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Fig. 2. Location of Davies Reef in the central Great Barrier Reef and study sites within the reef

Fig. 3. Mesh boxes used in experiments to deploy juvenile Acanthaster planci on Davies Reef: (A) treatment cage, (B) control
cage with lid, (C) escape-control cage and (D) treatment cage with lid before removal. See 'Materials and methods' for details

The boxes were secured on the sea bed by attach-
ing them to concrete blocks with rubber straps made
from tyre tubes. Four treatment boxes were deployed

of the boxes

at all 6 sites. Four control boxes for each starfish
size were deployed at Site 1 only. Six escape-control
boxes were deployed at Site 1 only. There were no
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physical differences between sites that might have
influenced survival of animals in control boxes. The
experiments were left deployed for 17 d, during
which time the sites were visited every 2 d (except for
a period of 5 d in the middle of the experiment) to
clean the cages by brushing away any silt to ensure
water flow through the cages was maintained. Previ-
ous experiments conducted by Keesing & Halford
(1992b) had demonstrated that oxygen levels in the
boxes remained high using these methods. The tem-
porary mesh lids on the treatment boxes and the
inner boxes of the escape-control boxes were left in
place until late on the day of deployment to ensure
that the starfish had time to adjust to their new sur-
roundings and to hide before their rubble habitats
were exposed to mobile predators such as fish.

After 17 d, the boxes were brought to the surface
by divers and the entire contents of each box were
carefully transferred to a plastic storage container
and fixed in buffered 10 % formalin. The mesh from
the boxes was rinsed with a squirt bottle containing
70 % ethanol to ensure no animals remained attached
to the mesh. The mesh boxes were then carefully
checked by eye to ensure no starfish had been
missed. In the laboratory, the contents of the storage
containers were rinsed through a series of mesh
sieves between 8.0 and 0.5 mm with fresh water, and
the material retained on the sieves was searched and
counted for any mobile fauna (to 4 mm mesh) in-
cluding any surviving starfish (to 0.5 mm mesh).

Over a series of days between deployment and
recovery of the boxes, we assessed the abundance of
potential fish predators at each of the 6 sites by mak-
ing 10 min counts on 3 occasions morning, noon and
evening at each site, and the maximum number of
each species of fish observed was recorded.

Survival rates were calculated for each box in each
of the 3 cage types. Statistical comparisons were
made between sites and between starfish sizes using
ANOVA. To correct for escapes, comparisons of sur-
vival between escape-controls and treatments were
made only using the recovery rate from the inner box
of the escape-controls. It was assumed that starfish
would have escaped from the treatment boxes at the
same rate as they escaped from the inner box of the
escape-controls. As control and escape-control boxes
were only deployed at Site 1, the experiment also
carried an assumption that survivorship in controls
would not vary between sites and that escape rates
would not vary between sites.

In order to effectively model size-dependent daily
mortality rates across the range of sizes for which
measurements have been made, a least squares best

fit curve was fitted to the data from this study and
those of Zann et al. (1987), Doherty & Davidson
(1988), Keesing & Halford (1992b), Sweatman (1995)
and Keesing et al. (1996). The form of this equation
is:

My = a x log, @° (1)

where Mg is the daily rate of mortality for A. planci of
a given size in % d™', @ is starfish diameter in mm,
and a and b are constants. For this equation, it is
necessary to constrain the minimum starfish size to
1.05 mm; otherwise, the log, function forces unjustifi-
ably high mortality rates. A minimum size of 1.05 mm
constrains the maximum mortality rate for the small-
est size starfish to the maximum measured mortality
rate in the field (7.8 % d!, Keesing et al. 1996).

To be able to convert this size-mortality relation-
ship to age—-mortality, the growth (size at age) equa-
tion determined by Lucas (1984) was used:

J,=323 x (1+393 e—0.294t)_1 )

where JJ, is starfish diameter in mm at time t, and tis
time in months.

