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Abstract: The Great Barrier Reef (GBR) is currently experiencing widespread crown of thorns 
starfish (CoTS) outbreaks as part of the fourth wave of outbreaks since 1962. It is believed that 
outbreaks have become more frequent on the GBR and elsewhere in the Indo-Pacific associated with 
anthropogenic causes. The two widely accepted potential causes are (1) anthropogenic nutrient 
enrichment leading to increased biomass of phytoplankton, the food of the planktonic stage of larval 
CoTS; and (2) overfishing of predators on the juvenile to adult stages of CoTS, for example, 
commercial fished species such as coral trout. In this study, we show the evidence for the nutrient 
enrichment causation hypothesis is strong based on a large number of recent studies in the GBR. 
We also hypothesise that secondary outbreaks in the region between Cairns and Townsville can also 
be enhanced by nutrient enriched conditions associated with the annual nutrient discharge from 
Wet Tropics rivers. 
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1. Introduction 

The crown of thorns starfish (Acanthaster planci – CoTS) is a specialized coral-feeder and is found 
across the Indo-Pacific. Populations of A. planci  display cyclic oscillations between extended periods 
of low-density with individuals sparsely distributed among large reef areas, and episodes of 
unsustainable high densities commonly termed ‘outbreaks’. The outbreaks result in mass mortalities 
of corals with typically second-order and long-term consequences on various reef communities. CoTS 
outbreaks usually spread widely across reef ecosystems in the Indo-Pacific driven over large 
distances by larval transport, and commonly lead to increases in benthic algae, a loss of coral-feeding 
assemblages, an overall collapse of reef structural complexity, and a decline in coral biodiversity and 
productivity [1,2].  

CoTS is a naturally occurring animal on Indo-Pacific coral reefs and seem to “normally” occur in low 
densities on most reefs. However our knowledge of the density of CoTS on reefs before 1960 is very 
limited. CoTS have caused widespread damage to many coral reefs in the Indo-Pacific over the past 
six decades as population ‘explosions’ have occurred at regular intervals [1,3,4,5]. There have been 
several opposing views as to the origin of the outbreaks including both a “natural occurrence” 
hypothesis through to various anthropogenic causes’ hypotheses [6]. However given the huge 
numbers of animals which were found on reefs across the Indo-Pacific by the 1970s [1] it has been 
suggested that these “outbreaks” could not have occurred in the past, or alternatively not at the 
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frequency at which they were occurring by the 1990s. Hence a range of anthropogenic possible 
“causes” were postulated (reviewed in [1,5,6,7]).  

Human causes suggested for the CoTS population outbreaks include removal of predators (especially 
fish such as the commercially fished coral trout) [8,9] and/or increased larval survivorship due to 
increased phytoplankton food stocks associated with nutrient enrichment [6,10,11,12].  However the 
cause (or causes) of the outbreaks remains a controversial issue and there are several opposing views 
in the literature [5]. One view postulates that population outbreaks are a natural phenomenon due to 
the inherently unstable population sizes of highly fecund organisms such as Acanthaster planci [13]. 
Outbreaks have also been attributed to anthropogenic changes to the environment of the starfish with 
a range of possible causes including: removal of adult predators, particularly fish [8] and the 
gastropod Charonia tritonis [1]; changes to population structures of predators on larval and juvenile 
stages, caused by chemical (possibly pesticide) pollution [14,15]; destruction of larval predators, 
particularly corals, by construction activities on reefs; and larval food supply (phytoplankton) 
enhancement from nutrient enriched terrestrial runoff [6].  

This contribution examines the latest research on the nutrient enrichment hypothesis for CoTS 
outbreaks with a specific focus on the GBR, north-eastern Australia. We highlight the importance of 
understanding the life history stages of CoTS development and the influence of nutrients on the larval 
stage. The completing hypotheses for CoTS outbreaks are considered and for the first time we 
examine the potential role of river-discharged nutrients on triggering and sustaining secondary CoTS 
outbreaks on the central GBR.  We also reinterpret recent works on the potential causes of CoTS 
outbreaks in the southern GBR. 

2. Mortality of COTS at different life history stages 

The nutrient enrichment hypothesis for CoTS outbreaks centres on the increased survivorship at the 
larval stage of development, although there is little robust knowledge on the rates of mortality of 
their different life stages. Keesing and Halford [16,17] studied mortality rates at the small settled 
juvenile stage (0.5 – 5.5 mm) and found high rates (6.49 % d-1) for 1 month old starfish (mean size = 
1.1 mm).  The mortality rates decreased considerably with increasing age at 1.24 % d-1 for 4 month 
old starfish (2.7 mm) and 0.45 % d-1 for 7 month old starfish (5.5 mm) [16,17].  The results highlighted 
that mortality rates in these early life stages may be strongly influenced by both predators (epibenthic 
fauna) and food availability [18].These experiments, involving exclusion of predators, indicated that 
the major source of mortality was predation by epibenthic fauna for juvenile CoTs. Results also show 
that in the presence of adequate food supply juvenile A. planci move very little which suggests that 
juvenile survival will be enhanced by settling in areas where predation will be minimal. 

