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Abstract

The ecology of the early herbivorous juvenile stage of the crown-of-thorns sea star (COTS,
Acanthaster spp.) is poorly understood, yet the success of this life stage is key to generating
population outbreaks that devastate coral reefs. Crustose coralline algae (CCA) has been
considered to be the main diet of herbivorous juveniles. In this study, we show that COTS
can avail of a range of algal food. Juveniles were reared on CCA, Amphiroa sp., and biofilm,
and survived for 10 months on all three diets. The juveniles fed CCA and Amphiroa sp.
reached 15-16.5 mm diameter at ~ 6 months and maintained this size for the rest the exper-
iment (an additional ~4 months). Juveniles fed biofilm grew more slowly and to a smaller
maximum size (~3 mm diameter). However, when juveniles were switched from biofilm to
CCA they resumed growth to a new asymptotic size (~13.5 mm, 13-20 months). In diet
choice experiments, juveniles did not show a preference between Amphiroa sp. and CCA,
but generally avoided biofilm. Our results show that juvenile COTS grew equally well on
CCA and Amphiroa sp. and can subsist on biofilm for months. Some juveniles, mostly from
the biofilm diet treatment, decreased in size for a time and this was followed by recovery.
Flexibility in diet, growth, and prolonged maintenance of asymptotic size indicates capacity
for growth plasticity in herbivorous juvenile COTS. There is potential for juvenile COTS to
persist for longer than anticipated and increase in number as they wait for the opportunity to
avail of coral prey. These findings complicate our ability to predict recruitment to the coralli-
vorous stage and population outbreaks following larval settlement and the ability to under-
stand the age structure of COTS populations.
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Introduction

The feeding ecology of predatory sea stars has long been recognised to have fundamental
effects on community structure [1, 2]. In coral reef ecosystems, population outbreaks of the
coral predator Acanthaster spp. (crown-of-thorns sea stars, COTS) are one of the leading driv-
ers of coral loss [3-5]. Outbreaks of COTS are likely to be driven by the high success rates of
their early life history stages, a characteristic of echinoderms that exhibit boom/bust popula-
tion fluctuations [6]. Despite the notoriety of the adult starfish and their propensity for coral
prey, juvenile COTS are initially herbivores. They remain cryptic in the reef infrastructure and
rubble where they are thought to mainly feed on crustose coralline algae (CCA) before transi-
tioning to a coral diet [7, 8]. Although the success of the early juvenile stage is key to generate
outbreaks, the biology and ecology of this stage is poorly understood [9].

It is becoming increasingly apparent that there are multiple factors and inherent species
traits that enable COTS to succeed on undisturbed reefs and to capitalise on anthropogenic
disturbances [9, 10]. The terrestrial run-off or enhanced larval survival hypothesis has achieved
the greatest traction in explaining outbreaks, and posits that larval success and recruitment are
enhanced by eutrophy-driven increases in their phytoplankton food [11-13]. The predator-
removal hypothesis proposes that overfishing has released COTS from top-down control [14].
This is supported by findings that a suite of target (fished) and non-target species prey on
COTS gametes, larvae, juveniles, and adults [15-17], and that marine protected areas which
would be expected to have a more intact fish guild are less prone to outbreaks [18-20]. Finally,
as periodic outbreaks appear to be an inherent feature of COTS, it has been hypothesised that
these are also a natural phenomenon [21] and, as the larvae evolved in oligotrophic tropical
waters, the larval-resilience hypothesis posits that they are naturally resilient to food limitation
[22, 23]. These hypotheses, especially the terrestrial run-off hypothesis, have formed a frame-
work to inform management actions to mitigate COTS outbreaks.

Aside from the predator-removal hypothesis, the potential role of the early juvenile stage in
the success of COTS populations has not been incorporated into hypotheses frameworks and
is only beginning to be considered. Regardless of larval settlement, the survival of the juvenile
stage is required to seed outbreaks [24]. For instance, nutrient run-off stimulates the growth of
macroalgae that can overgrow coralline algae, the food for juveniles, and disruptions to benthic
assemblages may impact their predator guild [25, 26]. In a recent study, it was found that her-
bivorous juvenile COTS are extremely resilient to coral scarcity and may accumulate for years
as they wait for coral prey before seeding an outbreak [27].