By combining Egs. (1) and (2), we were able to
resolve mortality rate at a given age. This was then
used by reverse calculation to determine the larval
settlement intensity required to explain a subsequent
population density at any given age.

RESULTS
Controls

Survivorship of small starfish in the control boxes
was 93.8% compared to 97.5% for large starfish
(Table 1). These results indicate that, in the absence
of predators, the mortality attributable to our experi-
mental methods was very low and the health and
condition of starfish used in the experiment was
good.

Survivorship between sites

Mean survival rates in treatment boxes ranged
from 50.0 to 75.0% between sites for small starfish
and from 50.0 to 92.5% between sites for large
starfish (Table 1). High within-site variability pre-
cluded detecting any significant difference in mortal-
ity rates between sites (t-test, p = 0.7524 for small
starfish and p = 0.1454 for large starfish). Within-site
variability accounted for 87.2 and 65.5 % of the sums
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Table 1. Summary table of results from deployment of

juvenile Acanthaster planci over 17 d on Davies Reef. Sea

star size classes were ‘small’ (3 mm diameter and 3 mo old)

and 'large' (13 mm diameter and 15 mo old). Data are
mean *+ SD

Site Box type (n) Survival (%)
Small Large

1 Control (4) 93.8+£9.5 975+%5.0
1 Escape-control total (6) 83.3+£9.3 100.0+0.0
1 Escape-control outer (6) 0.0+0.0 50+8.4
1 Escape-control inner (6) 83.3 £9.3 95.0+8.4
1 Treatment (6) 65.0£17.3 90.0 +8.3
2 Treatment (6) 55.0£31.1 90.0+8.2
3 Treatment (6) 75.0 £ 5.7 87.5+15.0
4 Treatment (6) 50.0 + 8.2 85.0+17.3
5 Treatment (6) 57.5+20.6 925+5.0
6 Treatment (6) 60.0 +40.8 50.0 +£39.2

of squares for small and large starfish, respectively.
Pooled mean survivorship rates were 60.4 % for small
starfish and 82.5 % for large starfish.

Escape rates

The escape rate was calculated from the rate at
which starfish moved from the inner box to the larger
outer box in the escape-controls. No small starfish
were found in the outer box, so the escape rate for
small starfish was 0% d~!. Three out of 60 large
starfish (5.0 %) were found in the outer box after 17 d
(Table 1), constituting an escape rate of 0.30 % d!.

Survival rates in natural rubble boxes

The rate of recovery of small starfish from control
boxes was 93.8 % compared to 60.4 % for the treat-
ment boxes (all sites pooled, Table 1). This consti-
tuted a significant difference (t-test, p = 0.0084)
with a calculated predation rate of 2.6% d~'. The
rate of recovery of small starfish also varied signifi-
cantly (t-test, p = 0.0292) between the inner box of
the escape-controls (83.3 %) (which excluded more
mobile predators) and the treatment boxes (60.4 %)
(which did not exclude mobile foraging predators),
indicating that mobile predators had a significant
impact on mortality rates over the time period of
the experiment. The amount of predation mortality
on small starfish attributed to mobile predators was
73.0% or 1.9% d! of the 2.6% d! attributed to
total predation.

For large starfish there were no significant differ-
ences between the rate of recovery from treatment
boxes (82.5%) and the controls (97.5%) (t-test, p =
0.0934) or the inner section of the escape-controls
(95.0 %) (t-test, p =0.1053). Given the low sample size
of the escape-controls (N = 6) compared to the treat-
ments (N = 24), the likelihood of a Type II error is
high. Indeed, a reduction of just 1.0 % (fewer than 3
starfish) in the total survival rate of large starfish in
the treatment boxes from 82.5 to 81.5% would have
resulted in a significant effect (t-test, p = 0.0362). If a
Type Il error had occurred, then recovery of 82.5% of
large starfish from the treatment boxes equates to a
mortality rate of 0.82% d~!. Given that there was no
difference in survival between the treatment and
escape-control boxes, this 0.82% mortality per day
can be attributed to motile predators.

