

















































































































































































































The Possible Causes of Outbreaks

An experimental investigation of the ability of adult

crown-of-thorns starfish to survive physical damage.

Hugh Sweatman and Ian R. Butler
Department of Marine Biology,
James Cook University, Townsville QLD 4811

Abstract

On three occasions, adult Acanthaster planci were collected from a high density population and
subjected to various levels of physical damage including bi- and tri-section. They were then
held in cages for approximately 15 days to monitor survival. Results were variable: in one
instance, where even bisection did not affect survival over the experimental period. On the
other occasions damaged individuals showed poorer survival. Starving the animals for six
weeks prior to the experiment did not reduce survival compared with that of newly collected
individuals. Varying the density of animals in cages found lower survival at lower densities
implying that the transmission of pathogens was not artificially high in cages. Given the
variable results of this and other studies, and the frequency of damaged but healed or
regenerating starfish in natural populations, predation is only conclusively lethal if the whole
starfish is removed.

Introduction

Attention has been focussed on potential predators of the crown-of-thorns starfish,
Acanthaster planci, because several authors have suggested that human impacts on
populations of predators have increased the frequency of outbreaks (Endean 1976,
Endean and Cameron 1990, Ormond et al. 1990). An adult A. planci represents a large
prey item for all but the largest fishes and gastropods and it is well documented that
A. planci of all sizes frequently have damaged and regenerating arms (refs. in Moran
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1986, McCallum ef al. 1989, Yokochi and Ogura 1987, Zann et al. 1987), which suggests
that a proportion of predatory encounters are not fatal. Observations of predation are
rare, but there are instances both of one fish killing a starfish (Ormond and Campbell
1974, Randall et al. 1978, Marine Biologic 1991) and of a fish’s guts containing only part
of a starfish (Birdsey 1988).

It is also of interest to know the extent of damage that is likely to be fatal to starfish for
the purposes of control. Physical cutting of starfish seems to have been avoided as a
control method for fear that the animals will regenerate damaged parts and survive
and even multiply (Birkeland and Lucas 1990). Other control measures may be more
reliable but they are either more laborious, such as removing the starfish and drying
them on the shore, or involve injection of toxic substances, requiring equipment of
varying sophistication, careful handling and involving risks to other reef organisms as
well as the operators themselves. In this study we set out to investigate the extent of
damage that would be fatal to adult starfish.

- Materials and Methods

All fieldwork was carried out at Davies Reef (180 50°S, 147° 38’E), a mid-shelf reef near
Townsville, North Queensland, Australia. The crown-of-thorns starfish population on
Davies Reef was declared an outbreak in summer 1986-87 when a large cohort reached
maturity (age 3+). Further cohorts matured in the following two years (R. Stump, pers
comm.). There were three experiments: winter 1991, summer 1991 and winter 1992. In

- all experiments adult crown-of-thorns starfish were collected by snorkellers and held

in a 1000 1 tank with running seawater on the deck of the research vessel for up to 24
hours before processing.

The winter 1991 experiment ran from 1-15 May. One hundred starfish were collected.
Groups of five individuals were selected haphazardly and each individual was
randomly allocated to one of five treatment groups. The treatment groups were:
controls, two-, four-, eight-arms cut off and bisected starfish. Controls were collected
and transferred to the holding tank, then lifted out of the tank placed on a flat surface,
and then placed in another tank for transportation to the experimental cage. Three
other groups were treated similarly except that when they were placed on the flat
surface, two, four or eight adjacent arms were cut off at the point where the arm joined

the oral disc with a diving knife. A final group was treated similarly except that
starfish were cut in half across the oral disc and one half was discarded. Figure 1
shows the frequency of arm damage in starfish in outbreak populations from two reefs
in the central area of the Great Barrier Reef in the late 1980s. While 63% of individuals
had damage to one or more arms, most had lost parts of one or two arms only and
individuals with damage to more than six arms were very rare. Assuming that more
extensive damage is fatal, the experimental treatments range from non-lethal to lethal.

