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Abstract
Crown-of-thorns sea star (CoTS; Acanthaster cf. solaris) outbreaks are a significant cause of coral decline. Enhanced food 
supply for the larvae via eutrophication is implicated as a cause of outbreaks, yet larval feeding ecology is poorly understood. 
In this study, feeding experiments were carried out at two algal food concentrations of 1000 cells  mL−1 (~ 1.52 µg chl a  L−1) 
and 3000 cells  mL−1 (~ 4.56 µg chl a  L−1) across six successive larval stages to investigate the effect of food concentration 
on filtration rate and ingestion rate for these stages. Filtration rate increased with larval stage and more than tripled from 
127 ± 32 µL  larva−1  h−1 (mean ± SE) of the youngest (2–3 dpf) larvae to 497 ± 109 µL  larva−1  h−1 at late brachiolaria stage 
(9–10 dpf). Ingestion rate increased with food concentration and larval age, with advanced brachiolaria larvae consuming 
313.5 ± 39.1 cells  larva−1  h−1 in the higher algal food treatment. Organic carbon (C) and nitrogen (N) measured in larvae 
and their food indicated that the youngest feeding larvae ingested 13% their body carbon content daily, with that number 
almost doubling to 24% by advanced bipinnaria stage. The C/N ratio decreased sharply for brachiolaria larvae, reflecting 
developmental changes and greater dependence on exogenous nutrition. These results add to our understanding of the role 
food concentration plays in the growth and survivorship of CoTS larvae in the field.
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Introduction

The corallivorous crown-of-thorns sea star (CoTS; Acan-
thaster spp.) still remains a threat to coral reefs in the 
Indo–Pacific region which is further exacerbated by the 
cumulative pressures of climate change (Mellin et al. 2019; 
Pratchett et al. 2021). Periodic outbreaks of CoTS have 
been recorded since the early 1960s (Pearson and Gar-
rett 1976), with the Great Barrier Reef (GBR), Australia, 
currently experiencing its fourth outbreak. Each outbreak 
(~ 1962, 1979, 1993 and 2009) is believed to begin in the 

far Northern GBR in an area between Cairns and Lizard 
Island, termed the initiation zone (Brodie 1992; Pratchett 
et al. 2014). There has been debate over the causes of these 
primary outbreaks and whether they are linked to human 
activities. One of the hypotheses to explain CoTS population 
outbreaks is the ‘nutrient limitation hypothesis’ also referred 
to as ‘terrestrial runoff hypothesis’ (Birkeland 1982; Bro-
die 1992; Brodie et al. 2005; Fabricius et al. 2010). Recent 
work by Kroon et al. (2023), however, has proposed oceanic 
processes, such as upwelling and resuspension, as another 
potential source of nutrients in the ‘initiation zone’. Regard-
less of the source of nutrients, the ‘nutrient limitation’ 
hypothesis posits that survival of planktotrophic CoTS larvae 
is limited by food and under increased nutrient concentra-
tions more algal food is available. As a consequence, CoTS 
larvae are released from food limitation, leading to a shorter 
development cycle and increased chance of metamorphosis 
and settlement (Birkeland 1982; Pratchett et al. 2014). This 
hypothesis is supported by several studies that have estab-
lished that greater survival and development of CoTS larvae 
are linked to increased phytoplankton concentrations with 
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a general agreement that chlorophyll a (chl a) levels below 
0.5 µg  L−1 delay larval development (Okaji 1996; Okaji 
et al. 1997; Uthicke et al. 2015, 2018; Wolfe et al. 2015b). 
In terms of cell numbers, severe limitations in development 
have been observed mostly with food concentrations < 1000 
cells  ml−1 (Wolfe et al. 2015b; Uthicke et al. 2018). High 
phytoplankton concentrations (> 10,000 cells  mL−1) can 
also have detrimental effects on larvae (Wolfe et al. 2015b; 
Pratchett et al. 2017a). Conversely, CoTS larvae experiments 
conducted in situ under oligotrophic conditions found evi-
dence that larvae did not experience food limitation under 
natural conditions (Olson 1985, 1987). However, results of 
the latter experiments were questioned by Okaji (1996) who 
used the same setup and found that phytoplankton in the 
incubation chambers was enriched compared to surrounding 
waters. There is evidence that CoTS larvae can undergo phe-
notypic plasticity, extending ciliated feeding appendages in 
response to low food conditions (Wolfe et al. 2015a). Since 
phytoplankton abundance and distribution vary both spa-
tially and temporally, CoTS larval development may be lim-
ited by the availability and quality of the food source (Mellin 
et al. 2017; Wolfe et al. 2017). Moreover, food limitation 
often leads to longer larval development, and greater time 
CoTS larvae spends during the pelagic phase could lead to 
increased mortality through predation (Cowan et al. 2017).