A large variety of taxa were recovered from the
rubble in the treatment boxes (Table 2), including a
range of crustaceans, worms, molluscs and fish that
could potentially eat small starfish. One specific
starfish predator, the shrimp Hymenocera sp., was
recovered from one of the treatment boxes at Site 6.
This box had only 50.0 % survivorship of large Acan-
thaster planci (overall mean for all treatment boxes
was 82.5 %), and most of the remaining starfish in this
box were partly mutilated. This shrimp was retained
in an aquarium where it later consumed both juve-
nile A. planci and adult Fromia indica.

A large number of fish species were recorded from
the 6 sites surveyed. These include a range of herbiv-
orous, piscivorous and omnivorous species (Table 3).
The latter trophic group represents potential preda-
tors of small A. planci. Site 1 had the greatest abun-
dance of fish (50) while other sites ranged from 19-31
fish. The abundance of omnivorous fish at site 1 (31)
was also higher than at other sites, which ranged
from 13-22. However, the absence of differences in
survivorship between sites meant that the potential
influence of differences in abundance of potential
fish and invertebrate predators could not be assessed.

Models of size- and age-dependent mortality of
A. planci

The best fit (least squares) curve to available data
from this and other field studies of mortality rates of
juvenile A. planci (Zann et al. 1987, Doherty & David-
son 1988, Keesing & Halford 1992b, Sweatman 1995,
Keesing et al. 1996) is shown in Fig. 4. The equation
which describes this relationship is:

My = 1.1946 x log, @087 3)
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Table 2. Summary of fauna recovered from the treatment boxes along with deployed juvenile Acanthaster planci at each site.
Data are means + SD from 4 boxes. Counts are for fauna recovered from the 4 mm sieve, except for echinoderms which were
searched to 1 mm

Taxon Site 1 Site 2 Site 3 Site 4 Site 5 Site 6
Echinoderms
Asteroids 0.2+0.5
Echinoids 18.2 +2.1 5229 6.8+1.9 7.8+29 52+4.4 11.2 +8.8
Crinoids 1.0+1.2
Holothuroids 0.2+0.5 0.2+0.5
Ophiuroids 20x14 52=+0.5 2.2+33 3.5+2.6 1.8+0.5 10.2 £ 8.3
Worms
Mostly polychaetes 3.5+ 2.6 45+7.0 3.2+4.7 6.8+ 7.0 55+9.1 3.0+£4.8
Crustaceans
Crabs 10.0 £ 1.6 16.5 + 7.8 11.2+84 11.5+59 18.0 £ 5.0 18.8 +20.4
Shrimps 2.8+3.6 8.0 £6.2 10.0 £ 11.6 7.0+ 34 4.0+4.6 3.0+3.6
Galathaids 7.2+3.9 8.8 +9.7 7.5+£53 25.0+24 9.0+3.2 9.0+6.1
Pagurids 1.0+0.8 20+1.8 0.2+0.5 1.2+1.0 0.5+1.0
Amphipods 0.2+0.5 0.5+1.0 0.2+0.5 02+0.5 0.5+0.6
Stomatopods 0.2+0.5 1.0+14
Molluscs
Gastropods 6.2+3.6 6.5+4.4 8.5+29 80+1.8 112+ 5.0 112+ 7.8
Bivalves 13.0+4.3 5.2+6.0 13.5+7.0 6.8 +3.1 55+2.6 7.8 +£8.3
Chitons 1.2+1.3 1.5+1.3 1.5+1.3 32+1.7 1.7 +1.7 4.0 2.7
Sipunculids 02+0.5 02+0.1
Fish 3.0+£0.8 2825 2.8+25 3.8+3.1 0.5+0.6 52+6.1
Totals 68.8 + 4.6 61.5+32.6 68.0 + 39.3 82.2 + 28.5 65.8 + 18.2 84.0 + 36.9
The relationship has a coefficient of determination DISCUSSION

(r?) of 0.743. The linear relationship between log.M
and log.o diameter has a correlation coefficient (r) of
0.770 and is significant (p = 0.015) (Fig. 4).

