tor-wide outbreak.

2. Timely action: Culling begins after sector-wide Potential Outbreak thresholds are reached
(>0.11 COTS/Tow) but before more severe levels are reached. Program capacity is suffi-
cient to suppress outbreaks at sector-wide scales.

3. Reactive action: Culling begins before Severe Outbreak (1 COTS/Tow) thresholds are
reached, but Program capacity is insufficient to achieve outbreak suppression at sector-
wide scales.

4. Limited Action: Culling begins before Severe Outbreak (1 COTS/Tow) thresholds are
reached. Program capacity is insufficient to suppress outbreaks at sector-wide scales and/or
control activities were initiated too late to prevent substantial coral loss. COTS outbreaks
may become too severe to control at both the reef and sector-wide scales.

We then assess how effective different management actions were in reducing COTS densi-
ties and losses of coral cover during the 4™ outbreak wave compared to the 3" outbreak wave,
when culling activity (when present) was restricted to protecting tourism sites. While success-
ful at site-scales this culling did not result in discernible impacts to COTS outbreaks at reef or
sector scales and are thus not included in the sector level analyses (Fig 1). Further detail is pro-
vided in the supplemental text.

2.4. Defining the outbreak period for each sector

To assess the performance of management action in controlling COTS and protecting coral,
we needed to establish criteria that define the onset of an outbreak and the point at which
COTS densities across the sector return below outbreak levels as defined by the Reef Authority
and AIMS [23,41] (S3 Fig), whether due to active management or due to coral prey depletion.
These criteria were:

o Outbreak inception: The sector-wide abundance of COTS must first exceed an initial thresh-
old of >0.11 COTS/Tow (indicating a Potential Outbreak) and persist above this threshold
for multiple years (>2). This highlights a growing COTS population that warrants ongoing
monitoring. For the Townsville and Swain sectors, the Established Outbreak threshold is
used instead (>0.22 COTS/Tow) to reflect their 3-5-fold increased magnitude of COTS out-
breaks [41] when compared to all other sectors.

Outbreak escalation: When above 0.11 COTS/Tow, the density in following years then
needs to exceed the Established Outbreak threshold of >0.22 COTS/Tow; at which, densities
of COTS will reduce coral cover in the following years [11,41].

o Sector-wide outbreak: If -the two previous criteria are both met, a sector is classified as
being impacted by a sector-wide “outbreak”.
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Outbreak decline: The outbreak is defined as ended when COTS density decreases below the
potential threshold (0.11) for two consecutive years. If outbreak criteria are met, we addi-
tionally include one year prior to crossing the potential outbreak threshold (0.11) to capture
the beginning phase of rapid population growth.

Using these criteria, we established the outbreak period for each sector (listed in Table 1).
With these periods defined, we could assess how COTS density and coral cover changed over
the course of an outbreak. The 4™ outbreak period defined for the Cape Upstart sector is based
on ‘Proactive Action’. The rationale for this decision is provided in the supporting text
(S1 Appendix).

2.5. Statistical modelling

Our aim was to evaluate the extent to which sector-specific management actions were able to
reduce COTS densities and maintain or reduce the loss of coral cover. The effectiveness of
each management action was assessed by comparing the densities of COTS and the change in
coral cover between the 3™ and 4™ outbreak waves within each sector, as well as the relative
changes to coral cover over the course of the 4™ outbreak wave when the COTS Program was
operational.

Modelling was conducted in R 4.2.2 [42]. All data handling was done using the ‘tidyverse’
packages [43]. All Bayesian models were fit using ‘brms’ [44] unless stated otherwise and
GAMM models were fit using ‘mgcv’ package [44]. Goodness of fit and model residuals were
explored using the ' DHARMa’ package [45]. Estimated marginal means and pairwise compari-
sons were obtained using ‘emmeans’ [46] and the data was visualized using ‘ggplot2’ [47].

To track broad changes in coral cover, reef-wide manta tow observations were aggregated
to form sector-wide estimates. A Bayesian hierarchical model was constructed that incorpo-
rated the varying survey effort amongst reefs and years so there was no temporal or spatial bias
of sector wide coral cover estimates towards reefs that have been surveyed more frequently.
Categorical estimates of hard coral cover for each individual two-minute tow were converted
to category mid-points and used as the response variable. We then modelled temporal trends
in hard coral cover in each individual sector employing generalised linear mixed models
(glmm) using the INLA package [48]. Models were run separately for each sector with Year
(categorical) as a fixed effect and Reef and Tow as random effects, using a beta error distribu-
tion. Goodness-of-fit diagnostics were confirmed and patterns in residuals explored using the
‘DHARMa’ package [45], indicating that the outputs of this model are robust, sector-wide,
annual estimates of coral cover. These estimates were used to visualise general patterns of coral
cover change through time within each sector.

From the original data set of 207 reefs that were used to generate the sector wide hard coral
trajectories only reefs that had recorded COTS outbreaks above the Potential Outbreak thresh-
old (0.11 COTS/Tow) (n = 95) at any time were included in the following analyses. This
ensures that the comparisons and trends observed are more reflective of reefs where COTS
outbreaks pose a threat to coral cover, thus allowing for a more robust assessment of manage-
ment actions.

To determine how COTS densities changed in response to each management action, the
mean number of COTS/Tow was calculated for each reef in each sector during outbreak years.
The density of COTS for the 3™ outbreak wave was then compared to the density of COTS for
the 4™ outbreak wave in every sector using a Bayesian hierarchical model in which the density
of COTS was the response variable. Sector (e.g., Cairns and Townsville) and outbreak wave
(ie., 3" vs 4™) were explanatory fixed variables, including their interaction. To account for
local variation in COTS densities among reefs, Reef was included as a random effect in the
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model (for the specific model syntax, see the S2 Table in S1 Appendix). This allowed a test of
how the management action applied in each sector affected COTS densities during the 4th out-
break wave.

A second Bayesian hierarchical model was used to assess net changes in coral cover under
each management action. We hypothesised that early management intervention would have
reduced the amount of coral loss (or resulted in a net gain) compared to the 3" outbreak. The
relative change in coral cover was calculated by comparing estimated individual reef levels of
coral cover at the beginning and end of each COTS outbreak wave as defined by Table 1.
Change in coral cover was the response variable, and as above, sector and outbreak wave were
explanatory fixed variables with the individual reef as a random effect. Both COTS density and
coral cover models were fit using and were run for 4000 iterations, with the first 25% of itera-
tions discarded as burn-in (1000 iterations). Three separate chains were run for each model
which were thinned at five step intervals. For both models, all chains were well mixed when
trace plots were examined and converged on stable posterior distributions (all rhat < 1.01).
Goodness-of-fit diagnostics were confirmed using a range of posterior probability checks as
well as exploring patterns in simulated residuals.