For outbreaks to arise, algae-eating COTS juveniles must transition into coral predators.
The ontogenetic switch from herbivory to carnivory in predatory sea stars requires morpho-
logical and physiological changes to achieve competence to avail of an animal diet [28]. Juve-
nile COTS have been shown to consume CCA for 4 6 months post settlement in laboratory
studies [7, 29] and for 13-15 months in nature [30]. Similar to COTS, juveniles of the sympat-
ric corallivore Culcita novaeguineae initially consume CCA and biofilms [31] and the temper-
ate species Stichaster australis switches from CCA to bivalve prey at 15-28 months of age [32].
To become a competent corallivore, juvenile COTS need to achieve a minimum size of ~ 8
mm diameter, be able to digest the complex wax esters in coral tissue, and withstand stings
from coral polyps [7, 30, 33].

At present, CCA is considered to be the main settlement substrate for COTS larvae and the
food for early juveniles [34]. However, COTS are able to settle in the absence of CCA [22, 35],
and are known to have a flexible diet in their larval [36, 37] and corallivorous [24, 38, 39]
stages. Juveniles have been reported to eat biofilms [31, 40]. Biofilms are a ubiquitous food
source in nature and are considered to be a cost-effective food source for juvenile sea stars
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[28]. In a review on starfish feeding ecology, 44 of 57 species (17/29 omnivorous species) ini-
tially feed on biofilms as juveniles [28].

Variation in the palatability, digestibility, nutritional content, and energetic value of differ-
ent food sources affect sea star growth rates [28, 41], suggesting that differences in diet may
have important consequences for the growth of juvenile COTS. To determine if the early ben-
thic stage of COTS has dietary flexibility, we conducted a long-term feeding experiment where
cohorts of juveniles were reared on CCA, biofilm, and a second tropical calcifying coralline
alga, Amphiroa sp., that has a geniculate form. Over 1-2 years, the growth, maximum size, and
arm number were quantified. As biofilms are eaten by many juvenile sea star species and are
ubiquitous in nature [28, 42], we determined if COTS can be sustained on a biofilm diet until
more optimal food (e.g. CCA) becomes available. Juveniles that had been raised on biofilm
were switched to CCA to determine if their growth would recover to match that of the juve-
niles initially provided with coralline algae and if they could reach the size threshold required
to transition to a coral diet. To determine if diet history affects diet choice and test whether
CCA is the preferred diet of juvenile COTS, we offered the juveniles from the different food
treatments a choice of all three diets.

Juvenile sea stars are well known to have variable growth post-settlement with cohorts com-
prising of fast and slow growing individuals as well as prolonged growth stasis [43, 44]. We
expected that juvenile COTS would grow well on CCA as shown in previous studies [7, 8], but
that they would also exhibit potential as flexible opportunistic feeders and consume other food
sources. We also expected that juveniles would exhibit different growth rates and maximum
sizes on the diets provided and that this variability in size would be magnified across the differ-
ent treatments. We determined the capacity for growth stasis and long-term size persistence of
juvenile COTS in the absence of coral prey, a key consideration with respect to the sources of
outbreaks and in interpretation of the age structure of COTS populations.

Methods

Acanthaster comprises a species complex found throughout the tropical Indo-Pacific with
uncertain taxonomy [45, 46]. We refer to this species as COTS or Acanthaster sp..

Adult Acanthaster sp. were obtained from the Australian Marine Tourism Operator Associ-
ation who have permission from the Great Barrier Reef Marine Park Authority to harvest
crown-of-thorns. They were collected near Cairns, North Queensland, Australia (16°550°S,
145°460’E) and transported to the National Marine Science Centre (NMSC), Southern Cross
University in Coffs Harbour, NSW, where they were maintained in flow-through aquaria at
26-27°C. Two males and two females were spawned. Gonads were removed through small
incisions in the body wall. Ovaries were placed in the ovulatory hormone 10~* M 1-methyl-
adenine in 1 pm UV-filtered sea water (FSW) for 30-45 min until the eggs had matured, con-
firmed by checking for germinal vesicle breakdown. Sperm was collected by macerating the
testes and was activated in seawater. Eggs and sperm were checked microscopically for quality.
Equal amounts of the gametes were pooled between the males and the females and with an egg
to sperm ratio of ~1:100 were fertilised ensuring at least 95% fertilisation success as checked
microscopically for the fertilization envelope around the eggs. These cultures were established
in late February.