Like many other marine benthic invertebrates, CoTS are 
broadcast spawners with a feeding larval phase that spend 
varying times from 10 days to several weeks in the water 
column depending on several factors. These factors include 
food availability (Wolfe et al. 2015b; Pratchett et al. 2017a) 
and temperature (Uthicke et al. 2015). Their reproductive 
strategy depends on the success of the planktotrophic larval 
stage for dispersal, and the offspring that survive to meta-
morphosis has direct implications for adult population size 
(Birkeland 1982; Brodie 1992; Deaker and Byrne 2022). 
After spawning and fertilization, embryos hatch to gastrula 
stage at 6–9 h and undergo transition through two distinct 
pelagic phases: (1) bipinnaria stage is characterized by the 
development of functional gut and ciliated bands for swim-
ming and feeding (Lucas 1982; Keesing et al. 1997) on 
particulate food sources (phytoplankton 2–20 µm) (Ayukai 
1994; Okaji et al. 1997); however, larvae can develop to 
advanced bipinnaria in the absence of particulate food by 
utilizing endogenous sources (‘maternal provisioning’) and/
or alternative nutrition sources, i.e. dissolved organic mat-
ter (DOM), detritus (Hoegh-Guldberg 1994; Nakajima et al. 
2016) and bacterial associations (Carrier et al. 2018) and 
(2) brachiolaria stage requires exogenous food sources to 
complete development to metamorphosis and is character-
ized by brachiolaria arms and adhesive disc for attachment 
(Caballes and Pratchett 2014).

CoTS are one of the most studied echinoderm species 
due to their destructive nature during population outbreaks 

(Pratchett et al. 2014, 2017b). However, there has been lim-
ited investigation into the link between larval feeding ecol-
ogy and these outbreaks. Previous work that investigated 
CoTS larval feeding ecology concentrated on food size selec-
tivity (Ayukai 1994; Okaji et al. 1997), food type selectiv-
ity (Mellin et al. 2017) or effects of food concentration on 
feeding (Lucas 1982).

Two important physiological parameters for planktonic 
filter feeders are (1) filtration rate (FR) (volume of water 
cleared of particles per larva per unit of time) which is con-
sidered a key parameter for planktonic filter feeders and is 
a measure of feeding behaviour (Coughlan 1969; Riisgard 
and Larsen 2001) and (2) ingestion rate (IR) (the number 
of phytoplankton cells ingested per larva per unit of time). 
Previous studies have shown that several species of asteroid 
larvae increased filtration and ingestion rate with increasing 
ciliated band size and hence larval size. A study observing 
direct capture of polystyrene microspheres by several species 
of asteroid larvae found that filtration rate increased with 
larval size (Hart 1996). Similar results were observed in 
asteroid larvae feeding on the phytoplankton Amphidinium, 
and ingestion rate increased in proportion to food concen-
tration to a maximum then declined with increasing food 
concentrations (Strathmann 1971). In preparation for meta-
morphosis, larvae undergo changes in morphology such as 
rudiment formation and exhibit substrate-searching behav-
iours; at this stage, echinoderm larvae have been shown to 
reduce feeding (Lucas 1982) or reach a plateau (Fenaux et al. 
1985). Filtration rates in CoTS larvae also vary with food 
concentration and food type (Mellin et al. 2017) and food 
size (Ayukai 1994). Lucas (1982) reported that CoTS larvae 
decreased FR with increasing food concentrations, while the 
oldest larvae at brachiolaria stage were able to increase FR at 
concentrations below approximately 700 cells  mL−1 (Lucas 
1982). Filtration rate for marine invertebrate larvae generally 
reaches a plateau and then decreases with increasing food 
concentration as larvae cannot capture or process increasing 
food concentrations (Coughlan 1969; Marin et al. 1986).