We also assessed how coral cover changed during the outbreak depending on the manage-
ment action. For every reef surveyed, the relative change in coral cover between each year was
calculated for up to six years following the onset of the 4™ outbreak wave. Outbreaks of shorter
duration (Cairns, Capricorn Bunker) were modelled for the 4 years of available data. The coral
cover trajectories were modelled for each sector individually and with respect to the manage-
ment action (i.e., Limited, Reactive, Timely, Proactive) applied in that sector. Due to the lim-
ited timeframe of the expected outbreak wave in the Cape Upstart sector, the ‘Prevent’
management action was excluded from this analysis (n = 55). The change in coral cover over
time was then modelled using generalised additive models (GAM) to accommodate the non-
linear nature of the data. Models were fit to each sector and to the aggregated management
action. These models were fit assuming a gaussian response term, using a cubic spine smooth-
ing term and maximum of 4 knots. These models track how coral cover changed each year
during the current 4™ outbreak wave in each sector representing three management actions.

Lastly, to assess the effect of increased levels of culling effort, the annual absolute percent
change in coral cover was calculated for each reef during the 4™ outbreak wave. This was calcu-
lated as the percent coral cover change from the start to the end of the outbreak period divided
by the duration in years. Culling effort was defined as the ratio of effort applied and COTS
density (culling hours / max COTS density), to determine the median level of cull effort
invested in each reef. Using this ratio allows the effort deployed at a reef to be compared rela-
tive to COTS density, to account for the increasing levels of effort required at reefs with higher
density COTS populations. Reefs were thus categorised as:

o No COTS Outbreak: No COTS Outbreaks recorded (<0.1 COTS/tow) to act as a control
group where COTS predation is not a major driver of coral mortality

o Above median culling effort: Recorded COTS outbreak (>0.1 COTS/tow) AND above
median culling effort

o Below median culling effort: Recorded COTS outbreak (>0.1 COTS/tow) AND below
median culling effort

o No culling effort: Recorded COTS outbreak (>0.1 COTS/tow) AND no culling effort

Median culling effort at an individual reef was 121.31 hours per COTS/Tow. Therefore, the
level of culling hours needed to be classified as “above median culling effort” for a reef at
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Potential Outbreak level (0.1 COTS/Tow) was much lower (12.131 hours) than for a Severe
Outbreak reef (1 COTS/Tow; 121.31 hours). A Bayesian hierarchical model was constructed to
compare the percent annual change among these categories. The model assumed a gaussian
response and included sector as a random variable to account for large scale spatial variation.

3. Results

3.1. Changes in coral cover and COTS densities by management objective
and sector

3.1.1 Limited action-Cooktown-Lizard Island and Swain sectors. The Cooktown-Liz-
ard Island sector in the Northern GBR, or the Swain sector in the Southern had the highest
mean COTS densities during the 4™ outbreak wave when compared to all other sectors man-
aged by the COTS Program (Fig 2). There was no difference in COTS densities between the
3" and 4™ outbreak waves for the Cooktown-Lizard Island sector in the Northern GBR, or the
Swain sector in the Southern GBR (Fig 3, top left). Both sectors had a substantial proportion of
their highest posterior density (HPD) interval (90% for the Swain and 40% Cooktown-Lizard
Island) above 1 COTS/Tow (Fig 3), indicating a considerable number of reefs in these sectors
had ‘severe outbreak’ population levels during the 4™ outbreak wave. Indeed, there was a 97%
probability that COTS densities were higher in the Cooktown-Lizard Island sector in the 4™
outbreak wave (median 0.90 COTS/Tow [0.42: 1.48 90% credible intervals (90% CI)]) than in
the 3'¢ (median 0.43 COTS/Tow [0.23: 0.69 90% CI]). Furthermore, there was 69% probability
that COTS densities were higher in the Swain sector in the 4™ outbreak wave (median 1.72
COTS/Tow [0.74: 3.34 90% CI]) compared to the 3" (median 1.45 COTS/Tow [0.39: 3.18 90%
CI]) (Fig 4 and S3 Table in S1 Appendix). Limited resources paired with the remote location of
these sectors relative to major ports, meant minimal culling effort could be allocated to reefs in
these sectors (3,558 (5.7% of total cull effort) culling hours in Cooktown-Lizard Island and
1,599 (2.6%) culling hours in the Swain sector-Table 1).

The limited culling effort correlated with significant and pronounced declines in coral
cover in the years following the start of the outbreak in these sectors. The Swain sector experi-
enced severe and temporally consistent declines in coral cover during both the 3™ and the 4™
outbreak waves, (3" = median -50% [-73: -27 90% CIJ; 4" = median -46% [-68: -27 90% CI]),
with Cyclone Fran (1992) as the only other sector-wide disturbance indicated by the LTMP
surveys. As no other major disturbance was recorded, the coral loss observed during the 4™
outbreak wave is a primarily a result of COTS predation (S5 Fig). Coral cover decline in the
Cooktown-Lizard Island sector was more pronounced during the 4™ outbreak wave (median
-41% [-58: -25 90% CI]) than during the 3" (median -11% [-24: 4 90% CI]). The increased
coral loss recorded during the 4™ outbreak is attributable a more severe disturbance regime
during the 4™ outbreak wave with (S5 Fig) increased COTS predation, but also the cumulative
impacts of two severe tropical cyclones (Ita 2014 and Nathan 2015) and the 2016 and 2017
mass coral bleaching events (S5 Fig) [49,50].