The 20 members of each treatment group were then placed in a pen of 12 mm square
mesh which was approximately oval and with a circumference of 12 m. The walls
were 1.1 m high. Initially, the pen did not have a roof but the walls had an overhang
that curved inwards for about 0.6 m. Dead rubble was put in the pen to provide cover.
After seven days, the starfish were counted and the top of the pen was sealed with
mesh. The starfish were counted again after 14 days and reéleased. '
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Figure 1: Proportion of 638 A. planci from natural populations with damaged arms.
Samples from outbreaks at Keeper and Helix Reefs 1985-87 (Kettle, unpublished).

In the first experiment (winter 1991), very few starfish died in the two week period
following damage. There have been elevated densities of starfish at Davies Reef for
some years, but the population does not appear to have formed local concentrations
that decimate all the coral and lead to malnutrition. For this reason, we decided to
include animals that were less healthy due to starvation in future experiments to
simulate a situation where high densities of starfish eat the coral to extinction. Kettle
(1991) took A. planci from an area with abundant coral and kept them in aquaria

- without food for 22 weeks by which time more than half had died. He followed their
decline in condition by measuring the percentage of the total calorific value of the
animal represented by the pyloric caeca. Pyloric caeca are storage organs, so this may
represent loss of reserves. He found that about half the total decline occurred in six
weeks. In mid-October 1991, six weeks prior to the summer 1991 experiment, 108
starfish were collected and kept in cages without any live coral. Ninety-seven animals
survived after six weeks.

. The summer 1991 experiment was set up 6 - 14 December. There were two other
differences to the winter 1991 experiment beside the inclusion of a starvation
treatment. The damage treatments were also changed by omission of the loss of two
arms and addition of a treatment where two thirds of the starfish, based on number of
arms, was removed. By the end of the experiment, animals that were cut in half could
not be distinguished reliably from those that had two thirds of their arms removed, so
the two categories were combined for analysis. The design of cages was also different:
rather than having a single pen, we used rectangular cages 3.5 x 1.5 x 0.45 m made of
the same 12 mm square mesh. Each cage was divided into two compartments so that
the starved and unstarved animals were kept separated but subjected to the same
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conditions. Twenty-five animals were put in each compartment. When the cages were
full, they were wrapped on three sides with black polythene sheet to give the starfish
cover. Animals in the first two cages to be filled suffered high mortality in the first
week. Before the covers were put on, these cages were holed by large puffer fish,
Arothron stellatus, that attacked some captive A. planci and possibly allowed others to
escape. The remaining animals were all put into one cage and later omitted from
analyses. To compensate, twenty-five more unstarved starfish were placed in the other
cage on 14 December. Cages were checked on 21 December (7 - 15 days) and the
experiment finished 3 January 1992 (20 - 27 days).

The winter 1992 experiment was set up 25 - 29 May and was similar to the preceeding
experiment and involved the same damage levels for newly collected starfish. Once
again, animals that were cut in half were combined with those that had two thirds of
their arms removed for analysis. One hundred and twelve A. planci were collected six
weeks before, but all except 30 died during the period of starvation, and five of those
had obvious necrosis. ’

The remaining 25 starved animals were put in one cage and allocated to only two
treatments: undamaged controls and loss of eight adjacent arms. An additional, low
density treatment was added to test the possibility that the high experimental densities
exaggerated mortality by enhancing conditions for transmission of pathogens. Four
cages were set up, each containing five unstarved starfish in each of two treatment
groups: controls and -8 arms. All cages were made of heavier mesh to resist puffer
fish. Each cage consisted of a single compartment measuring 1.2 x 2.0 x 0.4 m. The
experiment finished 12 June (14 - 17 days).

In all experiments, the counts of survivors after approximately 15 days were used. At
the end of each experiment, the starfish were inspected individually before release to
determine which treatment group they belonged to. This was not always obvious
because the body wall may contract to seal wounds causing the animal to assume
contorted shapes. Also, necrotic tissue may also form along the edge of wounds so it
may become hard, for example, to distinguish animals cut in half from those that lost
eight arms. In the experiment in summer 1991, the animals were censused at 7 - 15
days by looking at them through the cage, though they were handled and inspected
individually at the end of the experiment. For analysis we used counts from the 7 - 15

day census but adjusted them where these contradicted the final census.