Combining Egs. (2) and (3) to solve for mortality
rate, at a given age in months, M,, gives:

M, = 6.2278 x {7099 (4)

Keesing & Lucas (1992) established the threshold
density for destructive outbreaks of A. planci (usually
about 2.5 yr of age) on the Great Barrier Reef to be
10 starfish ha™! or 0.001 m=2. Thus it is possible to
calculate back from this density and age of A. planci
(10 ha™%; 2.5 yr) using Eq. (4) to determine the initial
density of settled, newly metamorphosed A. planci
that would be required to generate a destructive
outbreak. This is calculated to be an average of
50000 ha™'! or 5 m™2. Variation in mortality rates do
affect this; however, if all the published mortality
rates used to determine Eq. (3) (Fig. 4) were varied by
+10%, then the number of settled larvae required to
initiate a destructive outbreak would still be between
2 and 11 m™2 In order for this estimate of settlement
threshold (5 m~2) to be out by an order of magnitude
(0.5 to 50 m™2), our measured mortality rates would
need to vary by +27 %.

Mortality rates of juvenile Acanthaster planci in
the field

This is the fourth study to report on mortality and
survivorship of small juvenile A. planci reared in
the laboratory and translocated to the field, and
we attempted to summarise these and other field
measurements of A. planci mortality rates in a single
model (Fig. 4). Previous studies by Keesing & Halford
(1992b) and Keesing et al. (1996) measured mortality
rates within the 1-23 mm range, while Sweatman
(1995) used 15-79 mm A. planci. The current study
used A. planci of 2 size classes (3 and 13 mm) and
made measurements at multiple sites. Mortality rates
in this study were estimated at 2.6% d~! for 3 mm
A, planci and 0.82% d7! for 13 mm A. planci. This
is lower than that measured for smaller A. planci
(1.0-1.6 mm, 6.5-7.8 % mortality d~!) but higher than
that for 2.7 mm A. planci (1.2% d™!) and 5.5 mm A.
planci (0.45% d™') (Keesing & Halford 1992b, Keesing
et al. 1996). The difference in mortality rates for A.
planci of a similar size between the present study and
these previous studies can be attributed to exposure
to mobile predators (i.e. comparison of the open



186 Mar Ecol Prog Ser 597: 179-190, 2018

Table 3. Summary of counts of fish observed at each of the 6 sites on Davies

Reef. Numbers for each species refer to the maximum number seen during

10 min point counts. Counts at each site were made by 1 observer (morning,

noon and evening). Trophic categories are PISC: principally piscivores; HERB:

herbivores; OMN: omnivores. All predatory fish not known to be exclusively
piscivorous were allocated to the omnivorous group

Keesing et al. (1996). Indeed, parti-
tioning of mortality attributable to
mobile predators in this study ac-
counted for 73.0 % of the mortality of
3 mm A. planci. Mortality attributable
to non-mobile predators was 0.7 %