Increased knowledge and understanding on the feed-
ing response of CoTS larvae to nutrition availability is of 
importance to the understanding of major factors impacting 
this critical early life history phase potentially amendable to 
management strategies. The objectives of the present study 
were to investigate the filtration rate (FR) and ingestion rate 
(IR) in response to two different satiating food concentra-
tions (Uthicke et al. 2018) (1000 cells  mL−1 and 3000 cells 
 mL−1) during complete CoTS larval development. In addi-
tion, organic carbon (C), nitrogen (N) and C/N molar ratio 
of algal food and CoTS larvae were measured during the 
pelagic development cycle from eggs to advanced brachio-
laria larvae to increase the understanding of biochemical 
changes during development. These values were also used 
to calculate C and N biomass-specific ingestion rate  (d−1) 
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for the 3000 cell  mL−1 treatment. Patterns in growth and 
C/N described for the Antarctic sea urchin Sterechinus neu-
mayeri found a decrease in C/N during development, which 
suggested a decrease in lipid reserves and increase in N-rich, 
structural protein (Marsh et al. 1999).

Material and methods

CoTS spawning and larval culturing

Adult CoTS were collected on SCUBA from John Brewer 
Reef (18° 38ʹ S, 147° 02ʹ E) between October and Novem-
ber in 2019 and 2020 and transported to the Australian 
Institute of Marine Science. They were maintained at 26.5 
°C in 1000 L flow through tanks. CoTS were spawned by 
making a small incision and removing 4–5 gonadal lobes 
(Uthicke et al. 2015). Sex was determined macroscopically, 
and ovary lobes were placed in 200 mL of filtered sea water 
(FSW) with  10−5 M 1-methyladenine added to give a final 
concentration of  50–9 M 1-methyladenine to induce matura-
tion (Kanatani 1969). Testes lobes were placed in dry 6-well 
plates with a cover. Matured eggs were washed over a 500-
µm mesh and combined to make a stock solution of approxi-
mately 400 eggs  mL−1 diluted with FSW. Two microlitres 
of dry sperm from each male was combined and diluted 
using ~ 15 mL of FSW, and 1 mL of this diluted sperm solu-
tion was added to the egg stock solution, resulting in a final 
concentration of ~  106 sperm  mL−1. Fertilisation percent was 
immediately assessed and found to be consistently > 99%. 
The fertilised eggs were then stocked at 10–15 eggs  mL−1 
in 70 L holding tanks at 28 °C with gentle aeration. After 
24 h, a 100% water exchange was carried out and at 48 h 
when most embryos had developed to early bipinnaria stage, 
they were transferred to 16 L (14 L working volume) flow 
through Perspex culture chambers with a stocking density of 
at 1–2 larvae  mL−1and fed via an automated feeding system 
(Uthicke et al. 2018). For the automated feeding system, the 
algae stock solution was calculated for a 24-h period and 
dosed into an algae feeder tank. A solenoid value controlled 
by fluorometers dosed the algae from the feeder tank at a 
set chl a target value into a 500-L header tank which flowed 
into the 14-L culture chambers. This gave a continuous food 
supply to larvae. Each batch of larvae was sourced from 4 
to 6 male and female broodstock with 1:1 sex ratio used for 
each batch.