3.1.2 Reactive action-Cairns and Innisfail sectors. Culling effort during the 4™ outbreak
wave was over four-fold greater in the Cairns sector (15,352 hours (24.8%); Fig 2) and nearly
three-fold greater in the Innisfail sector (11,082 hours (17.9%)) than in the Cooktown-Lizard
Island and Swain (Limited Action) sectors. Culling resulted in a slight decrease in COTS den-
sity between outbreak waves for both Cairns sector (3" = median 0.20 COTS/Tow [0.08: 0.34
90% CIJ; 4™ = median 0.14 COTS/Tow [0.04: 0.32 90% CIJ), and Innisfail sector (3" = median
0.69 COTS/Tow [0.24: 1.30 90% CI]; 4™ = median 0.50 COTS/Tow [0.18: 1.02 90% CI])
although, statistically, these densities were similar (Fig 4). Culling only commenced in these
sectors when densities had already reached ‘potential outbreak’ levels (Fig 2: 0.1-0.22 COTS/
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Fig 2. COTS and Coral cover trajectories by sector. Temporal trends in modelled median hard coral cover (black
symbols) and raw mean COTS densities (white symbols) from seven focal latitudinal sectors, categorised by the four
management Actions (Limited, Reactive, Timely, Proactive) applied during the 4th COTS outbreak. Grey bands are
the 95% credible intervals for coral cover and +/- Standard error for COTS densities. Horizontal dashed line is the
threshold for a severe outbreak (>1 COTS per tow), while the grey dotted line represents the threshold of an
established outbreak. Symbols and arrows along the top of each panel represents the timing of major cyclone and coral
bleaching disturbances that resulted in sector-wide mortality. Importantly the plot shows when the mortality was
observed which can lag the actual event by up to 1 year. Bar plots below each temporal plot is the total amount of
culling effort invested per year. Culling effort represents the remobilised Program from 2012, and site-scale culling
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during the 3" Outbreak wave is not displayed. NB the Townsville and Swain Sector plots COTS axes are on a different
scale due to higher observed COTS densities. Sector outlines obtained with permission from AIMS under a CC BY
license, original copyright 2023.

https://doi.org/10.1371/journal.pone.0298073.9002

tow). The limited resources available and the rapid advancement of the outbreak meant that
COTS densities could not be effectively suppressed to sustainable levels across these sectors.

However, culling was focused on priority reefs; chosen based on their significant ecological
and/or economic value. Indeed, this focused effort resulted in effective mitigation of the coral
declines expected in the absence of culling. Culling effort during the 4™ outbreak in the Cairns
sector corresponded with a reverse in the mean relative change in coral cover from a decline
during the 3 outbreak (median -11% [-29: 8 90% CI]) to no change during the 4™ outbreak
(+4% [-18: 28 90% CI]), and although both outbreaks credible intervals intersect zero (Fig 3),
the probability of hard coral cover declining was 85% and 39% for the 3™ and 4™ outbreak
waves respectively. The disturbance regime (of non-COTS disturbances) was broadly similar
in the 3 and 4™ outbreak waves with increased mortality from coral bleaching offset by
reduced mortality from storms during the 4™ outbreak wave. Coral loss attributed to COTS
was approximately halved, indicating the change in coral outcomes was primarily related to
COTS predation (S5 Fig). Importantly, the observed net-zero change in coral cover during the
4™ outbreak wave occurred prior to the widespread coral mortality attributed to the 2016 and
2017 mass bleaching events (N.B. Mortality is often observed in the year following the event
and thus these events appear as 2017 and 2018 on Figs 2 and S5). Conversely, in the Innisfail
sector, the 4™ outbreak window coincided with the bleaching event (Figs 2 and S5) and thus
any coral protection was offset by bleaching and coral outcomes were similarly negative for
both the 3™ (median -33% [-53: -12 90% CI]) and 4™ (median -28% [-49: -7 90% CI]) outbreak
waves (Fig 3).

3.1.3 Timely action-Townsville and Capricorn Bunker sectors. Timely and adequate
intervention effectively suppressed COTS densities in the Townsville and Capricorn Bunker
sectors (Fig 3). In the Townsville sector, there was a significant, 7-fold decrease in the density
of COTS between successive outbreak waves, from a median of 1.50 COTS/Tow [0.52: 2.68
90% CI] during the 3" outbreak wave to a median of only 0.21 [0.07: 0.41 90% CI] COTS/Tow
during the 4t (Fig 3). Timely, sufficient, and sustained culling effort (23,534 hours (37.9% of
total effort)) alongside implementation of the IPM framework, prevented a reoccurrence of
the ‘severe outbreak’ scenario observed during the 3™ outbreak wave despite sufficient hard
coral prey to sustain a severe outbreak. Crucially, culling commenced on Townsville sector
reefs in 2015, which coincided with sector-wide COTS density exceeding the 0.11 COTS/Tow
‘potential outbreak’ threshold (Fig 3). Additionally, it is likely that there was some benefit
derived from the upstream culling conducted in the Cairns and Innisfail sectors. Despite not
having a prior outbreak wave for comparison in the Capricorn Bunker sector, COTS densities
have been effectively suppressed throughout the 4™ outbreak with timely effort (6,619 hours
(10.7%)), with the median 0.25 COTS/Tow [0.03: 0.83 90% CI] sitting just above the lower
threshold of an ‘established” outbreak (Fig 3). Less effort was required to effectively manage
COTS outbreaks in the Capricorn Bunker sector to due to there being fewer reefs in the sector,
earlier intervention and lower overall COTS densities.

The benefit of this management action becomes starkly apparent when assessing the relative
change in coral cover. The 3" outbreak wave in the Townsville sector correlated with a signifi-
cant mean relative decline in mean coral cover of -37% (-51: -20 90% CI; Fig 4). In contrast,
there was a significant relative increase in coral cover during the 4™ outbreak wave of 44% (23:
62 90% CI; Fig 4). The credible intervals surrounding both outbreak estimates are narrow and
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do not overlap zero, adding further support to the clear difference in coral cover outcomes
between the 3™ and 4™ outbreak waves. In the Capricorn Bunker sector, a relative increase in
mean coral cover of 43% (4: 81 90% CI) was recorded, although the variance spanned a larger
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Fig 4. Relative coral cover change during the 4™ outbreak. Relative change in coral cover (%) according to the type
of management action implemented (A): ‘Limited Action’ (orange), ‘Reactive’ (yellow), and ‘Timely’ (green) and by
sector (B). ‘Proactive’ is not shown due to insufficient data for this analysis. Each point represents the relative change in
coral cover at a given reef, up to 6 years following the start of the sector-specific 4™ outbreak wave (see Table 1). The
trendline is fitted using a generalized additive model (GAM) and the transparent ribbon represents the 95% confidence
intervals. Disturbance markers indicate timing of events that resulted in sector-wide coral mortality (i.e. not all
disturbance events).

https://doi.org/10.1371/journal.pone.0298073.g004

range of values. The 2017 bleaching event contributed to the initial decline in the Townsville
sector at the onset of the outbreak which was mirrored by a similar magnitude bleaching event
at the start of the 3™ outbreak (S5 Fig). While this was not explicitly modelled in this study this
indicates that our findings of sector-level coral protection in the Townsville as a direct result of
COTS culling is supported by investigating the full disturbance context. The Capricorn Bunker
sector had some minimal coral mortality attributed to bleaching during the 4™ outbreak win-
dow but was essentially disturbance-free (S5 Fig). This difference in disturbance exposure
combined with the earlier intervention may partially explain the overall higher levels of coral
found in the Capricorn Bunker sector.