The larvae were reared in two 300-L cylindro-conical tanks at 26°C [47] in FSW that was
replaced every 1-2 days. They were fed daily with 25-40 x10” cells ml™" of the tropical micro-
alga Proteomonas sulcata once the gut was formed (~48 h post fertilisation). When the larvae
reached the brachiolaria stage (16-18 days old), polycarbonate sheets covered in CCA were
placed into the tanks to induce settlement. Over the next 21 days settlement was asynchronous.
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Juveniles 1-2 mm diameter (< 3 months old) were collected from the sheets for the start of the
experiment.

Juvenile feeding experiment

The juveniles were randomly distributed into plastic pots (4 cm @) and were fed crustose cor-
alline algae (CCA), Amphiroa sp., or biofilm for 10 months (292 d) (n = 20 per diet). There
was no significant difference in the initial size of the juveniles between the food treatments
(mean + SE = 1.67 £ 0.04 mm @, n = 30, F, 57 =0.42, p = 0.66, Fig 1A). The CCA was cultured
on polycarbonate sheets and small pebbles at ~26°C. Biofilm was grown on plastic sheets in
tanks at NMSC for > 2y, and contained a mix of naturally occurring bacteria, diatoms, algae,
and multi-cellular animals. The polycarbonate sheets were cut into 2x3 cm pieces. Amphiroa
sp. was collected at low tide from Charlesworth Bay, Coffs Harbour (30° 16’ 7” S, 153° 8 13”
E), and rinsed in freshwater to remove motile invertebrates. After 292 d, the juveniles fed bio-
film were switched to CCA for an additional 304 d.

Pots were haphazardly distributed in a flow-through system that delivered 1 pm-UV FSW
through an individual dripper into each pot. The drippers were adjusted daily to maintain flow
and 26°C (mean = 26.01°C, SD = 0.30°C, n = 228) with temperature monitored using a
Hach®™ HQ40d multi-controller with a Hach®™ PHC101 probe. Algal food was replaced fre-
quently to ensure that the juveniles were fed ad libitum. When the juveniles reached 8 mm @
they were transferred into larger plastic pots (6 x 4 x 2 cm) to supply sufficient food. The pots
were washed and replaced every two weeks to prevent fouling. The juveniles were monitored

Fig 1. Herbivorous juvenile crown-of-thorns sea stars, Acanthaster sp., feeding on coralline algae and biofilms. (A) Juveniles at the start of the
feeding experiment. (B-C) Juveniles raised on Amphiroa sp.. The juvenile in (B) is wrapped around the fronds to feed. (D-E) Juveniles raised on biofilm
for 292 d, and then provided with crustose coralline algae (CCA) (F, 92 d on CCA). The number in the top right corner of each panel represents the
number of days since the experiment commenced. The black arrow (D) indicates a green stomach associated with eating biofilm. The white arrows
indicate feeding scars on Amphiroa sp. (B-C), the biofilm plate (E), and CCA (F).

https://doi.org/10.1371/journal.pone.0236142.9001
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daily for survival and condition. On day 143, the position of the juveniles in their pots (on
food vs. not on food) was recorded once a day for 9 d as a proxy for time spent feeding.

To follow growth and development, juveniles were photographed every 2-4 weeks using an
Olympus DP25 digital camera mounted on an Olympus SZX7 dissecting microscope. When
the juveniles exceeded 10 mm @, they were photographed using an Olympus tough TG-5
mounted on a GorillaPod (Joby) stand. The number of arms were counted, and the diameter
was measured from photographs using Image] software (ver. 1.52a, NIH, USA). Growth rates
were calculated across the time points where their diameter was increasing at a constant, linear
rate. Growth data for juveniles fed CCA are from Deaker et al. [27].

Diet choice experiment

Juveniles raised on CCA, Amphiroa sp., and biofilm were offered a choice of each of the three
food sources provided simultaneously. The juveniles raised on Amphiroa sp. and CCA were
offered approximately 4 cm® of CCA, Amphiroa sp., and biofilm concurrently in individual
pots (6 x 4 x 2 cm). As the biofilm juveniles were smaller, they were offered 1 cm? of each sub-
strate in individual pots (~4 cm ©). Choice experiments were performed first for fed juveniles
(n =10, 260 d). One month later these juveniles were starved for three days and the experiment
was performed again (n = 10, 292 d). Each juvenile was placed in the centre of a pot approxi-
mately equal distances from the different substrates. The juvenile’s initial choice (time = 0) was
recorded and their movement was then tracked by recording their position hourly over 48 h
without disturbing the pots. As it was not possible to measure the feeding scars on the CCA
covered pebbles or distinguish feeding scars on the biofilm and Amphiroa sp. to measure feed-
ing rates, the amount of time the juveniles spent on a particular substrate was used as the
response metric. The pots housing the juveniles remained in the previously described flow-
through seawater system throughout the choice experiments.

