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Text S1. Manual Control
While water quality improvement measures and zoning act to moderate hypothesized drivers of COTS outbreaks, manual control acts to reduce COTS populations directly. Following the 1960s outbreak, the Australian Academy of Sciences committee responsible for reviewing management responses to the 1960s outbreak to recommend that future controls be conducted only around high-value tourism sites as broad-scale approaches to manual control were not available1. In the subsequent two outbreaks on the GBR (beginning 1979 and 1993 respectively) the focus of manual control programs remained at high-value tourism sites. Nevertheless, the prospect of effective manual control capable of reducing COTS densities and improving hard coral cover was not forgotten. In their reviews of manual control programs, Zann and Weaver 2 and Birkeland and Lucas 3 suggested that the success of manual control programs was inversely related to the scale of the outbreak with which they were concerned. The probability of success further increased with greater warning of an outbreak; when COTS were tightly aggregated and accessible; when COTS populations were small; when lethal injections were used; and when resources were adequate and allowed for repeated control efforts2,4. Programs failed when COTS were superabundant, when there was unfettered migration into the control area, and when they were difficult to detect5. The overall impression that programs were not successful led to the assumption that manual control methods could not be scaled up to provide effective control at large spatial scales6. 
This situation changed with two new developments during the current COTS population outbreak on the GBR. The first development was the discovery that a single small volume injection of oxbile was an effective means of killing COTS in situ7. This method revolutionized manual COTS control by enormously reducing the effort required to kill an individual and bringing the probability of a successful kill to close to 100%. The second development was the move to a strategic manual control program 8. While this new approach still incorporated the management of key sites by tourism operators, it added a dedicated control program vessel to supplement those efforts and included additional sites considered to be of high ecological value. This resulted in the employment of a standardized approach and improved data collection across the program to enable a scientific assessment of the program’s effectiveness. The net result has been a manual control program that has focused on key tourism and selected ecologically important sites since July 2013 and throughout the current outbreak period. This program has also acted as the foundation for the development of a more structured Integrated Pest Management approach to COTS control, that offers the potential for achieving meaningful outcomes at the scale of the GBR8. To support the implementation of the current manual Control Program, the Australian Government have invested approximately AUS$14M over the period 2012 to 2017, with an additional AUS$57.8M of Federal funding announced for COTS control in 20189.
Text S2. Marine Protected Areas
The loss of predators, i.e. the ‘predator removal’ hypothesis, has long been posited as a potential contributor to COTS population outbreaks10. Specifically, the severity of COTS outbreaks may be mediated by the combined consumption of COTS at one or more life history stages by a range of predators10,11. Predation may impact recruitment rates of COTS larvae into benthic habitats12, and may change growth, reproduction or mortality of COTS post-settlement10,13-15. A recent review identified 80 species of coral reef organisms, including fishes and invertebrates that predate on different life history stages of COTS11. However, only a few field observations exist of consumption of early life history stages and of healthy adults11,16,17, at least partially due to the difficulties of observing predation on COTS gametes, larvae, and settled juveniles18-20. Despite the paucity of field observations of predation, the ‘predator removal’ hypothesis has received support from modelling at least in relation to certain phases of the COTS outbreak cycle21-23.
One management approach for conserving marine ecosystems, including predatory species, is through the use of marine protected areas (MPAs)24. Marine protected areas have been a key component of the management of the GBR since the introduction of the first zoning plan for the Marine Park in 198125. This plan was revised in 2004, with the no-take zones increasing from 4.5% to 33% of the Marine Park, and the representation of habitat types in the no-take zones improved. The measured benefits of this approach on the GBR range from the increases in stocks of key fisheries species26, including potential predators of COTS, through to enhancing ecosystem resilience25,27-29. Recent work suggests that fewer COTS are observed in no-take zones30,31 and that the impacts of COTS outbreaks were reduced in no-take zones28.