Results

Effects of damage

When freshly collected and apparently healthy animals are considered, the effects of
increasing arm loss varied among the experiments (Fig. 2a - 2c, significant interaction
in Table 1). Because of this the experiments will be considered separately. In the
experiment in May 1991, there was no significant difference in survival among the
groups of damaged animals (Fig. 2a). This was true whether the five levels of damage
were considered separately (logistic regression, slope not significantly different from
zero, x21 = 0.0) or all damaged starfish were grouped together and compared with the
undamaged control group (x?1 = 0.06). By contrast in the experiment in December
1991, survival tended to decrease with increasing arm damage for unstarved A. planci
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(Fig. 2b logistic regressmn, slope greater than zero, x21 = 18 88, p <0 001). In the
‘experiment in May - June 1992, survival was less among damaged individuals, than

among controls, but it did not decrease hnearly w1th increasing extent of the damage A

(Fig. 2c, Table 2).

Table 1: Effect of damage on survival of freshly collected A. planci. Analysis of
deviance table for May 1991 (-2 arms omitted), December 1991 and May 1992 (- 1y y)

and - 2/ 3 combined). I= intercept, D = damage, E = experiment.

Model Deviance df Difference ddf componen p
t
I+E 1035 - 10 dip.e-due 1 D 0.000
=53.31 ,
I+D 115.0 10 di.p.e- dip 1 E 0.000
= 64.81
I+D+E 53.90 9 diospsoxe - dupee 6 DxE 0.000
- =46.19 - ‘ ~
I+D+E+DxE  7.71 3 ‘ 0.052

Table 2: Effect of damage on survival of freshly collected A. planci. Analysis of
deviance tables for experiment in May 1992 (- 1/ o and - 2/ 3 combined).

- I'=intercept, D = damage.

Model Deviance df  Difference §df component p

Linear scale of
increasing damage.

I 50.60 3 dup-d, 1 D 0.000

= 43.66

I+D 6.94 2 0.031

Controls vs all

damaged animals

combined.

I . 50.60 3 dI+D = dI 1 " D 0.000
=47.50 '

I+D 3.10 2 0.212
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urviving in
filled bars

the three experiments. Hatched bars represent newly collected animals,

Figure 2: Proportions of A. planci subject to different levels of arm damage s
represent starved animals.
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The low survival of starfish over the six week starvation penod prior to the experiment!
in May 1992 meant that the effect of starvation could only be examined at two levels of
damage (controls and -8 arms). Considering these levels of damage in the December
1991 -and May 1992 experiments, there was no evidence that starvation had a
significant effect (Table 3). The intensity of the effect of damage differed between
experiments (Table 3), but in each experiment damaged starved starfish showed poorer
survival than starved control animals (Fig. 2b, 2c).

Table 3: Effect of starvation on survival of damaged A. planci. Analysis of deviance
table for experiments in December 1991 and May 1992. Data from two damage
treatments (Control and -8 arms) subjected to logistic regression.

I = intercept, D = damage, E = experiment and S = starvation.

Model Deviance df Difference odf - component p
' =5584 :
I+D . 20-37 6 dI+D+E - dI+D 1 E ‘:0.001
' =10.88

I+D+E 9.49 5 dI#D+E+DXE - dI+D+E 1 DXE 0-049
=3.87 '
dI+D+E+DxE
=1.75

I+D+E+S+DxE  3.87 3 Ay DiE+S+DXE+SKE - 1 SxE ns

’ dI+D+E+S+DxE

=0.99

I+D+E+S+DxE  2.88 2 QDB+ DXE+DXS+SKE - 1 DxS ns

+SxE A1 DsE+S+DxE+SXE
=1.86

I+D+E+S+Dx+ 1.02 1

DxS+SxE

Table 4: Effect of starvation on survival of damaged A plancz Analysis of deviance
table for December 1991 with 4 levels of damage -1/ 7 and - 2y 3 combined) subject to
logistic regression. I = intercept, D = damage, S = starvation.