Species Trophic Site d™!, making these results comparable
group 1 2 3 4 5 6 to those measured by Keesing & Hal-
ford (1992b) for 2.7-5.5 mm A. planci.
C.hez:ljnus chlorourus OMN 4 1 1 2 1 Sweatman (1995) used larger indi-
C. diagrammus OMN 3 1 1 2 . .
C. fasciatus OMN 9 3 1 1 3 4 viduals and found a maximum mor-
C. unifasciatus OMN 1 tality rate of 0.13 % d~'. However, that
Choerodon fasciatus OMN 1 2 1 2 study removed the starfish from their
C. schoenleinii OMN 1 natural habitat onto open sand habi-
Coris gaimard OMN 1 11 tats in an attempt to measure poten-
Ep 1bu1us.1ns1d1.ator OMN ! tial rates of predation by commercial
Gomophis varius OMN 1 ) .
Hemigymnus melapterus OMN 1 2 1 1 fish species.
H. fasciatus OMN 1 Our data and those of Sweatman
Novaculicthyes taeniorus OMN (1995) were collected from experi-
Thalassoma jansenii OMN 1 ments run over short periods (17
T lunare OMN 3 2 3 4 3 3 and 35 d, respectively), and shorter
T. lutescens OMN 1 .
Scarus flavipectoralis HERB 3 2 2 4 3 4 or longer deployments might affect
S. longiceps HERB 1 results. Data on mortality rates
S. microrhinos HERB 2 among natural populations of small
S. niger HERB 1 3 juvenile A. planci are difficult to
g‘ SChg?ge]j EEEE Z’ ) g L1 obtain because of their size and
A;‘Zﬂ;uf;s olivaceous HERB 1 cryptic behaviour. Zann et al. (1987)
Ctenochaetus spp. HERB 2 followed a population of small (18-
Naso vlammingi HERB 1 130 mm diameter) A. planci between
Zebrasoma valiferum HERB 1 8 and 23 mo post settlement in
Gymnocranius euanus OMN Fiji and over that period recorded
Lethrinus miniatus OMN 1 1 99.3% total mortality or 1.1% d'.
L. nebulosus OMN ! Although some predation would have
Sufflamen chrysopterus OMN 2 1 2
Symphorichichtyes spilurus PISC 1 contributed to this mortality rate,
Symphorus nematophorus PISC 1 most was attributed to disease, not
Scolopsis bilineatus OMN 2 1 2 1 2 1 predation. On the Great Barrier
S. margaritifer OMN 1 11 Reef, Doherty & Davidson (1988) fol-
;agl;}; sgszzsbarbennmdes gﬁg 1 L ; 2 1 lowed an older cohort (95-220 mm)
Centropyge bicolor HERB 5 11 for 22-34 mo post-settlement and
Chaetodontoplus meredithi OMN 1 1 measured a mortality rate of 0.39%
Pomacanthus sextriatus OMN 1 1 1 1 1 d~'. Across all of these studies, esti-
Epinephulus spp. PISC r 1 1 1 mates of mortality varied with size
Total of all species 50 24 26 19 31 31 (Flg 4), and despite differences in
Total piscivores 112 0 1 1 the studies which would contribute
igg Egr?ggrrgss é? 185 177 163 1&19 22 to variability, such as length of stud-
ies and methodologies which used
aquarium-reared juveniles or fol-
lowed cohorts in naturally occurring
treatments where fish had access, with escape- populations, and that some studies may have been
controls that contained small mobile invertebrate affected by unnatural settings or the occurrence of
predators living among the rubble but excluded disease, the estimates of mortality attained are
fish) as opposed to just predators within the rubble in similar for A. planci of similar size between studies

the cages used by Keesing & Halford (1992b) and (Fig. 4).
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y=1.1946x0-687

R2=0.7432

Mortality rate per day (%)

Log. diameter (mm)

Fig. 4. Mortality rates of small juvenile Acanthaster planci measured in the
field. a: size range 1-1.6 mm from Keesing et al. (1996); b: average sizes
1.1, 2.7 and 5.5 mm from Keesing & Halford (1992b); c: average sizes 3 and
13 mm from this study; d: average size 47 mm, size range 15-79 mm
from Sweatman (1995); e: average size 74 mm, size range 18-130 mm from
Zann et al. (1987); f: average size 158 mm, size range 95-220 mm from

Doherty & Davidson (1988)

Agents of mortality of juvenile A. planci

The only confirmed predator of A. planci found
during our experiments was the harlequin shrimp
Hymenocera sp., which is a known predator of A.
planci and other starfish but is not recorded to be
common (Wickler 1973, Seibt & Wickler 1979,
Glynn 1982, Prakash & Kumar 2013). Larger juve-
niles are frequently attacked by fish, as evidenced
by numerous reports of sublethal arm damage (see
review by Pratchett et al. 2014) and actual obser-
vations of attempted predation by several fish spe-
cies (e.g. Rivera-Posada et al. 2014).