[bookmark: _Toc529630810]Text S3. Water Quality Improvement
One of the foremost hypotheses proposed to account for COTS population outbreaks, the ‘terrestrial runoff’ hypothesis, states that high nutrient availability increases phytoplankton biomass, which in turn enhances COTS larval growth and survival leading to mass recruitment events and outbreaks32-35. On the GBR, the four recorded primary COTS outbreaks originating in the Lizard Island - Cairns region since the 1960s were preceded by major flooding events in the Burdekin and Wet Tropics rivers36-38. Terrestrial sediment and nutrient loads discharged from these rivers into the GBR lagoon have increased significantly since European settlement in the 1850s39,40. Recent catchment modelling estimates that river loads of biologically available nutrients, such as dissolved inorganic nitrogen (DIN), have increased 1.2 to 6.0 times relative to their pre-colonization levels39,40. Despite ongoing scientific debate about the validity of the ‘terrestrial runoff’ hypothesis41,42, the hypothesized link between elevated terrestrial runoff and COTS outbreaks has become a central argument for policy and investment to improve GBR water quality43-46.
To protect the GBR from diffuse-source pollution from agricultural land uses47, the Australian and Queensland governments first released the Reef Water Quality Protection Plan (hereafter ‘Reef Plan’) in 2003 48. While improving the quality of water flowing through the GBR catchment and into the GBR has a range of high value benefits in terrestrial, aquatic and marine realms45,49,50, here we focus specifically on anticipated impacts on COTS population dynamics. The 2003 Reef Plan was revised and updated several times including new goals.  The 2003 Plan’s goal of halting and reversing the decline in water quality entering the reef within 10 years, was reaffirmed in 2009 with additional goal ensuring water from adjacent catchemtns had no detrimental effect on the GBR.  and associated water quality targets and land management and catchment targets for 2018 and 2020 (Tables S4, S5)49. To support the implementation of these various Reef Plans, the Australian and Queensland governments have invested approximately AUD$850M over the period 2009 to 201850,51, with an additional AUD$200M of Federal funding announced in 20189.
[bookmark: _Hlk41645159][bookmark: _Hlk41645633][bookmark: _Hlk41645700]Progress towards improving GBR water quality against the goals and targets outlined in the Reef Plans 2009 and 2013 has been reported upon annually since 201152-58. The scorings presented in these annual reports are based on scientific monitoring and modelling published in peer-reviewed technical reports from universities, research organisations and Government agencies (see, for example, https://www.reefplan.qld.gov.au/tracking-progress/reef-report-card/methods-to-create-report-card). Monitoring of marine water quality and hard coral cover has been conducted since 200559,60. The findings of these peer-reviewed technical reports are used to derive scorings for progress against goals and targets in the annual report cards, including for marine water quality and coral cover. In addition, the most recent report cards (2017, 2018) also use marine modelling (namely eReefs coupled hydrodynamic - biogeochemical model) to derive scores for marine water quality. 

Table S1
	Cohort
	Friedman’s Chi-squared
	Df
	P value

	Total COTS ha-1
	9.3077
	1
	0.0023

	COTS>40cm ha-1
	10.39
	1
	0.000942

	COTS 25-40 cm ha-1
	25.13
	1
	0.00000054

	COTS 15-25cm ha-1
	31.39
	1
	0.000000022

	COTS <15 ha-1
	9
	1
	0.0027



Table S2
Linear model results for the relationship between the number of voyages to visit a site and i) the final hard coral cover at a site, ii) the change in hard coral cover over the study period, measured as change in hard coral cover expressed as a percentage of initial coral cover.
	 
	Final % hard coral cover
	% Change in hard coral cover

	Predictors
	Estimates
	CI
	p
	Estimates
	CI
	p

	(Intercept)
	3.52
	2.46 – 4.58
	<0.001
	0.62
	0.38 – 0.87
	<0.001

	# voyages
	0.10
	0.04 – 0.17
	0.003
	0.03
	0.01 – 0.04
	0.001

	Observations
	52
	52

	R2 / R2 adjusted
	0.168 / 0.151
	0.193 / 0.177



Table S3
	 
	Final % Hard Coral Cover
	% Change in Hard Coral Cover

	Predictors
	Estimates
	CI
	p
	Estimates
	CI
	p

	(Intercept)
	1.33
	-0.15 – 2.82
	0.078
	0.50
	0.14 – 0.85
	0.007

	# voyages
	0.08
	0.01 – 0.14
	0.029
	0.02
	0.00 – 0.04
	0.015

	Initial coral cover
	0.04
	0.01 – 0.07
	0.005
	
	
	

	prot
	0.45
	-0.03 – 0.92
	0.063
	0.06
	-0.06 – 0.18
	0.323

	Observations
	52
	52

	R2 / R2 adjusted
	0.371 / 0.332
	0.210 / 0.177






Table S4:  Progress against (a) Land and Catchment Management Targets, and (b) Water Quality Targets, for Reef Plans 2009 and 2013*
(a)(b) 
* Report Cards for 2009 to 2016 based on 2009 baseline; Report Card 2017/2018 based on 2016 benchmark