Model Deviance df Difference 8df component p
I+D .47.99 6 dp,pus- dpug 1 D 0.000
| =4435

+S 4.54 6 dp.pes- diup 1 S ns

| =0.90
I+D+S 3.64 5 dipiseDxs” Apss 1 DxS ns

. =0.30

I+D+S+DxS 3.34 4 . ns
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There is no statistical evidence that starvation affected survival in the December 1991
experiment when freshly collected and starved animals were subjected to four levels of

damage (Fig. 2b; Table 4) or in May 1992 (Fig. 2c, logistic regression,x21 =241, p>0.1).

Effect of experimental density and damage

Comparison of the two damage levels (Control and -8 arms) that were present at the
two densities in May 1992 showed evidence that the effect of damage depended on
density (Fig. 3, Table 5) but the difference was a matter of degree rather than a
qualitative difference. More importantly, survival was lower at the low density (Fig.
3). There was no evidence that the experimental density increased mortality by
favouring pathogens.

Table 5: Effect of density on survival of damaged A. planci. Analysis of deviance table
for May 1992. I= intercept, D = damage, LD = low density.

Model Deviance df Difference 3df component p
=31.50
I+D 9-53 2 dI+D+LD - dl+D 1 LD 0-040
=4.20 '
I+D+LD 5.33 1 dl+D+LD+DXLD - 1 DXLD 0.021
7 T al+l_)+LD ’
=5.33
(@)
| -
=
>
5
[72]
|
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Control -8 arms
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Figure 3: Comparison of survivorship of A. planci}held at experimental density
(hatched bars) and a lower density (filled bars), May - June 1992.

DISCUSSION

The aim of this project was to determine the degree of arm damage that is fatal to adult
crown-of-thorns starfish. The results of the three experiments are inconsistent in this
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regard, particularly because of the contrast between the May 1991 experiment, when

there was practically no mortality over the experimental period for any of the levels of

damage, and the other two experiments. There are two obvious sources of variation
among experiments: seasonal changes in reproductive condltxon and progressive
: agemg of the main cohort of the population. :

- There was a decrease in survival of control starfish in the December 1991 experiment.
Controls serve to show the effect of handling on the experimental animals. The
experimental procedure meant that handling was a considerable source of stress, since
the animals were lifted out of the water during collection and during experimental
processing; at either instance the coelomic membrane could rupture. The experiment
coincided with the main spawning period for 1991 at Davies Reef (R Babcock, pers.
comm.). The bulk of the current population reached maturity in summer 1988-89
which would make them 6+ years old at the time of the experiment. We suggest that
the low survivorship even among control animals in December 1991 was due to the
experimentally induced stresses being added to the physiological stresses of gonad
production. This would mean that adult A. planci are most susceptible to damage at
the time when they have maximally developed gonads and so would presumably be
most energetically rewarding as prey. The differences in survival rate over the two
periods of starvation prior to the experiments in December 1991 (about 90%) and May-

June 1992 (<25%) suggests that there may be a general ageing of the population. Prior-

to the last experiment, the starfish were held in four cages each containing 28 animals.
The poor survival was general: all the starfish in one cage were dead after six weeks
and no cage contained more than ten intact starfish.

However the differences among experiments came about, the finding of the
experiment in May 1991, that even animals that were cut in half showed little
mortality, makes it impossible to be sure that any level of damage up to loss of half of
the animal is necessarily lethal. This conclusion is conservative because the population.
at Davies Reef was mainly composed of large adults (35 - 45 cm in diameter) and it is
likely that larger animals will be more vulnerable to damage because of their lower
- skeletal content which makes it difficult to seal wounds (Birkeland and Lucas 1990).
Predation is only certainly lethal if the whole starfish is taken, though this may be
achieved by several predators acting together.

Our experiments were based on the assumption that any mortality would be rapid and |

that a 15 day period would be adequate. This seemed to be the case in the later
experiments. Prolonging the experiments would mean that starvation in the
experimental period would become more significant, which raises the logistical
problem of having to provide quantities of coral. There are two pieces of anecdotal
evidence that heavily damaged animals did not die after the end of the experiment in
May 1991. In October 1991 a starfish that had been cut in half was found within 50m
of the site of the pen. The wound had healed but no regeneration was apparent. In
November 1991 an animal missing eight adjacent arms was seen near the 51te of the
experiment. It too had healed but no regeneration was evident.