Statistical analysis

Analyses of juvenile growth, survival and arm number data were performed in R (version
3.4.3) [48]. The initial size of juveniles was analysed using a one-way ANOVA (Im function,
statistics package). The data was homoscedastic (Levene’s test, p > 0.05) and normally distrib-
uted which was confirmed by visually inspecting the distribution of residuals on a q-q plot.
Survival data were analysed using a log-rank test and specific differences between groups were
tested using post-hoc pairwise comparisons (packages: survival and survminer).

Arm number and diameter were compared among juveniles fed CCA, Amphiroa sp., and
biofilm for 292 d, and between juveniles fed CCA or Amphiroa sp. for 292 d and biofilm-CCA
at 586 d to see if arm number and size of the biofilm cohort recovered. These data were not
normally distributed and were analysed using Kruskal-Wallis test by ranks. For the biofilm
cohort, arm counts over time were analysed to determine if the number increased during the
biofilm and CCA phases. These data were also not normally distributed and were analysed
using a repeated measures one-way ANOVA (lme function, nlme package [49]) with a rank
transformation as the same juveniles were measured over time. Post-hoc analysis were com-
puted for significant main effects using Tukey-adjusted pairwise comparisons (Kruskal tests:
PMCMR package [50]; one-way ANOVA: emmeans package [51]. The coefficient of variation,
(CV =100 x standard deviation) 'vy5 calculated to determine the variability of the diameter of juve-
niles within a diet treatment and across all diets after 292 days. All graphs were made using
ggplot 2 [52].

To determine if COTS showed a preference for particular algal substrates due to diet his-
tory, the amount of time each juvenile spent on Amphiroa sp., biofilm, CCA, or no choice
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(bare substrate) in both the fed and starved experiments were ranked and the ranks were ana-
lysed by Friedman’s rank test using the IBM SPSS Statistics program (v. 25.0). Replicates from
each diet treatment (Amphiroa sp., CCA, biofilm) and food availability treatment (fed, starved)
were examined separately. Post-hoc Wilcoxon tests were used where Friedman’s test indicated
significant differences among substrates (p < 0.05).

Results
Juvenile feeding and growth

White and orange/yellow feeding scars were present on CCA and Amphiroa sp. (Fig 1B, 1C
and 1F). The juveniles on Amphiroa sp. wrapped themselves around the fronds as they fed (Fig
1B). Feeding scars were rarely identified on biofilm plates, although the juveniles had green-
brown stomachs indicating that they were feeding (Fig 1D and 1E). Over a nine-day period
(from day 143), those in the CCA and the Amphiroa sp. treatments were positioned on their
food for 85.2% (SE, + 3.2%, n = 19) and 98.1% (+ 1.3%, n = 18) of the time, respectively. The
biofilm juveniles were only recorded on their food for 5.6% of the time (+ 1.9%, n = 18). Juve-
niles exhibited a fleeing response when disturbed in their pots climbing up to the water surface
and then float at the surface oral-side up supported by the water tension and with their tube
feet extended. If the tension was disturbed such as by a water drop the juvenile detached and
fell to the bottom of the container. This behaviour was observed ~ 40 times in juveniles 1.5-18
mm diameter.

The growth of juveniles on a diet of CCA was initially exponential until they reached an
inflexion point at ~ 10 mm, plateauing after 164 d (mean @ + SE, 16.00 + 0.19 mm, Fig 2A).
The growth of juveniles on a diet of Amphiroa sp. was linear until the growth curve flattened
after 183 d (13.59 + 0.26 mm, Fig 2A). Initial growth rates were similar on the CCA and
Amphiroa sp. diets, 0.05 mm/day (0-43 d) and 0.06 mm/day (0-183 d), respectively. After 43
d, the growth rate of the CCA cohort increased to 0.10 mm/day (43-164 d). Growth of the bio-
film-fed cohort was slow (0.01 mm/day, 0-76 d) with the maximum size plateaued after 76 d
(2.81 £0.12 mm @, Fig 2A). After biofilm-fed juveniles were switched to CCA they resumed
growth and increased in size (0.06 mm/day, 20-187 d on CCA) and this plateaued at 470 d
(12.87 + 0.36 mm @, Fig 2B).