Rivera-Posada et al. (2014) found lower rates of
arm damage in larger A. planci (>200 mm),
which suggests that arms regrow and some level
of refuge from predation with size occurs. They
also found that the highest rates of damage
occurred to starfish of 100-200 mm diameter,
with an increasing rate of arm damage to starfish
between 40 and 180 mm in size, suggesting a
combination of avoidance of attack by cryptic be-
haviour (Keesing 1995) and the lethal conse-
quences of predation by fish or other agents.
That is, the reason that the incidence of arm
damage decreases working back from 180 to 40
mm is most likely that many of the smaller
starfish that are attacked do not survive or are
consumed completely.

Implications of mortality rates on
larval settlement intensity and adult
population size

Variability in larval settlement rates is
known to influence adult population sizes.
There are records of very high recruitment
of starfish translating later into strong year
classes of adults (e.g. >10 000 m~2 of newly
settled Pisaster ochraceus; Sewell & Wat-
son 1993) despite high levels of post-
settlement mortality. High abundances of
larvae in the water column also translate

6 to high levels of juvenile settlement and
recruitment (e.g. Asterias rubens; Ras-
mussen 1973). Such events are rarely ob-
served, however, and Suzuki et al. (2016)
found that a high density of advanced bra-
chiolaria stage A. plancilarvae were dissi-
pated in a storm, indicating that high
larval densities do not always translate to
high levels of juvenile recruitments. Gos-
selin & Qian (1997) reviewed the rates of
post-settlement mortality in marine inver-
tebrates including echinoderms, and found that mor-
tality rates can exceed 30 % d™! and that after 4 mo,
most species studied had been reduced to less than
20 % of their original number.

Keesing & Lucas (1992) used feeding rate measure-
ments to establish a threshold density for destructive
outbreaks of A. planci on the Great Barrier Reef of
10 adult starfish ha™! or 0.001 m™. Around the same
time, Moran & De'ath (1992) proposed the threshold
should be 15 starfish ha ! based on broadscale survey
methods across a range of existing levels of coral cover.
These similar, independently derived measures pro-
vide confidence in the magnitude of the threshold.
Given the importance of post-settlement mortality and
variability in rates of pre-adult mortality in influencing
adult population sizes in A. planci (McCallum 1988,
Keesing & Halford 1992a), we posed the question in
this study: What settlement of A. planci larvae would
be required to result in outbreak densities of 10-15
adults ha~'? This question is also important, given the
sustained debate about whether interannual and spa-
tial variability in larval survivorship is also important
(e.g. as might be caused by nutrient availability, phyto-
plankton abundance and/or the temperature and pH
impacts of climate change; see Birkeland 1982, Lucas
1982, Brodie et al. 2005, Fabricius et al. 2010, Uthicke
et al. 2013, 2015a, Kamya et al. 2014, Wolfe et al. 2015)
and that larvae appear to be resilient to near oligo-
trophic conditions (Olson 1987, Wolfe et al. 2017).
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When all available data from experiments and
surveys were combined (Zann et al. 1987, Doherty &
Davidson 1988, Keesing & Halford 1992b, Sweatman
1995, Keesing et al. 1996), we were able to approxi-
mate mortality rates of juvenile and early adult post-
settlement A. planci up to about 250-300 mm in
diameter (Eq. 3, Fig. 4). Mortality is size dependent,
and using the growth characteristics of A. planci
(Eq. 2), we were able to determine an age-dependent
model of mortality rates (Eq. 4). From this it is possi-
ble to calculate the population density for A. planci
at different ages given a particular level of larval set-
tlement density. Accordingly, we determined that a
density of post-metamorphic A. planci of 50000 ha™!
(5 m~2) would be required to generate a population of
2.5 yr old A. planci at a density of 10 ha~!. This is
close to the density of A. plancilarvae (5.2 m~2) meas-
ured from field surveys by Uthicke et al. (2015b).