Other anecdotal reports of healing and regenerative abilities of A. planci suggest that
animals usually survive the loss of a few arms, but consequences of more extensive.
damage are inconsistent. Pearson and Endean (1969) kept three individuals (16, 23 and
31 cm) alive for at least a month after cutting off one arm. Owens (1971) cut two arms
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off six animals (size unspecified) and released them. He recovered one 50 days later
and found the wound had healed but there was no regeneration. Pearson and Endean
(1969) cut two large adult animals in half and found that they were dead the next day.
‘Owens (1971) cut a 35 cm individual in half and found that the halves appeared to be
rejoining seven days later. He separated them again and, a month later, the wounds of
each half had healed and the two animals were feeding. Apart from the differences in
size among animals, Owens’ animals were kept in cages in the sea while Pearson and
Endean used tanks. Birkeland and Lucas (1990) cite a report by G Walker that 92 A.
planci were cut into quarters and released in Okinawa. An intensive search 28 days
later found two quarter-starfish that had apparently healed. The fate of the other 366
quarters is unknown, but clearly A. planci can survive such treatment under some
circumstances. In Guam, H Moore put 300 A. planci in a cage at high densities and
found that animals that sustained any damage developed infections and died though
undamaged individuals survived for “several months” without food, implying that
they were in good condition at the start (Birkeland and Lucas 1990). In summary, the
extent of physical damage that A. planci can survive seems very variable and, though
size may be important, there are clearly other unknown factors involved.

Acknowledgements

D Bass, L Castell, S Fitzpatrick, T Hammer, B Hollis, N Kollosche, ] Logan, G
Middleton, R Stump, C Syms and D Welch helped with the fieldwork. We thank the
crew of the RV. “James Kirby” for their assistance and G De’ath for patient statistical
advice. _This research was funded by the Great Barrier Reef Marine Park Authority
(GBRMPA) through the COTSREC research program. - ’ :

References

Birdsey R (1988)
Large Reef fishes as potential predators of Acanthaster planci: A pilot study by
alimentary tract analysis of predatory fishes from reefs subject to Acanthaster feeding.

Unpublished report to GBRMPA;36-pp:

Birkeland CE and Lucas JS (1990)
Acanthaster planci: major management problem of coral reefs.
CRC Press, Bocca Raton, 257 pp.

Endean R (1976)
Destruction and recovery of coral reef communities.

in: Jones OA and Endean R (ed.), Biology and Geology of Coral Reefs 3, Blology 2.
Academic Press NY, pp. 215-254

Endean R and Cameron AM (1990)

Acanthaster planci population outbreaks.

in: Dubzinsky Z (ed.) Coral Reefs (Ecosystems of the World 25),
_ Elsevier Science Publishers, Amsterdam.

80




The Possible Causes of Outbreaks

Kettle BT (1991) |
Varxatlons in biometric and physxologlcal parameters of Acanthaster planci (L.)
(Echmodermata ‘Asteroidea) during the course of a high density outbreak. -
PhD thesis, James Cook University, Townsville, 173 pp. y

Marine Biologic (1991)

-Survey of marine scientists and other experts for anecdotal observatlons

of crown-of-thorns predation.
Report to GBRMPA, January 1991, 6 pp.

Moran PJ (1986)
The Acanthaster phenomenon.
Oceanography and Marine Biology Annual Review 24: 379-480

. McCallum HI, Endean R and Cameron AM (1989)

Sublethal damage to Acanthaster planci as an index of predation pressure.
Mar. Ecol. Prog. Ser. 56: 29-36 :

Ormond RFG and Campbell AC (1974)
Formation and breakdown of Acanthaster planci aggregatlons in the Red Sea.
Proc. 2nd Int. Coral Reef Symp., GBRC, Brisbane, 1: 595-619

Ormond R, Bradbury R, Bainbridge S, Fabricius K, Keesing J, DeVantier L,

Medlay P and Steven A (1990)

Test of a model of regulation of crown-of-thorns starfish by fish predators.

in: Bradbury RH (ed.), Acanthaster and the coral reef: a theoretical perspective. Lecture
notes in biomathematics, No. 88, Springer Verlag, Berlin, pp. 189-207.