There was no difference in the final diameter of the cohorts fed CCA (16.45 + 0.23 mm)
and Amphiroa sp. (15.55 * 0.48 mm), while those fed biofilm were smaller (3.32 + 0.12 mm,
x> =26.00, df = 2, p < 0.0001). Arm number followed a similar pattern as diameter, with the
maximum arm number reached after 139 d on a diet of CCA (15.17 + 0.27 arms, n = 18, Fig
2C) and Amphiroa sp. (15.41 £ 0.41 arms, n = 17, Fig 2C). The juveniles fed coralline algae had
significantly more arms than the biofilm cohort (11.91 + 0.21 arms, * = 22.27, df = 2,

p < 0.0001, Fig 2C). By 292 d, the coefficient of variation of size in the cohort of juveniles fed
CCA, Amphiroa sp. and biofilm was 6.0%, 12.8% and 11.9% respectively, and 43.5% across all
cohorts.

After switching from biofilm to CCA, the biofilm cohort remained significantly smaller
than the juveniles from the other diet treatments (596 d, 13.50 + 0.36 mm @, n = 5, x> = 13.61,
df =2, p=0.001, post-hoc: CCA = Amphiroa sp. > biofilm-CCA). The increase in the number
of arms of the juveniles fed biofilm was significant over time (F,; 570 = 22.341, p < 0.001, post-
hoc: 0 d < 292 d) and they developed more arms through the CCA phase reaching their maxi-
mum arm number after 498 d (13.50 £ 0.56 arms, n = 6, Fig 2D). Despite this, arm number
during the CCA phase did not differ from the end of the biofilm phase (post-hoc: 292 d = 312-
596 d), and at 596 d, biofilm-CCA juveniles had fewer arms than juveniles from the coralline
algae treatments at 292 d (x> = 4.62,df = 1, p = 0.031).
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Fig 2. The growth and survival of herbivorous juvenile crown-of-thorns sea stars on three different diets. (A,B) The diameter (mean + SE), (C-D)
number of arms (mean * SE), and (E-F) survival (%) of juveniles fed crustose coralline algae (CCA), Amphiroa sp., or biofilm for 292 d (left panels) and
juveniles that were raised on biofilm and then fed CCA for an additional 304 d (right panels). The horizontal dashed lines (A-B) represent the
approximate minimum size that juveniles can transition to a coral diet [7]. Juveniles were <3 months old at the start of the experiment (T,).

https://doi.org/10.1371/journal.pone.0236142.9g002
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Survival and observations of body damage and recovery

The survival of juveniles was significantly different between treatments (3> = 7.3, df = 2,

p = 0.003). However, the reduced survival of the biofilm treatment was not significant

(p > 0.05), likely due to the limited power of the post-hoc pairwise comparison (low sample
sizes within treatments). Survival of the juveniles fed CCA and Amphiroa sp. was high (90%
and 85%, respectively, Fig 2E). One juvenile fed Amphiroa sp. (16 arms, 9.28 mm @, 139 d)
lost arms with the number of arms reduced to 14 by 214 d (13.75 mm @) and 7 by 230 d (7.26
mm ). This juvenile recovered to have 11 arms by 257 d (8.44 mm Q).

In contrast to the coralline algae diets, only 55% of the biofilm fed juveniles survived to day
292. When the surviving juveniles (n = 11) were switched to CCA, another 6 juveniles died by
596 d (Fig 2F). The 11 juveniles fed biofilm that survived variably regressed and recovered in
size through the experiment. The average decrease in their diameter was 11.07% (SE, + 3.5%,
range: 0.14-65.47%). One of the biofilm fed juveniles that was switched to CCA lost half of its
body and 6 arms by bisection of the central disk (442 d, 12 arms and 11.69 mm to 10.06 mm @
and 6 arms) and this was followed by regeneration over the next 56 days to form 10 new arms
(16 arms, 11.66 mm @, 498 d).