3.1.4 Proactive action-Cape Upstart sector. Mean COTS densities in the Cape Upstart
sector (to the south of Townsville) suggest a decrease from the 3" outbreak (median 0.56
COTS/Tow [0.09: 1.45 90% CI]) to the 4™ outbreak (median 0.11 COTS/Tow [0.01: 0.50 90%
CI]) (Fig 3). While the uncertainty estimates are large in this sector due to the small sample
sizes, it appears that mean COTS densities during the 4™ outbreak wave were the lowest of all
sectors, despite low levels of culling effort being allocated to reefs in this sector (221 hours
(0.4%). This result indicates that successful suppression in upstream sectors (Townsville) may
have delayed the onset of the outbreak and thus fewer culling resources were required. A rela-
tive increase in coral cover of 14% (-33: 61 90% CI) during the 4™ outbreak was recorded, not-
ing that the uncertainty estimates are large and intersect zero. However, the majority (68%) of
the posterior probability distribution was above 0, suggesting that it was more likely that coral
cover increased than decreased during the 4™ outbreak wave. In contrast, there was a relative
median decline in coral cover of -31% (-60: -1 90% CI) during the 3™ outbreak. During the 3™
outbreak wave Cape Upstart also recorded coral mortality attributed to storms and thus the
comparative increases in coral cover during the 4™ are a result in both the reduction in COTS
densities (primarily from upstream culling) and decreased exposure to storms (S5 Fig). Impor-
tantly however the coral loss attributed to storms was roughly half that of COTS during the 3™
outbreak wave indicating that the differences in coral outcomes are still primarily driven by
COTS.

3.2. Temporal changes in coral cover during the 4™ outbreak

The relative change in coral cover (six years following the onset of the 4™ outbreak wave) var-
ied greatly among regions, partly reflecting the timing and magnitude of culling effort as well
as concurrent coral mortality events. Reefs within sectors that received ‘Limited Action’
(Cooktown-Lizard Island and Swain) were subject to substantial decreases in coral cover over
the course of the outbreak wave (Fig 4). Reef-wide estimates of coral cover decline (approxi-
mately 50%) peaked in the fifth year following the onset of the 4™ outbreak wave (Fig 4).
Importantly, the Cooktown/Lizard Island sector was also heavily impacted by cyclones (2014/
15) and bleaching (2016/17) resulting in a more uniform decline in coral cover compared to
the Swain sector which had limited exposure to other disturbances, resulting in coral growth
on some reefs (54 Fig). Sectors with ‘Reactive Action’ (Cairns and Innisfail) generally retained
coral cover during the initial few years of an outbreak (Fig 4B). However, in both sectors,
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Fig 5. Annual coral cover change at varying intensities of COTS control. Comparison of posterior probability
distributions from Bayesian generalised linear mixed models of annual change in coral cover at increasing levels of
culling effort observed during the 4™ outbreak wave. Data points below probability distributions are the mean
responses +66% (thick bars) and 90% (thin bars) credible intervals. Culling effort is categorised based on the number
of culling hours divided by the maximum COTS density observed during the 4™ outbreak wave (see Table 1 for time
period), as (1) reefs with no recorded COTS outbreak (blue); (2) reefs with recorded COTS outbreaks and above
median culling effort relative to maximum COTS density (green); (3) reefs with recorded COTS outbreaks and below
median culling effort relative to maximum COTS density (orange) and (4) reefs with recorded COTS outbreaks and no
culling effort (red).

https://doi.org/10.1371/journal.pone.0298073.9005

adequate culling effort was not able to be sustained and coral bleaching events in 2016 and
2017 ensured coral cover declined over subsequent years of the outbreak (~25% decline after
six years).

Coral cover trajectories on reefs within “Timely Action’ sectors (Townsville and Capricorn
Bunker) were substantially different than those in the ‘Limited Action’ and ‘Reactive’ sectors.
Initially, coral cover on ‘Timely’ reefs is maintained; neither increasing nor decreasing (Fig 5).
However, by the 4th year, there is a rapid positive increase in coral cover, demonstrating the
benefits of timely and consistent intervention during low disturbance periods. Six years after
the start of the outbreak, coral cover is estimated to have increased by approximately 50%
across sectors where COTS outbreaks were effectively suppressed (Timely Action). Impor-
tantly, as these outcomes are defined coarsely at the sector-wide scale there are outliers within
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each category. For example, two reefs within ‘limited action’ recorded significant relative
increase in coral cover (~40%), due to COTS densities not reaching outbreak densities, and
the absence of other major disturbances.

Variability in the coral cover trajectories of outlier reefs led to increased uncertainty of the
sector-wide trajectories (Figs 5 and S4). In the Townsville sector, while the management action
was considered ‘timely’ at a sector-wide level, three reefs (John Brewer, Little Kelso and Rib;
S4 Fig) more closely resembled ‘Reactive’ management action where COTS control was initi-
ated after the Severe Outbreak threshold had already been exceeded. Delayed initiation of con-
trol effort on these reefs resulted in greater coral loss and a slower recovery trajectory
compared to other ‘Timely Action’ reefs. Similarly, the trajectory of Mackay Reef differs from
the rest of the Cairns sector (Reactive Action) due to the earlier onset and higher severity of
the COTS outbreak (S4 Fig, AIMS Reef Dashboard: https://apps.aims.gov.au/reef-monitoring/
reef/mackay%20reef/manta). Additional coral losses from bleaching and cyclone disturbances
also contributed to the observed temporal trajectories. Cumulative impacts were exemplified
at St Crispin Reef (Cairns sector; Reactive Action), which was heavily impacted by the 2016
bleaching event, negatively affecting the coral recovery trajectory of the reef, while Green
Island and Hastings Reefs showed strong coral growth due to high levels of timely COTS con-
trol effort (>800 hours) (54 Fig). Conversely, in the Swain Sector (Limited Action), East Cay
Reef and Unnamed Reef 21-558 experienced large increases in coral cover, as these reefs had
been recovering from previous cyclone damage (S5 Fig) and had not yet been exposed to
COTS outbreaks. Importantly, all the trends observed within sectors and among management
action categories are clearly defined even when these outlier trajectories are included in the
analyses and would be strengthened by excluding them (Figs 4 and S5). This closer examina-
tion of outliers further reinforces reinforce the importance of timely and sustained COTS con-
trol to improve coral cover outcomes as well as the necessity of understanding the broader
disturbance regime to interpret broad-scale patterns in coral cover (S5 Fig).