The surveys by Uthicke et al. (2015b) were com-
pleted downstream of active outbreaks of A. planci
in the northern Great Barrier Reef and upstream of
receiving reefs in the central region where, based on
3 previous waves of Acanthaster outbreaks on the
Great Barrier Reef (Reichelt et al. 1990, Pratchett et
al. 2014), it is anticipated that outbreaks will estab-
lish from 2017 onwards. Their estimate of 5.2 larvae
m~2 was determined by the most conservative inter-
pretation by Uthicke et al. (2015b) of their data,
which detected A. planci DNA in plankton tows
(equivalent to 1 larva tow™!). Therefore 5.2 larvae m2
would be the minimum and provides latitude for the
larval mortality that would occur between the time
these surveys were done and subsequent settlement.
Although this mortality component is unknown, the
concordance between our calculations of the settle-
ment intensity required to generate an outbreak and
the larval density measurements of Uthicke et al.
(2015b) are remarkably similar. The larval duration
of A. planci is short (about 14 d; Lucas 1982) with
brachiolaria settling from about 10 days after fertili-
sation (Keesing et al. 1997). Eggs are negatively
buoyant, and the gastrula (about 30 h post-fertilisa-
tion) swarm near the surface (Keesing et al. 1997);
hence, surveys of the type conducted by Uthicke et
al. (2015b) will mainly catch larvae between 3 and
10 d old, meaning that the time frame for extensive
larval mortality is short, and extraordinarily high
rates of larval mortality would therefore be required
in order to make an order of magnitude difference
between the larval densities estimated by Uthicke et
al. (2015b) and their subsequent density at settle-
ment (see Keesing & Halford 1992a) for the model-
ling of these effects. However, McCallum (1988) and

Keesing & Halford (1992a) did show that variations in
post-settlement survivorship are likely to have an
impact on adult population size, and on the basis
of these latest results, it is likely that variations in
predator type and abundance may be critical.

In similar experiments to those conducted here,
Keesing et al. (1996) compared survivorship of other
starfish, Nardoa spp., on the Great Barrier Reef and
in Okinawa (Japan) and concluded that the lower
mortality rates measured in Okinawa were due to a
much lower abundance of potential predators among
the coral rubble. Wiedemeyer (1994) conducted sim-
ilar experiments on small juvenile holothurians in
Okinawa and also recorded low rates of predation
(ca. 0.1% d~1). Variability in post-settlement mortal-
ity rates that might result from predator abundance,
predator behaviour and other factors will affect adult
population sizes, as demonstrated by the sensitivity
analysis undertaken on our model. As such, a clear
need remains for experiments which identify preda-
tors (e.g. Cowan et al. 2017) and determine what, if
any, relationships exist between predator abundance
and survivorship of juvenile A. planci. The other fac-
tor that needs to be considered in interpreting our
results is that not all outbreaks of A. planci arise from
a single settlement event and may comprise adults
arising from larval settlement events over multiple
years (e.g. Lizard Island, Great Barrier Reef, Pratch-
ett 2005), and therefore density-dependent, as well
as size-dependent, mortality rates need to be consid-
ered. Keesing et al. (1996) found no evidence for den-
sity-dependent mortality in experiments on very
small A. planci juveniles; however, the densities they
compared were all very high (5-200 per 0.05 m?), rel-
ative to what might occur naturally.

This study has successfully demonstrated a high
degree of congruence among studies that have previ-
ously attempted to separately identify A. planci out-
break densities, mortality rates and larval densities to
define size-dependent mortality and to estimate lar-
val settlement thresholds for A. planci outbreaks.
Our work provides the basis for a much improved
understanding and modelling capability of A. planci
population outbreaks which will be critical for re-
searchers and natural resource managers trying to
understand both independent and synergistic effects
of large-scale disturbance vectors on coral reefs.
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