Diet choice experiment

Regardless of juvenile diet, CCA and Amphiroa sp. was preferred over biofilm and bare sub-
strate (Fig 3). In the fed experiment, the amount of time juveniles spent on CCA and Amphiroa
sp. did not differ (Table 1). Starvation for 3 d impacted the choice of the juveniles raised on

Amphiroa sp. Biofilm

5 10 15 20 25 30 35 40 45 6 5 10 15 20 25 30 35 40 45 0 10 15 20 25 30 35 40 45
Time (h)

Choice: [l cCA [l Amphiroa sp. [l Biofilm [ Bare substrate

Fig 3. The effect of diet and starvation on the diet choice of juvenile crown-of-thorns sea stars. Juveniles raised on a diet of crustose coralline algae (CCA),
Amphiroa sp., or biofilm for 292 d were offered three food sources simultaneously before (Fed, 260 d) and after they were starved for 3 d (Starved, 292 d).
Their position on the algal foods or bare substrate were recorded each hour for 48 h. Each row represents the position of one individual juvenile over time

(n = 10 per treatment), and each box represents the location of that juvenile recorded every hour.

https://doi.org/10.1371/journal.pone.0236142.9003
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Table 1. The mean time (%) a juvenile spent on different algal foods over a 48 h period (n = 10 per treatment).

Diet Experiment
CCA
CCA Fed 61.04
Starved 89.79
Amphiroa sp. | Fed 35.42
Starved 68.33
Biofilm Fed 70.21
Starved 19.79

Choice (%) Friedman’s tests
Amphiroa sp. Biofilm No choice x (df =3) p-value Wilcoxon test post-hoc
27.50 0.00 11.46 19.36 < 0.001 CCA = Amphiroa sp. > Amphiroa sp. = bare substrate > biofilm
10.00 0.00 0.21 21.67 < 0.001 CCA > Amphiroa sp. = biofilm = bare substrate
61.04 0.00 3.54 21.20 < 0.001 Amphiroa sp. = CCA > biofilm = bare substrate
28.75 0.83 2.08 12.35 < 0.006 CCA = Amphiroa sp. > Amphiroa sp. = biofilm = bare substrate
29.79 0.00 0.00 15.38 < 0.002 CCA = Amphiroa sp. > Amphiroa sp. = biofilm = bare substrate
69.17 9.58 1.46 10.65 <0.014 Amphiroa sp. > CCA = biofilm = bare substrate

Preference experiments were carried out using juveniles raised on crustose coralline algae (CCA), Amphiroa sp., or biofilm for 292 d. Juveniles were simultaneously

offered CCA, Amphiroa sp., and biofilm before (Fed, 260 d) and after they were starved for 3 d (Starved, 292 d), and their position on the algal foods or bare substrate

recorded every hour for 48 h. The preference of juveniles for the algal foods provided, indicated by the amount of time spent on each substrate, was compared using

Friedman’s tests.

https://doi.org/10.1371/journal.pone.0236142.t001

CCA that spent more time on CCA and the juveniles fed biofilm that spent more time on
Amphiroa sp. (Fig 3, Table 1). Juveniles were rarely recorded on biofilm and were observed to
walk over and off this substrate.

Starvation affected the behaviour of juveniles reared on CCA and Amphiroa sp.. Fed juve-
niles were not always recorded on food and explored both CCA and Amphiroa sp., whereas
starved juveniles from the same treatments typically remained on the substrate chosen initially
or within the first few hours (Fig 3). Juveniles reared on biofilm tended to stay with their initial
choice regardless of whether they had been starved (Fig 3).

Discussion

The dietary flexibility and growth variability of juvenile COTS seen here provides new insights
with respect to recruitment into the coral eating adult stage. Our results highlight the diet-
dependent growth rates of the herbivorous juvenile stage of COTS, their opportunistic nature
to avail of a range of algal food as well as their resilience to starvation by subsisting on biofilm.
Although juvenile COTS are known for their consumption of CCA [30], they also occur on
articulated coralline algae [53], a more complex habitat. Habitat complexity is strongly linked
to survival of juvenile echinoderms [54, 55] and by wrapping around the fronds they may be
harder to detect by both researchers and predators. Variable diet may impact the growth and
habitat distribution of juvenile COTS complicating our ability to model the dynamics of
COTS outbreaks.