3.3. Culling effort and coral cover dynamics

Irrespective of geographical distribution, reefs with no detected COTS outbreak (<0.1 COTS/
Tow) had an estimated 1.1% [0.2%: 2.0% 90% CI] annual increase in coral cover, indicating
net coral growth in the absence of COTS predation (Fig 5). Importantly, coral cover increased
by 0.54% per year [-0.6%: 1.7% 90% CI] on reefs with COTS outbreaks that received above
median levels of culling effort. This corresponded to approximately half (49%) of the estimated
annual increase in coral cover at non-outbreak reefs.

Conversely, on reefs where COTS outbreaks were detected and no culling effort was
deployed, coral cover declined by -3.6% [-5.4%: -1.8% 90% CI] annually. Although outbreak-
ing reefs that received below median levels of culling effort experienced net coral loss, the rate
of coral cover decline was reduced by 56% (-1.6% [-3.0%: -0.26% 90% CI] per year) relative to
outbreaking reefs that did not receive culling effort.

4. Discussion
4.1. Overall

Differences in suppression of COTS outbreaks and coral cover protection depended on the
timing of management action, level of effort invested and the frequency and severity of con-
current disturbance events. Comparing the outcomes of the 3™ and 4™ COTS outbreaks
(Fig 3) and coral recovery trends, our results indicate five key findings. Firstly, where timely
management and sustained effort was applied, the extent of coral loss was substantially
reduced, and COTS outbreaks were suppressed protecting and contributing to rapid coral
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recovery from COTS predation and other disturbances (Townsville, Capricorn Bunker sectors).
Secondly, where COTS management is reactive, significant culling effort must be applied to
reduce COTS densities, restricting the outcome to coral cover maintenance and/or a reduction
in the extent of loss (Cairns and Innisfail sectors). Thirdly, there is also evidence that proactive
effort combined with timely intervention in upstream areas can mitigate the southward spread
of the outbreak wave (Cape Upstart sector). Fourthly, where limited or no action was applied,
COTS densities reached severe levels causing extensive coral loss. At the reef level, our findings
clearly show that increasing levels of culling effort resulted in substantial increases in annual
coral growth, particularly in the absence of other major disturbance events. Indeed, reefs above
median culling effort retained almost half of the coral gain recorded at non outbreak reefs (Fig
5). Importantly, other impacts to coral during the course of management action interact with
outcomes potentially offsetting coral cover gains (i.e. Cairns, Innisfail sectors) and must be care-
fully considered when interpreting these results (S5 Fig). With respect to the Townsville sector
however, where the largest positive impact of culling is posited, the disturbance history of both
outbreak periods was similar and primarily attributed to COTS (~60-70% S5 Fig). While this
was not explicitly modelled in this study this indicates that our findings of sector-level coral pro-
tection in the Townsville sector as a direct result of COTS culling is supported by investigating
the full disturbance context. These findings represent a best-case scenario of what can be
achieved during a low disturbance window by limiting the mortality associated with COTS.

Our findings suggest that COTS control may substantially improve coral growth trajecto-
ries for reefs where timely, sustained control effort is sufficient to suppress or prevent COTS
outbreaks. The observed 1.1% y ™' increase in coral cover on reefs with no detected COTS out-
break (densities below 0.1 COTS per manta tow) provides the first empirical evidence to sup-
port the De’ath et al. 2012 [13] projection that coral cover on the GBR would have increased
by 0.89% y ™" in the absence of COTS predation. Most importantly, our results indicate that at
reefs with significant COTS outbreaks and effective culling effort, coral growth was maintained
at 0.54% y™' during the 4™ outbreak wave. These results also show that while less effective,
even below median levels of culling effort reduce coral losses by 2% y ' (from 3.6% y™' to 1.6%
y'!) compared to no culling. Combined, these results highlight that sustained, sufficient COTS
control protects coral growth (or at least reduces coral losses) even in the presence of other
concurrent reef health impacts.

Our findings of regional scale outcomes align with recent modelling that a fleet of 10-15
vessels could deliver significant regional COTS outbreak suppression and coral growth and
recovery effects under projected climate futures [51-53]. Our analyses estimate increases in
coral cover consistent with previous predictions [13] in sectors where COTS have been effec-
tively managed (e.g. Townsville, Capricorn Bunker, and Cape Upstart sectors; Figs 3 and 4)
and at reefs with above median culling effort relative to COTS density (Fig 5). Although these
estimates are a simplification of a large and complex system, our findings demonstrate that
regional-scale COTS control protects coral growth, promotes recovery from cumulative
impacts, and consequently increases the resilience of the GBR.

4.2. COTS suppression and coral protection outcomes

Coral outcomes at the sector level were primarily driven by the management action applied (i.e.
the timeliness of action) and the exposure to disturbance events. Reefs in sectors with “Timely
Action” had an approximate 50% relative increase in coral cover over the 6-year time horizon
from the initiation of sector-wide outbreaks. These results show marked differences to reefs with
‘Limited Action’ (approximately 50% coral loss) or where reefs were managed reactively (‘Reactive
Action’, approximately 25% coral loss; Fig 4). These results clearly indicate significant
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improvement in coral outcomes associated with early intervention in the management of COTS
populations [54]. Additionally, reefs with higher levels of culling effort experienced reduced levels
of coral loss and increased gains in coral cover (Fig 5). While COTS control has been shown to
effectively protect coral cover at the site scales [37,55], this research provides the first published
empirical evidence for reef and sector-level COTS outbreak suppression and coral protection.
These findings support, and in some cases exceed, the estimated regional benefits of targeted
COTS control [51-53] verify the benefit of early and sustained culling effort at large spatial scales.