Owens D (1971)
Acanthaster planci in Fiji: Survey of incidence and biological studies.
Fiji Agric. J. 33: 15-23

Pearson RG and Endean R (1969)

A preliminary study of the coral predator Acanthaster planci (L.) on the Great Barrier
Reef.

Dept of Harbours and Marine Fisheries Notes 3: 27-68

Randall JE, Head SM and Sanders APL (1978)
Food habits of the giant humphead wrasse, Cheilinus undulatus (Labridae).
Environ. Biol. Fish. 3: 235-238

Yokochi H and Ogura M (1987)

Spawning period and discovery of juvenile Acanthaster planci (L.) (Echinodermata:
Asteroidea) at northwestern Iriomote-Jima, Ryukyu Islands.

Bull. Mar. Sci. 41: 611-616

Zann L, Brodie J, Berryman C and Naqgasima M (1987)

Recruitment, ecology, growth and behaviour of juvenile Acanthaster planci (L.)
(Echinodermata: Asteroidea).

Bull. Mar. Sci. 41: 561-575

81




The Possible Causes of Outbreaks

Are crown-of-thorns starfish populations chaotic?

Hamish McCallum

Department of Zoology, University of Queensland,
St. Lucia QLD 4072

Abstract

A model of the interaction between coral and starfish is presented. The model is based on time-
delayed differential equations, and addresses the question of whether crown-of-thorns starfish
populations display chaotic dynamics. The preliminary conclusion is that they do not appear to
do so: for most reasonable parameter combinations the model approaches a stable equilibrium,
and even sustained cycles occur only for a narrow range of parameter values. It therefore
appears that the apparent unpredictability in starfish population dynamics is generated mostly
by stochastic variation, rather than by intrinsic properties of the interaction. This conclusion
must, however, be qualified until further work is completed.

Introduction

The suggestion that the population dynamics of the crown-of-thorns starfish may be
chaotic has been made a number of times (eg. Bradbury et al. 1985, McCallum 1992a).
The life history of the starfish has features that contain the “seeds of chaos”: a very
high reproductive potential per generation, coupled with over-exploitation of a slowly

recovering resource (coral). '

Apart from the theoretical interest in demonstrating that the population dynamics of

the starfish are chaotic, there are issues of practical importance. If the underlying
dynamics of the coral-starfish interaction are chaotic, then very small changes in the
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amount of interchange of larvae between reefs may result in very large differences in
population behaviour (McCallum 1992a, b). Conversely, if the underlying dynamics of
the interaction are not chaotic, and the observed variation in starfish numbers is
caused purely by stochastic factors, then small changes in the rate of larval interchange
will make only small changes in the resulting behaviour of the system. If a system is
governed by deterministic chaos, long term prediction of its behaviour is impossible
because of the sensitivity to initial conditions which is one of the hallmarks of chaos.
However, since the underlying processes are deterministic, short term predictions of
the behaviour of the system may be possible (Sugihara and May 1990).

Detection of deterministic chaos in any natural population is difficult. There are two
possible approaches. First, an extended time series of population data may be
interpreted, and either an attractor reconstructed (Takens 1981, Schaffer 1985) or a form
of non-linear forecasting used (Sugihara and May 1990). Analysis of time series is
unlikely to be successful with Acanthaster, because of the short run of available data
(covering less than 30 years and two outbreaks for the Great Barrier Reef; Reichelt
1990). A second approach is to develop a model appropriate to the system, and
demonstrate that, with appropriate parameter values, the model behaviour is chaotic.
This was the approach used by Hassell, Lawton and May (1975) in their (largely
unsuccessful) search for chaos in single-species insect systems, and is the approach
taken in this paper.