Diet, growth, and behaviour

Geniculate coralline algae (Amphiroa sp.) was readily consumed and supported the growth of
juveniles just as well as CCA. Despite a slower growth rate, juveniles fed Amphiroa sp. reached
and maintained a maximum size of ~16 mm as with juveniles fed CCA here and in previous
studies (18 mm [8], 10-18 mm [56]), a size that can be maintained for 6.5 years before transi-
tioning to coral [27]. The faster, exponential growth rate of juveniles fed CCA in this study was
similar to two previous studies (~0.02 mm day 2, Fig 4; S1 Appendix), although after being fed
biofilm for 10 months, the growth rate on CCA was reduced (~0.01 mm day ). If there is no
change in diet, growth appears to be predictable. Otherwise, our results suggest that any
changes in diet and diet history impacts growth and this may vary with the other types of coral-
line algae that they have been found associated with [53]. This may explain the variable size of
juveniles in nature [57] confounding size-at-age models.
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Fig 4. The mean growth rate of herbivorous juvenile crown-of-thorns sea stars during their exponential growth
phase. Four cohorts of juveniles were raised on crustose coralline algae (CCA) in the laboratory. The data were
obtained from Yamaguchi [7], Kamya et al. [58], and this study (diets: CCA and Biofilm, then CCA) (S1 Appendix).
The growth rate with respect to juvenile diameter was determined by creating an exponential model of the change in
mean diameter of each cohort (S1 Table). See supplementary material for equations and R? values (S2 Table).

https://doi.org/10.1371/journal.pone.0236142.9004

Biofilm was a comparatively poor diet for juvenile COTS, yet they were able to survive on it
for at least 10 months. As the growth on biofilm was minimal, these juveniles were only able to
reach the size threshold to be competent corallivores on provision with CCA, ~19 months
later than those fed coralline algae. Biofilm appears to be sufficient to maintain physiological
processes for COTS and is the primary diet of a number of starfish species at the juvenile stage
[2, 28], although its nutritional quality may vary at small spatial scales in nature depending on
the species of cyanobacteria present and with variable protein, carbohydrate and caloric levels
[28, 59]. Mortality of the biofilm juveniles was high (45%) and some of them shrank, indicating
they may have stopped feeding for periods of time. Decrease in size is a common response to
food scarcity and environmental stress among echinoderms, including immature COTS [7, 41,
60]. The juveniles fed biofilm did not reach the size threshold to transition to a coral diet until
after they had switched diets to consume CCA for ~4 months. Importantly, there was a nega-
tive carry over effect of eating biofilm that stunted their growth after switching to CCA. Bio-
film-raised juveniles did not grow to the same size or have the same number of arms as
juveniles that ate coralline algae from the outset. As smaller individuals are more vulnerable to
predation, juveniles that feed primarily on biofilm and remain smaller for a longer periods of
time are likely to suffer greater mortality [15].

An interesting observation was that one juvenile split in half through the central disk, remi-
niscent of fissiparity in other sea stars [61] and cloning in COTS larvae [62]. One half perished
and the surviving half regenerated to a normal juvenile with 16 arms, four more than it had
initially. Once they have stopped adding arms on an algal diet, arm number does not appear to
change when they switch to a coral diet [27] and into adulthood [8] unless they undergo
trauma as seen here. Adult COTS also show extensive abilities to regenerate allowing for the
regrowth of body parts lost due to sublethal predation [63, 64]. Notably, predators were
excluded from this system. Fissiparous echinoderms may discard part of their body (a
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“sacrificial half”) in response to a stressful environment or to reduce metabolic costs [65, 66]
and so the response of this juvenile fed CCA after biofilm may have been stress related. Given
this only occurred in one juvenile COTS, it is unclear whether this phenomenon has implica-
tions for population dynamics and COTS outbreaks. However, it does show the ability of juve-
niles to recover from trauma.

When disturbed, some juveniles climbed up the walls of their pots and floated oral side up
supported by the water tension and detached from the surface when the tension was broken.
Similar floating behaviour is reported for other juvenile sea stars in laboratory studies where it
is suggested to be a dispersal mechanism for shallow water, intertidal species [67, 68]. It is
unlikely that juvenile COTS would avail of such a dispersal mechanism as they are usually
found in submerged habitats, although they do occur in the intertidal zone and shallow reef
flats [69-71].