Even sectors with reactive management actions, once outbreaks were established, were
afforded some protection from COTS. Although the culling effort in these sectors did not lead
to significant decreases in COTS densities, it did manage to preserve coral cover, and certain
ecological processes (e.g. coral larval export and connectivity) on select, target reefs (e.g. Green
Island, Hastings Reef, S4 Fig) that are disproportionately important for tourism. Moreover, the
reef level analysis (Fig 5) revealed that even below median culling effort afforded coral protec-
tion (compared to no culling) on reefs were sustained resources were not available. This effect is
typified by reefs in the Cairns sector (Fig 4) which showed a net-zero change in sector-wide
coral cover prior to the 2016 and 2017 mass bleaching events [50,56]. Counterintuitively, a net-
zero change in coral cover represents possibly the best-case scenario for reactively managed sec-
tors. By definition, the culling effort applied late in this sector’s outbreak cycle means that cull-
ing effort was focussed on select reefs of high ecological and economic value. The preservation
of adult corals on important coral source reefs likely provided this sector with adequate larval
supply mitigating losses caused by COTS [57]. Cairns sector reefs have some of the greatest eco-
nomic and recreational value on the entire GBR due to their proximity to major urban centres
and focus of tourism [39]. Therefore, by investing moderate amounts of culling effort even after
the outbreak was established, reefs critically important for recreation and tourism were pro-
tected, and the overall downstream supply of COTS larvae was reduced [28].

4.3. Compounding benefits offset cumulative impacts

A key finding is the apparent accrual of compounding benefits as the outbreak progressed and
culling effort was sustained. Compounding benefits refers to the proposed pathway though
which the numbers of COTS larvae are reduced, and coral larvae are increased over successive
years as more outbreaks are suppressed and coral is protected at upstream reefs and sectors.
Recent, GBR-wide modelling of coral and COTS larval connectivity has enabled the identifica-
tion of high priority reefs that may disproportionately drive coral and COTS population
dynamics [28,29]. By targeting COTS control to these priority reefs that are important sources
of coral and COTS larvae, the benefits of culling should begin to compound across reefs and
sectors. In the early stages of the COTS Program (2012-2015), most resources were spent con-
trolling Established or Severe outbreaks on reefs with high tourism value. Despite the limited
resources, reactive action was still able to deliver some coral protection benefits, particularly
within the Cairns region, however the localised benefits of this strategy were limited by the
2016 and 2017 mass bleaching events [50,56](Fig 3). Nevertheless, the continued removal of
adult COTS and the protection of coral in upstream sectors (i.e. Innisfail, Cairns) may have
impacted the Townsville sector, amplifying the benefits of intensive culling in the region.
Importantly, this highlights the need to ensure that the coral benefits (and COTS larval sup-
pression) from COTS control are accrued as early as possible within the outbreak cycle, allow-
ing them to compound more rapidly during low disturbance windows. Put simply, sustained
culling delivers compounding sector scale benefits.

During the 2018-2022 period, no significant mortality event was recorded in the GBR
despite two mass bleaching events in 2020 and 2022 (Great Barrier Reef Marine Park Authority
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2020; 2022). This period of low relative coral mortality coincided with a time where COTS
were effectively suppressed in the Townsville sector resulting in a delayed proliferation to the
neighbouring Cape Upstart sector. It is important to note that the reduced sample size and
limited culling activity in Cape Upstart makes it difficult to attribute positive coral outcomes
directly to culling. More accurately, they appear to be a product of the culling in upstream sec-
tors and the reduced disturbance regime during the 4™ outbreak wave. By maintaining much
higher levels of coral cover during the recent outbreak wave compared to the 3™, COTS con-
trol appears to have aided the rapid recovery of coral cover to historic highs in both sectors
during a limited disturbance period (Fig 3) [58].

4.4. COTS Control as a tool for resilience-based management

Resilience-based management (RBM) focuses on improving ecosystem resilience both by miti-
gating coral loss and aiding recovery. While the risk from stressors such as marine heat waves
from climate change require global action to reduce greenhouse gases, local management
actions such as COTS control can play an integral role in RBM on the GBR [34]. COTS control
enhances the resilience potential by mitigating coral loss from starfish predation which
increases coral larval supply and recovery [29]. COTS control also diminishes the reproductive
potential of the COTS populations, and thus coral loss at downstream reefs [17,28,36,59]. This,
in turn, allows the reef system to capitalise on low disturbance periods and recover more rap-
idly. Our findings suggest that during low climate disturbance periods reefs on the GBR can
recover rapidly from COTS outbreaks if coral loss is minimised and coral cover is maintained
above 10-20% (Fig 3, Townsville Sector). These findings align with previous “resilience thresh-
old” estimates of approximately 17% coral cover; above which positive coral accretion rates are
maintained [60-62] causing coral cover to increase exponentially [4,63]. Maintaining coral
cover above these levels also ensures that losses from COTS are predominantly limited to the
fast-growing preferred coral prey species (e.g., Acropora spp), thus protecting the slower grow-
ing species typically consumed at the termination of the outbreak [14,18]. By “defending the
resilience threshold”, COTS control promotes rapid recovery and prevents the loss of slower
growing corals and may thus protect coral diversity at a reef [64].

As the only major driver of coral mortality on the GBR that is amenable to direct local action
[14], COTS control currently provides the only effective tool for coral preservation deployable
at scale [37,65]. With the predicted increase in frequency and severity of coral bleaching [66,67]
and ongoing severe tropical cyclones [68,69], the persistence of a coral dominated GBR will cru-
cially rely on offsetting mortality from these and other disturbance events when possible. While
emerging methodologies for coral restoration [70] assisted evolution [71,72] are encouraging,
they remain cost prohibitive at large scales [73], and the most effective way to protect corals is
to, quite simply, prevent mortality in the first place [74]. Mitigating the coral loss associated
with COTS outbreaks promotes the natural recovery of affected reefs which allows restoration
efforts to be more effectively targeted towards reefs where coral decline is associated with other
disturbances (i.e. bleaching, cyclones). Importantly, as coral reefs are increasingly exposed to
extreme thermal stress events, it becomes even more important to ensure the colonies which
have survived and thus might be thermally tolerant [75,76] are protected from outbreaks of
coral-eating starfish to promote the natural proliferation of these adaptations.