Table S5 Progress against Marine Water Quality Targets for Reef Plans 2009 and 2013*

* Report Cards for 2009 to 2016 based on 2009 baseline; Report Card 2017/2018 based on 2016 benchmark
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Reef Plan 2009

a minimum of 50 per

cent late dry season

groundcover on dry

tropical grazing land

- - - - - - - - - - - - - - -

Report Card 2009 84% - - - - - - - - - - - - - - -

Report Card 2010 94% - - - - - - - - - - - - - - -

Report Card 2011 91% - - - - - - - - - - - - - - -

Report Card 2012/2013 84% - - - - - - - - - - - - - - -

Sediment Nutrient Pesticides Sediment Nutrient Pesticides Sediment Nutrient Pesticides Gullies Streambank Pastures

Report Card 2014 - 23% 13% 30% 71% 23% 45% n/a n/a n/a 24% 47% 28% 77% -0.4% <0.1% loss

Report Card 2015 - 23% 16% 32% 72% 24% 45% 31% 48% 92% 25% 54% 28% 77% n/a n/a

Report Card 2016 - 40% 18% 39% 72% 24% 45% 45% 54% 73% 25% 55% 29% 80% n/a Moderate

Report Card 2017/2018 - 1.9% 16.4% 11.2% 25.5% 17.9% 42.5% 34.6% 72.2% 7.3% 24.7% 51.7% 29.8% 63% -0.74% <0.1% loss

Reef Plan 2013 -

2018

Minimum 70 per cent 

late dry season 

groundcover on 

grazing lands

The extent of riparian 

vegetation is 

increased

There is no net loss of the 

extent, and an improvement 

in the ecological processes 

and environmental values, of 

natural wetlands

90 per cent of sugarcane, horticulture, cropping and grazing  lands are managed using best management practice systems (soil, nutrient and 

pesticides) in priority areas

Sugarcane Grazing Cropping/Grains Horticulture
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2020

Nitrogen Phosphorous

Report Card 2009 - - - - - - - - -

Report Card 2010 4% 2% 8% - - - - - 2%

Report Card 2011 7% n/a 15% - - - - - 6%

Report Card 2012/2013 10% n/a 28% - - - - - 11%

Sediment Particulate nitrogen

Particulate 

phosphorus

Report Card 2014 - - - 17% 12% 11.5% 14.5% 30.5% -

Report Card 2015 - - - 18.1% 12.3% 11.6% 14.7% 33.7% -

Report Card 2016 - - - 20.9% 13.9% 12.5% 15.6% 36% -

Report Card 2017/2018 - - -

21.20%

14.40% 13% 16.2 97%** -

**in the 2017/2018 report pesticide baselines were changed from a loads-based to a risk-based target to a risk based target.  This means the 2017/2018 results cannot be compared with those of previous years.

-

At least a 50 per cent 

reduction in 

anthropogenic end-of-

catchment dissolved 

inorganic nitrogen 

loads in priority areas

At least a 60 per cent 

reduction in end-of-

catchment pesticide 

loads in priority areas

At least a 20 per cent reduction in anthropogenic end-of-catchment 

loads of sediment and particulate nutrients

in priority areas

Reef Plan 2013 - - -

a minimum 50 per cent reduction in nitrogen 

and phosphorus loads at the end of 

catchments

Reef Plan 2009

a minimum 50 per 

cent reduction in 

pesticides at the end 

of catchments

a minimum 20 per 

cent reduction in 

sediment load at the 

end of catchments

- - - - -

2013 2018
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Chlorophyll a Total suspended solids Overall score

Report Card 2009 Good Moderate Moderate Moderate

Report Card 2010 Moderate Moderate Moderate Moderate

Report Card 2011 Very poor Moderate Poor Poor

Report Card 2012/2013 Poor Moderate Poor Poor

Report Card 2014 Poor Moderate Poor Poor

Report Card 2015 Poor Moderate Moderate Poor

Report Card 2016 Good Moderate Moderate Moderate

Report Card 2017/2018 Poor Poor Poor Poor

Water quality

Marine Condition