A Simple Model

Rationale

The model which follows attempts to represent the following features of the starfish-
coral interaction:

(@ Starfish have four distinct life history stages: pelagic eggs and larvae
(approximately 30 days from spawning to settlement); algal feeding juveniles
(approximately 6 months duration post settlement), coral feeding pre-reproductive
juveniles (from 6 months to approximately 2 years post settlement); and reproductive
adults, with an indefinite life span, but a life expectancy of approximately 2 years post
maturity (provided coral is available). Larvae and algal feeding juveniles are assumed

to—havedens'*t_y-i.gdepende_m_death_rates,_and hence are not_explicitly included in the
model, although the time delay caused by transition through these stages is included.
For simplicity, and so that a stage-structured approach (Gurney, Nisbett and Lawton
1983) can be used, all pre-reproductive coral feeders are considered to be identical, as
are all starfish of reproductive age. Two basic variables thus describe the starfish
population: A(t) the number of coral feeding juveniles at time ¢; and N(t), the number
of reproductive adults.

(b)  Coral communities on the Barrier Reef have very high species diversity, and
one of the main concerns about the crown-of-thorns is that it may have irreversible and
fundamental effects on this diversity (Done 1990, Endean et al. 1989). Nevertheless,
corals of the genus Acropora are the preferred prey of Acanthaster, the dominant taxon
in terms of cover and amongst the most rapidly-recovering corals following crown-of-
thorns attack. Coral is therefore included in this model as a single variable, C(t),
representing the coral cover per hectare, with parameters appropriate to Acropora.
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~Coral dynamics are represented by a simple logistic equation with carrying capacity K
. 'and intrinsic growth rate r. This simple representation assumes that coral recovery,
‘occurs through vegetative growth from colony remnants, rather than requiring -

settlement from off the reef.

(c) Starfish eat coral at a constant per capita rate, unless coral cover is very low, in
which case the consumption rate will be restricted by the ability of starfish to locate
coral. Although there is little evidence on the functional response of starfish to corals,
a type II response seems reasonable, given the above argument. As obligate
corallivores, there is little possibility that starfish will be able to switch to alternative
prey at low coral densities, and thus generate a type III functional response. As
reproductive age-starfish N(t) are much larger than immature starfish A(¢), I assume
that only mature starfish have a noticeable effect on coral cover. Coral cover, however,
has an effect on the death rate of both age classes of starfish, and also on the
development rate of immature starfish.

* There is no doubt that recruitment is highly stochastic in the crown-of-thorns, and that

starfish populations on the scale of single reefs (of a size from 0.5 to 20 km) are open,
and subject to substantial larval inflow and outflow. The objective of this paper,

however, is to examine the possibility that the observed extreme temporal variability

in crown of thorns populations may be at least in part a function of intrinsic
population processes, rather than purely a result of environmental variation. Imtxally,
stochastic effects are therefore not included.

Model Structure

The model is constructed as a variant of the basic stage-structured approach of Gurney,
Nisbett and Lawton (1983), in which the length of one or more stages is allowed to be a
dynamic variable (Nisbett and Gurney 1983).

The following equations describe the system:

Stages

Coral feeding juveniles A(t)
Duration of period 14 depends on coral cover, as does mortality 6 4(1). As juveniles are

“ much smaller than adults, their impact on coral cover is negligible. Algal feeding

juveniles must pass through an algal feeding stage of fixed duration 1;, during which
they have a constant mortality rate of §;.
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Adults N(?)

Indefinite lifespan, though mortality Sy(n is dependent on coral cover, as is
fecundity A(r). Starfish eat coral according to a type II functional response.

Coral C(t)

Grows according to a simple logistic, with intrinsic growth rate r and carrying
capacity K. It is significantly consumed only by adults, following a type II '
functional response, represented as

Cim

Cn+q 0
where 1 is the coral consumption rate at high coral densities, and g describes the
coral cover at which searching limitations become important,

consumption=

Auxiliary variables: P(t) and 74 (s)

The stage-structured formulation with variable time lags requires two variables in
addition to the life history stages themselves for each stage with an explicit delay:
-one for the time lag, and a second for the proportion of individuals.that survive
through the stage. P(#) is the proportion of individuals surviving through A(#) at
time ¢ and t4(?) is the time these individuals have spent as subadults. Thus, the
basic equations are:

) '

% =R () —?(;%WR A(r—r A(z))P(z) -84 (DAQ) @
NG _ e (. B 3
=m0 Po-aveno

dc@) C®)_ N@OCEn

ar =0 (1_7—)_ Clirrg @

- (004l -4 (9 ) T C

dZit) = P(1) A( ! ) —aA(l) &)