4.5. Considerations

The impacts of COTS on coral and the benefits of culling cannot be entirely disentangled from
other disturbances [1,50,77]. Declines in coral cover due to COTS may be further exacerbated
by thermal coral bleaching and cyclones. Indeed, some of the gains in coral cover observed in
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the Cairns sector were offset by the 2016 and 2017 coral bleaching events. Therefore, it’s
important to consider that the long-term regional benefits of culling to protect coral cover can-
not be guaranteed, with increasing frequency and severity of coral bleaching and continued
exposure to severe cyclones predicted over the coming decades [78,79]. It is also important to
note that the gains in coral cover observed in the Townsville and Capricorn Bunker sectors
coincided with a period of limited coral mortality events. Mass bleaching events occurred in
2020 and 2022, however, neither sector experienced widespread mortality events. These events
may have halted coral recovery [80], although the full extent of the 2022 event will not be clear
until 2023 surveys are completed. While this means that the coral cover benefits shown herein
cannot be simply extrapolated into the future, this window of limited disturbance for some
sectors has provided the opportunity to assess the impact of COTS control in relative isolation
and can act as guide for the potential benefit that could be expected in the absence of wide-
spread mortality events [13]. Crucially however, the disturbance history of the Townsville sec-
tor for the 3" and 4™ outbreak waves were comparable (S5 Fig), with most of the coral loss
attributed to COTS during both waves (~60-70%). This additional context provides further
evidence that the major difference between the coral outcomes for these periods was not
driven by other disturbance events but was most likely due to the reduction of the impact of
COTS via manual control.

Although there have been four documented COTS outbreaks since the 1960’s [14], LTMP
surveys only capture the dynamics of the 3rd and 4th outbreaks meaning only these two could
be analysed and compared herein. While some level of natural variation in outbreaks is likely
due to stochastic biotic and abiotic factors (e.g. ENSO cycles, chlorophyll-a levels, connectivity
patterns) [19,21,81-83], peak densities of COTS were two to three times higher during the 4th
outbreak wave in the Cairns and Cooktown-Lizard Island sectors respectively (Fig 3). It seems
reasonable to assume that the downstream progression of the 4™ outbreak wave, to the Towns-
ville and Cape Upstart sectors, would have been on a very similar trajectory prior to interven-
tion. However, peak densities in the Townsville sector were instead nine times lower during
the 4™ outbreak wave, suggesting that timely and sustained COTS control effectively sup-
pressed COTS densities in this sector. It is also possible that major disturbance events, like the
2016 and 2017 bleaching and/or Cyclone Debbie (2017), slowed the downstream progression
of the outbreak wave by, for instance, reducing the coral prey available for COTS which is key
for their recruitment and reproductive success [84,85]. Interestingly, the population replenish-
ment of COTS in the Townsville sector seems, however, not to have been impeded during the
3™ outbreak wave by the 1998 bleaching event (Fig 3) that mostly affected inshore reefs of the
GBR. Even though the limited timeframe of the present study constrains our ability to inter-
pret the results, proactive culling during the non-outbreak phase in the Cooktown-Lizard
Island and Cairns sectors appears, at least so far, to have maintained COTS densities below
outbreak levels (Fig 3). Despite the non-outbreak culling effort, increasing numbers have been
observed during fine-scale monitoring near Lizard Island [86] indicating the emergence of a
COTS outbreak wave.

It is also important to recognise that the outbreak dynamics in the Capricorn Bunker and
Swain sectors behave differently than the reefs/sectors in the central section of the GBR [87].
In the Capricorn Bunker, a sector-wide outbreak was only observed during the 4™ outbreak
wave, commencing in 2018, but none were recorded during the 3", Prevailing hydrodynamic
patterns likely contribute to these sectors possessing their own outbreak dynamics [21,87,88].
Management of these areas may therefore need to take a more tailored approach that better
suites their specific case.
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4.6. Implications for the strategic management of COTS outbreaks

The coral protection and COTS suppression outcomes provide key insights for the strategic
management of COTS on the GBR. Timing and resourcing constraints during the 4™ outbreak
wave meant that after an initial attempt to suppress the primary outbreak, effort was refocused
on action to ‘Protect’ individual high value reefs (S1 Fig). The efficacy of this approach was
determined primarily by how early the intervention could start, resource availability and the
severity of external, unmitigable disturbance events (i.e. coral bleaching). When effort was
applied early with sustained resourcing (i.e. Timely Action: Townsville, Capricorn Bunker)
pronounced coral protection and COTS suppression was observed at regional scales. These
findings indicate that the higher-level strategic objective of “suppress” is achievable with early
intervention and adequate resourcing. Indeed, the Program is actively incorporating emerging
research on early detection methods such as eDNA and scooter-assisted large area diver-based
(SALAD) surveys to reduce ensure outbreaks are identified and controlled in a proactive or
timely manner.

A key learning from the past decade is that while it was logical to prioritise Prevention as
the highest order objective, in reality, the higher order outcomes actually accrue from targeted
protection of individual reefs. Targeted protection and concentrated culling effort on impor-
tant source and sink reefs enabled sector-level suppression and arguably a degree of prevention
in the progression of the outbreak wave (e.g. Cape Upstart). Thus, the hierarchy of objectives
are perhaps better characterised as compounding benefits where targeted and proactive/timely
“Protection” enables regional “Suppression” in turn helping to “Prevent” or delay the progres-
sion of outbreak waves. The strategic management of COTS should also integrate with other
available management actions that can influence COTS outbreak dynamics such as Marine
Park zoning [15,89] and water quality improvements [90,91]. Moreover, setting these revised
management objectives at a sector level (rather than an outbreak wave) and explicitly incorpo-
rating the timeliness of action will provide a more comprehensive approach to COTS manage-
ment on the GBR.