It has been suggested that the larval stage, especially at the brachiolaria stage where the larval 
requires an external food source, is likely to have high mortality [6,10] but there are no field data to 
support this hypothesis [7]. However laboratory experiments show that in food limited conditions 
few larvae are able to reach competency [10,12,19,20,21]. In addition it is known that fish such as 
damsel fish are able to eat CoTS larvae [22] in experimental aquarium conditions but the extent of 
predation in reefal waters is not known.    

3. Conceptual understanding of the nutrient enrichment-CoTS link 

In the 1970s Charles Birkeland formulated the hypothesis that CoTS population outbreaks were more 
common on high islands in the Pacific islands due to terrestrial runoff of nutrients (nitrogen and 
phosphorus) than they were on atoll islands were there is no natural runoff [23]. This hypothesis was 
founded on the fact that CoTS have a planktonic larval stage (of a few weeks) which needs to feed on 
a certain amount of phytoplankton to reach a level of viability such that they can settle on a reef.  
Nutrient runoff in river discharge from high islands can provide the conditions needed for 
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phytoplankton to bloom and hence provide the food source for this larval stage to develop [6,24]. In 
“normal” nutrient conditions the larvae have insufficient phytoplankton food to reach competence 
[10] and thus cannot provide the conditions required for the survival of high population numbers. 

The anthropogenic causation theory of nutrient enrichment is strongly linked to the increase in    
human activities such as sewage discharge, fertiliser runoff and increased erosion of nutrient-rich 
soil. These activities lead to the enrichment of adjacent coastal waters [25], higher phytoplankton 
biomass, a shift to larger species of phytoplankton which are more suitable as CoTS larval food [26] 
resulting in better survivorship of CoTS larvae ultimately leading to more frequent outbreaks [6,11]. 

Analysis of larval growth, the effects of environmental factors and the experimental testing of the 
nutrient enrichment hypothesis was first carried out in the 1970s [10,27,28,29] and showed that COTS 
larvae were food limited and did not develop well in low nutrient and phytoplankton biomass 
conditions. In contrast, experimental testing using more sophisticated apparatus [30,31] tested the 
growth of larvae in a range of nutrient conditions with results suggesting no nutrient effect. However 
the experiments were repeated, this time with more care given to strict protocols regarding nutrient 
supply, with results supporting the nutrient enrichment hypothesis [12,20,21,32]. CoTS outbreaks 
associated with anthropogenic nutrient enrichment are now seen as one of the “signals” of partial 
eutrophication of the GBR [25,33]. Recently, refinements of the experiments have further supported 
the hypothesis [34,35,36] to an agreement that larval survivorship increases with increased food 
supply of phytoplankton biomass, represented by chlorophyll a concentrations of about 1 μgL-1 
[35a,36] or at algal food densities above 1000 cells mL-1 [34] but with development is being inhibited 
at low chlorophyll a concentrations of 0.1 μgL-1. Higher chlorophyll a concentrations close to 10 μgL-

1 appear to retard development [35,36,37], indicating an optimum range of phytoplankton biomass 
or cell counts for larval survivorship.  

Concentrations of chlorophyll a in the GBR lagoon are generally less than 0.5 μgL-1 in non-river 
discharge conditions [38] but can be in the range 0.5 – 3 μgL-1 where influenced by major river 
discharge, in particular in the Burdekin - Wet Tropics regions, where flood plumes reach the mid- 
and outer shelf reefal areas [39,40,41,42].  Conditions measured during these peak and post flow 
condition are able to support high larval survivorship of CoTS juveniles if the high nutrient 
conditions intersect with periods of high larval counts. 

4. Crown of thorns starfish and the Great Barrier Reef 

The cycles (waves) of outbreaks on the GBR have occurred from 1962 to 1976, 1979 to 1991, 1993 to 
2005 [11,12] and 2009 – current [5,43]. Each wave has severely reduced coral cover on the GBR 
especially in the mid-shelf reefs of the central section [44]. CoTS outbreaks have been less frequent 
on inner and outer shelf reefs for not-well understood reasons. There is evidence that CoTS outbreaks 
have occurred on the GBR over the past 7000 years [45], although historical records suggest that the 
waves of outbreaks post 1962 appear to be a unusual phenomenon and outbreaks have become more 
frequent in recent times (see below) [11,12]. 