8 (I—TA(I))
d‘c[;t(t) =1-— 80 6)
g(z—*m(t))
_ bCQ)
80=2.20) ™

Here, g(t) is the growth rate of subadults at time ¢. The scaling parameter b is
arbitrary. The death rate of subadults, as'a function of coral cover, is given by:

_ HagtpeC@)
Sa(0)= —ach ®

and the death rate of adult starfish is:

Spy(r) = 2 Hi42CO) ©)
q¥Cidy

The reproductive rate of starfish is similarly a function of their coral consumption

rate. At high coral cover, it is assumed to reach a maximum of A, but is assumed to

decrease with coral cover following the type II functional response. Hence, the per

capita rate of larval production A(z) is given by:
- LA

M= gc

As starfish are thought to spawn annually, a pulsed recruitment function R,(t) is

used, in which starfish reproduce only in the first two months of the year.

IfT(t—‘tj) <60,

RA(t)=7»(t—-‘rj)N(t—‘tj)exp(—'tj8j) 11
otherwise, R,()=0. '

(10)

Here,
T(l) =t—-Int (t/365)x365 . (12)

The model structure is shown schematically in Figure 1.
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Figure 1: Structure of the model: Compartments within the model are represented as
boxes. Heavy black arrows represent transitions between life history stages of the
starfish, and the heavy grey arrow represents removal of coral biomass by starfish.
Time delays are represented on the time line to the left of the figure, and light arrows
represent effects of coral cover on various parameters.

Model Parameters

Parameter values used in these initial simulations are given in Table 1. These were
derived from a variety of sources, principally Moran (1986), and will require extensive
sensitivity testing. Time units for all parameters are days. Population density or other
spatial units are in square metres.

Table 1: Parameter values used for initial simulations.

Parameter |meaning value

T -| time in algal feeding stage 180
8; death rate of algal feeders 0.02
KAt death rate of juvenile coral feeders without food 0.05
HAD death rate of juvenile coral feeders with excess food. 0.002
K1 death rate of adults without food 0.02
Kpa2 death rate of adults with excess food 0.002
b- arbitrary scaling parameter for growth 1
K maximum coral cover 5,000
n maximum rate of coral consumption by adults 0.164
r rate of coral recovery 0.00082
A maximum annual starfish fecundity (recruits/adult) | 100,000
14(0) Time delay in subadult stage with excess coral 547
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Model Results

A complex model such as this requires extensive sensitivity analysis and exploration
with a full range of parameter combinations. In this preliminary investigation,
however, T have focussed attention on one particularly important parameter, g, which
describes the way the coral consumption rate of the adult starfish (and hence their
mortality) depends on coral cover. Biologically, this parameter will be a function both -
of the behaviour of the starfish and the physical patchiness of the coral resource.
Figure 2 shows the functional response of the starfish (equation 1) for various values of
g. The main point to be gained from this figure is that g=400, 4=350 and =330 would
be essentially indistinguishable in practice, and in each, the predation rate of starfish is
not markedly reduced until coral cover drops to about 20%. In contrast, when q=800,
the predation rate does not asymptote until coral cover is close to the carrying capacity
of 5000 m2. Runs of the model for each of the values of g in Figure 2 are shown in
Figures 3-6. When ¢=800 (Figure 3), the system settles quite rapidly to an equilibrium
with coral cover slightly depressed and a “chronic” starfish population of less than 10
ha'l. (Note that the short-period oscillations in both starfish and coral are a function
of the pulsed annual recruitment, and are not related to predator-prey cycling.)

Consumption rate
0.2 r

0.15

0.1

0.05

0 . [ L | ; ! L | o J

0 1,000 2,000 3,000 4,000 5,000
Coral cover

Figure 2: Representative starfish functional responses.
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(ha Ty are shown as a solid line, scaled on the axis to the left of the figure. Coral cover
(m ha™1) is shown as a dashed line, scaled on the axis to the right.
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Figure 4: Adult starfish numbers and coral cover with 4=400. Details as in Figure 3.
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