4.7. Suppressing future outbreak waves

Given the significant reduction in COTS densities observed where timely and sufficient culling
effort was deployed (i.e. in the Townsville sector), it is evidently feasible to supress future out-
break waves via targeted manual control [54]. Based on the frequency of previous outbreak
cycles, the next outbreak wave was forecast to initiate by 2025/26 [54]. Continuous funding of
the Program has meant that significant amounts of early surveillance has been applied within
the initiation zone in addition to routine monitoring conducted by AIMS. This surveillance
detected increasing COTS densities throughout 2021/22 in key areas of the initiation zone
(Lizard Island, Eyrie Reef, Batt Reef) and additional fine scale data indicated that the build-up
of COTS in the initiation zone was underway [86]. Based on this information, additional cull-
ing capacity was deployed to proactively suppress these pre-outbreak populations.
Importantly, mounting evidence suggests that other regions of the Marine Park, such as the
Swain [83], Cape Grenville [86] and Townsville/Innisfail sectors [83,92] are particularly sus-
ceptible to COTS outbreaks and may play crucial roles in either the overall outbreak wave
dynamics or may initiate independently (e.g. Swain sector). Continued research must look to
identify clusters of reefs that contribute to the regional initiation and/or amplification of out-
break waves. It is imperative that these important clusters of reefs are routinely monitored to
detect emerging outbreaks and sufficient resources are available to suppress them where logis-
tically feasible. Despite the likely lower numbers of COTS which may be culled by implement-
ing proactive or timely action in these regions, early detection and culling intervention will
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ensure the most efficient use of available resources, and the greatest coral protection outcomes
are achieved at reef and regional scales.

5. Conclusions

The demonstrated effectiveness of the Program in protecting coral at reef and regional scales
(i.e. sectors) solidifies it as an effective tool to enhance Reef resilience. The effectiveness and
efficiency of the Program will continue to increase if there is sustained investment in expanded
control resources and research to develop new tools for monitoring [93,94] and culling [95],
and our knowledge of COTS, their ecology, and outbreak dynamics improves [16]. Recent,
long-term funding commitments by the Australian Government will allow the Program to
continue operations through to the end of the decade. This is essential to maintain the gains
made to date in tackling the 4™ outbreak wave and to minimise future outbreak waves (i.e.
stop them getting out of control [54]. From a cumulative impact perspective, even though
“prevention” of outbreak waves may not ultimately be possible, suppressing the peaks of
COTS outbreaks through sustained proactive and/or timely action not only reduces coral pre-
dation and outbreak progression, it also avoids the increasingly likely scenario that the peak
COTS outbreak losses coincide with other disturbance events leading to unwanted, synergistic
negative impacts.

Effective conservation management in the Anthropocene requires a “resilience-based man-
agement” approach to develop and implement proactive, direct interventions that protect eco-
system resilience at a time of unprecedented environmental change. Strategically targeted
COTS control, at logistically feasible locations, has emerged as a core management tool on the
Great Barrier Reef due to its capacity to directly reduce coral mortality at broad scales and
minimise the risk that COTS predation will compound coral losses from coral bleaching events
and tropical cyclones as well as maximise the coral gains during disturbance free periods. Sus-
tained, sufficient COTS control complements and enhances existing measures including spa-
tial and species management, protecting both natural adaptation and ecosystem resilience
under a rapidly changing climate.

Supporting information

S1 Appendix. Supplemental text and tables. Detailed explanations of the use of disturbance
data, COTS control program methods, definition of sector-wide management action and the
rationale for categorising the Cape Upstart sector as ‘Proactive action’. Also includes supple-
mental tables: Table S1. Glossary of key words and acronyms; Table $2. Model formulae and
the description of the variables analysed; Table S3. Summary statistics for COTS densities and
Coral Cover for each outbreak by sector.

(DOCX)

$2 Appendix. Data and R code for analysis. Detailed code for data wrangling (“Coral Protec-
tion Outcomes_Wrangle.Rmd”) as well as analysis and figure generation (“Coral Protection
Outcomes_FinguresAnalysis.Rmd”). Outputs from the data wrangling step to be used in the
analysis script are included in the “CoralProtection.Rdata” file.

(ZIP)

S1 Fig. COTS strategic management conceptual framework. Diagrammatic representation
of COTS outbreak and coral cover dynamics, and the management objectives at various stages
of the outbreak cycle. The COTS Control Program capacity and the timing of culling com-
mencement strongly influences when and how the objectives can be achieved.

(TIF)
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S2 Fig. Spatial scales overview. The spatial relationship between the Great Barrier Reef
Marine Park (Marine Park), Sectors, Reefs, and Sites. (A) the entire Marine Park, (B) an indi-
vidual Sector (Townsville), (C) an individual reef (John Brewer Reef), with an indicative reef-
wide manta-tow path as conducted by the AIMS LTMP (D) culling sites.

(TIF)

S3 Fig. Sector-wide outbreak definitions and non-outbreak populations. The purple line
represents the COTS density at a given location. (A)-An example of a population that would
be categorised as an Outbreak. This is due to the population breaching the 0.22 COTS/tow
density (an established outbreak). The years categorised as an ‘outbreak’ are denoted by the
transparent, red rectangle. The year prior to the outbreak threshold being breached is included
to capture the pre-outbreak coral cover and the outbreak is ended with two consecutive years
below the threshold. (B)-an example of a population that would not be categorised as an Out-
break. This is due to the density of COTS not crossing the 0.22 COTS/tow threshold (denoting
a ‘severe’ outbreak). NB These sector-wide definitions of outbreak periods are distinct from
the reef level outbreak which simply reflect the Outbreak Status of a reef at a singular point in
time.

(TIF)

S4 Fig. Relative coral cover change time series with outlier reefs. Relative change in coral
cover (%) by Sector, coloured according to the type of management action implemented ‘Limited
Action’ (orange), ‘Reactive’ (yellow), and ‘Timely’ (green) Each line represents the relative change
in coral cover at a given reef, up to 6 years following the start of the sector-specific 4™ outbreak
(see Table 1). Highlighted reefs are example outliers that are discussed in section 3.2. These indi-
vidual trajectories underpin the modelled trajectory in Fig 4. NB Reefs surveyed less than 3 times
were not included in this figure to increase the clarity of individual trajectories. Additionally, each
facet is displayed on a variable y-axis to increase visual interpretation. Reefs from “Proactive
action” (Cape Upstart sector) are not included in either time series analyses (see Fig 4) as the time
series is not long enough from the predicted onset of the outbreak in 2020.

(TIF)

S5 Fig. Disturbance regimes of the GBR by sector. (A) The percentage of reefs affected by
the 3 major disturbances (COTS, Cyclones and Bleaching) from 1990 as observed by the AIMS
LTMP broadscale manta tow surveys. Light and dark grey bars indicate the 3" and 4™ COTS
outbreak waves respectively (B). The average coral loss per survey observed within the 3" and
4™ COTS outbreak waves for each of the three major disturbances.

(TIF)

S1 File.
(DOCX)
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