Outbreaks on the GBR have been traditionally divided into primary outbreaks and secondary 
outbreaks. Primary outbreaks originate in the “initiation area” between Cairns and Lizard Island. 
Conditions believed necessary for the initiation of an outbreak wave include sufficient coral biomass 
for food [12], nutrient enrichment and a high biomass of phytoplankton to sustain larval survivorship 
[11] and suitable oceanographic conditions so as to retain high connectivity [43,46]. Following the 
initiation of a primary outbreak, massive larval production [47] leads to secondary outbreaks to the 
north and south of the initiation area with a wave of secondary outbreaks occurring to the south of 
the initiation area from Cairns towards Townsville over approximately 8-9 years after the primary 
outbreak and then offshore from Mackay (12 years) after which the outbreaks appear to diminish [5].     
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Oceanographic conditions associated with the ENSO cycle [46] also play a part in initiating CoTS 
outbreaks in the Cairns area of the GBR with nutrient enrichment from river runoff and increased 
connectivity due to ENSO conditions both providing conditions that result in the initiation of waves 
of outbreaks 43]. Indeed this new climate association suggests that the ‘natural’ frequency of CoTS 
outbreaks may have also been highly variable on the GBR over the past 7000 years given changes in 
the strength of ENSO forcing during this period. However, the modern conditions of strong ENSO 
coupled with increased nutrient sources likely creates a scenario where CoTS outbreaks become an 
almost continuous feature on the GBR.           

It is also important to note that CoTS outbreaks can occur at sites with no obvious nutrient enrichment 
[48] but where in reality upwelling may be present but not documented and at sites with possible 
nutrient enrichment associated with natural upwelling systems (e.g. in the Chagos archipelago – [49]) 
or at oceanic nutrient/productivity fronts [50,51]. There has also been a persistent outbreaks area in 
the Swains but this is not considered to be associated with the outbreaks to the north and to the cycle 
of anthropogenic drivers and higher larval survivorship.  

The long-standing CoTS outbreaks in the Swains reefs in the southern GBR have been associated with 
the known upwelling systems in that region [11]. This has been identified as an area of upwelling 
associated with the Capricorn Eddy [52,53,54] and that the resultant phytoplankton blooms are 
associated with other enrichment phenomenon such as manta ray feeding aggregations [55] and 
plankton enrichment [56]. It is likely that these factors can help to explain the outbreaks in the Swains 
and Capricorn-Bunker Group reefs of the southern GBR [48]. In addition the recent outbreaks in the 
southern Capricorn Bunker Group [48] may be associated with record river discharge from the 
Burnett and Mary Rivers in early 2011 and 2013 [57].  

Miller et al. [48] did consider the role of one large southern river, the Fitzroy, but did not show that 
the discharge from this river had a significant effect on the outbreaks. However, work on the extent 
of all southern rivers, i.e. Mary, Burrum, Burnet, Kolan and Baffle) clearly shows the discharge plume 
extent of these rivers did reach into the southern Capricorn Bunkers [57]. While the Fitzroy River 
discharge only influences the northern section of the Capricorn-Bunker Group reefs during rare large 
flood events that are coupled with favourable wind conditions [39,58], the five rivers to the south of 
the Fitzroy are known to influence phytoplankton dynamics in the southern Capricorn-Bunker group 
[55] and may influence the survivorship of CoTS larvae.  

5. Nutrient enrichment and secondary outbreaks 

While it often assumed that nutrient enrichment is primarily involved in producing “primary” 
outbreaks in the initiation area (Cairns – Lizard Island) there is now evidence that nutrient 
enrichment can be enhancing “secondary” outbreaks, especially in the offshore Wet Tropics region.  
Nutrient loading from these rivers have greatly increased with the proliferation of agriculture and 
associated fertiliser use in the region [59,60]. In the period where  
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Figure 1. Progression (a–c) of multiple river plumes in the Wet Tropics (9, 11, 13 February 2007, 
respectively) extending from the coast to beyond the outer reef. The lines show the outer edge of 
the plume made visible due to Coloured Dissolved Organic Matter and phytoplankton. Images (a–
c) show the transformation from a plume dominated by terrestrial particulate matter (brown colour 
near river mouths) into a plume dominated by a dissolved nutrient driven phytoplankton bloom 
(green colour). A proportion of the contained nutrients in the plume may be seen ‘escaping’ to the 
Coral Sea in part c. Image courtesy of CSIRO. 