In the diet choice experiments, food choice was not related to diet history. Overall, juveniles
reared on CCA, Amphiroa sp., and biofilm preferred the two coralline algae over biofilm. Juve-
niles fed consistently throughout the day and night although the light cycle was not controlled to
mimic day/light experienced by juveniles in nature where they are suggested to be nocturnal feed-
ers [30]. In the fed experiment, the smaller juveniles from the biofilm cohort typically remained
with their initial choice, while the larger juveniles from the CCA and Amphiroa sp. cohorts
explored the different substrates. Starved juveniles from all three cohorts prioritised feeding and
remained with their initial choice. Smaller juveniles have limited mobility compared to larger
individuals and tend to stay on their food to grow. This may also reduce predation risk [35, 40].
In a field study juvenile COTS were observed to migrate from algal to coral habitat at ~25 mm
diameter [30]. It is likely that juveniles do not leave their food unless their food source becomes
depleted or they are large enough and have enough energy to search for alternative food.

Implications for growth dynamics and aging

The development of population and size-age relationship models are guided by the assumption
that larval settlement and the post-larval diet of COTS is restricted to CCA [10, 69, 70]. The
effects of different diets on growth complicates our ability to age juvenile COTS, Wilmes et al.
[57] and Zann et al. [30] estimated the age of juveniles in field studies from a predicted month
of settlement. In both studies, juvenile size became more variable over time and this was attrib-
uted to the timing of the transition from herbivory to corallivory, a transition that may be
delayed for years [27, 56]. We now show that this may also be driven by a mixed algal diet. The
pre-coral juveniles (20-32 mm @) in Zann et al. [30] were nearly 20-100% larger than the
maximum sized reached by the juveniles fed coralline algae in the present study. The large size
of these juveniles indicate that they may have been eating coral or availed of animal prey [8,
56]. Thus, the size-age relationship of juveniles in nature is difficult to discern.

Another prominent example of a boom/bust predatory sea star is Asterias rubens in the
north Atlantic [6]. Population outbreaks of this sea star have been studied for decades because
they have devastating effects on commercial bivalves [72]. Like COTS, outbreaks of A. rubens
and other Asterias species are thought to be instigated by massive larval recruitment events
[73]. For Asterias, when all available prey is consumed cannibalism leads to the demise of an
outbreak, a phenomenon that is not reported for COTS. Similar to COTS, the growth of juve-
nile A. rubens varies depending on environmental conditions and the consistency of their food
source [43, 60, 74]. In the absence of suitable prey, juveniles enter a ‘waiting stage’ for months
and exhibit minimal growth until they have access to food [75]. Like COTS, juveniles of A.
rubens and potentially other Asterias species may accumulate over time before seeding an
outbreak.
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The ability for growth stasis as well as the negative carryover effects due to diet suggests that
growth of juvenile COTS in the field is likely to be indeterminate. This compromises our abil-
ity to age adults. As for the juveniles, the variable asymptotic sizes of adults on different reefs
has been suggested to be due to the local environmental setting rather than their genotype
[76]. Counting the seasonal pigment bands on COTS spines [77, 78] may only be useful to
determine the time since maturity when COTS are suggested to start forming these bands
[76]. Proposed age-growth relationships for COTS currently used for population modelling
are likely to be only indicative. A prolonged study is needed to determine if there are carry
over effects of the diet of herbivorous juvenile COTS for subsequent life stages and generations
[8].

The variable duration of the herbivorous juvenile stage complicates our understanding of
the bottom-up processes that drive population outbreaks. This is a key consideration for mod-
els linking outbreaks to terrestrial run-off events [5, 12, 79], as well as models of the population
dynamics of COTS that have largely focused on the larval and corallivorous stages [12, 19, 80]
with few considering the herbivorous juvenile [10, 81]. While all stages of the life cycle of
COTS have to be successful to generate outbreaks, enhanced survival of the juvenile stage may
be the rate determining factor governing recruitment into the adult population [24, 82].

Our results suggest that the feeding ecology of juvenile COTS exerts a major influence on
the timing of population outbreaks. On a favourable diet, juvenile COTS exhibit rapid growth
compared to sympatric sea star species due to their large stomach area [83], lower investment
in a calcified body (e.g. Linckia laevigata, Culcita noveaguineae), and early ontogenetic diet
shift to coral [84, 85]. These inherent traits of COTS biology may contribute to rapid popula-
tion expansion. On the other hand, poor food conditions may be associated with slow popula-
tion expansion of adults and the juveniles that can persist during food scarcity may
accumulate in the reef infrastructure. This creates the possibility that reserve populations of
juvenile COTS can delay their switch to corallivory as they wait for food conditions to
improve, and thereby delay the appearance of an outbreak for years.
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