CoTS larvae are in the plankton stages during November to February when Wet Tropics rivers are 
in high discharge every year and regularly produce phytoplankton blooms on the GBR shelf in this 
region [39,40,61,62,63,64]. Measurements of high chlorophyll concentrations during this periods 
represent an extended period of time in which conditions of high phytoplankton biomass are 
optimal (see also [35,65]). 
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Figure 2. Selected satellite images showing plume water intrusion into the CoTS initiation zone 
(south) and the region south to the Palms over several years (left column) and the corresponding 
weekly plume colour class map. Dashed yellow lines on maps stand for the south delimitation of 
the CoTS initiation zone. Plume colour classes vary from 1 to 6, being 1 for more riverine water and 
6 for marine water with some riverine influence. The stage of river discharge on each occasion is 
shown in Figure 3. 

Images of river discharge are easily identifiable using remote sensed imagery, where the brown 
turbid, coastal waters are clearly contrasted with the greener offshore waters associated with 
increased phytoplankton production (see Figure 1). In Figure 1 we show a series of MODIS images 
in true colour from 2007 demonstrating the formation and dispersal of a phytoplankton bloom 
driven by high discharge from Wet Tropics rivers over a four day period. By the 13 February the 
plume/bloom has extended across the outer-shelf reefs of this area and into the Coral Sea. 
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Figure 3. Total daily wet season discharge (November to April, inclusive, ML/day) for the Wet 
Tropics rivers from 2007-2008 to 2014-2015. Red dots stand for the day where the satellite images 
shown on Fig 2 were taken. 

A daily image of flood plumes was selected from remote sensed imagery (MODIS, Aqua, 250m) 
(Figure 2), at a period of high discharge (Figure 3) and at periods of low clouds to ensure that the 
plume was visible. These images from plumes associated with the Wet Tropics rivers show elevated 
phytoplankton biomass on the mid-shelf reefal area of the GBR between Cairns and Townsville 
generally in the period when CoTS may be spawning, with examples presented for the period 
between November to March (Figure 3) for each year. 

These conditions of elevated phytoplankton biomass are seen both visually and by water type 
analysis [41,62,63] where the colour classes of 2 to 5 represent secondary waters, corresponding to 
elevated phytoplankton biomass (Figure 2b). 

Each image represents a period of time of optimal conditions for high phytoplankton biomass, and 
potentially a source of increased larval survivorship. Chlorophyll a concentrations measured on the 
Cairns – Townsville mid-shelf area during major river discharge periods (December to March) are 
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0.5 – 3 μgL-1 at salinities in the range 30 – 35 [39,66,62]. These concentrations are in the range at which 
CoTS larval development is most favourable. The remote sensed imagery only examines a single day 
during the high discharge period and a further analysis to extend the period over the primary four 
months associated with CoTS spawning i.e. November to March inclusive would be needed to further 
advance this speculative hypothesis. However it is worth noting that the river flow conditions for all 
images were variable, and represent period of flow from 80 to 99th percentile conditions. Optimal 
growth conditions can still occur at the lower flow rates, indicating that high phytoplankton biomass 
can be stimulated in first flush, medium to high flow conditions, and may represent a period of time 
from days to weeks. Extended periods of high biomass conditions can increase the probability of time 
that a larval bloom and enhanced plume conditions can intersect and increase survivorship, and 
support growth associated with secondary outbreaks.   

 

6. Conclusions 

The range of phytoplankton biomass as measured via a chlorophyll a concentration, for favourable 
development of CoTS, is 0.6 – 2 μgL-1. This range has been shown to occur commonly in the wet 
season on the mid-shelf waters of the GBR between Cairns and Townsville where secondary CoTS 
outbreaks occur. As such it is possible that enhanced survivorship of CoTS larvae is occurring in this 
region on a regular basis as a result of increased nutrient delivery during periods of high discharge 
from the Wet Tropics rivers [39] and also during the much more irregular high discharge periods 
from the Burdekin River (e.g. [67]). Thus these secondary outbreaks of CoTS, while mainly driven by 
massive larval supply, may also be accelerated by suitable phytoplankton conditions provided by 
increased nutrient discharges from the relevant rivers [59]. 

Further studies will be required to assess the strength of the nutrient enrichment element in 
secondary outbreaks of CoTS especially in the mid-shelf area between Townsville and Cairns where 
river plumes reach this area on a regular basis. Further south from Townsville river plumes (from 
rivers south of the Burdekin) rarely reach the mid-shelf of the GBR and it may be speculated that this 
effect does not play a part in enhancing CoTS outbreaks. An exception may be associated with very 
large discharge events from the Mary and Burnett Rivers and CoTS outbreaks in the southern 
Capricorn Bunker Group reefs, but to confirm this connection needs further research.   
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