The automated flow through the feeding system supplied 
a continuous mixture of Dunaliella sp. (Chlorophyte) and 
Tisochrysis lutea (Haptophyte) fed at a 1:1 ratio with respect 
to chl a content, equating to approximately 2000 cells  mL−1 
in total with 70% Tisochrysis lutea and 30% Dunaliella 
sp. (0.8 µg chl a  L−1, flow rate ~ 150 mL  min−1). This con-
centration was chosen to ensure that the larvae were fed at 

satiating conditions (Uthicke et al. 2018). The starter culture 
of Dunaliella sp. (CS-353) and Tisochrysis lutea (CS-177) 
was sourced from the Australian Algal Culture Collection 
(Hobart, Australia). Algae were grown under 12:12 light 
dark cycle at 24 °C and using F/2 nutrient medium.

The larvae were maintained in the flow through system 
until they were harvested for subsequent feeding experi-
ments. Prior to each experiment, healthy swimming larvae 
were harvested by removing aeration and turning on lights 
above the culture chambers to attract them towards the light 
near the top of the culture chamber. The larvae were then 
siphoned, concentrated and counted before being dosed into 
200 mL incubation chambers for the feeding experiments. 
For the feeding experiments, a total of six larval develop-
ment stages were categorized and used for the experiments 
with five larval stages based on the criteria by Lucas (1982) 
and a sixth stage, mid bipinnaria, was defined as an inter-
mediate stage between early and advanced bipinnaria. The 
corresponding larval ages in days post fertilization (dpf) are 
outlined in Table 5.

Filtration and ingestion rate experiments

Two target algal food concentrations of 1000 cells  mL−1 
(~ 1.52 µg chl a  L−1) and 3000 cells  mL−1 (~ 4.56 µg chl a 
 L−1) were used for each feeding experiment, which is con-
sistent with the chl a concentration range (often used as a 
proxy for phytoplankton concentrations) reported on the 
GBR during flood plumes (Devlin et al. 2001, 2012). These 
cell numbers and chl a concentrations are both considered 
satiating with respect to growth and larval development 
speed (Wolfe et al. 2015b; Uthicke et al. 2018). For each 
experiment, 24 glass incubation chambers each containing 
200 mL FSW were set up on shaker plates set at 40 rpm in a 
temperature-controlled room set at 28 °C, under dim light. 
Twelve chambers were assigned to the 1000 cells  mL−1 food 
treatment and twelve were assigned to the 3000 cells  mL−1 
food treatment. The green algae Dunaliella sp. was chosen 
as the sole algae for the experiments because this algae spe-
cies was commonly used for previous CoTS larvae feeding 
experiments (Lucas 1982; Ayukai 1994; Okaji et al. 1997; 
Uthicke et al. 2018); as well, it is easily discriminated on the 
flow cytometer for counting.

For each food concentration treatment level, six cham-
bers contained larvae and the other six only contained algae 
(controls) to correct for algae-settling rate. The larvae were 
stocked at between 0.25 and 1.0 larvae  mL−1 and placed on 
shaker plates to acclimate and starve for approximately 24 
h prior to the addition of Dunaliella sp. At the start of each 
experiment, a 1/500 dilution of Dunaliella sp. stock concen-
tration was analysed on an Accuri C6 plus flow cytometer 
(Beckinson Dickinson Biosciences) with CSampler. Based 
on the concentration obtained, the required volume of the 
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Dunaliella sp. stock was dosed into the replicate chambers. 
Immediately after the addition of stock algae, two 1 mL 
samples were taken from each glass chamber using an in-
house built plunger with a 100-µm mesh to exclude larvae to 
confirm the algae concentration. Final samples were taken 
in the same manner at the end of each approximately 24-h 
experiment. At the end of each experiment, larvae from each 
chamber were concentrated, before the number and larval 
development stage were determined, under a dissection 
microscope. Flow cytometer settings for algae counts were 
as follows: 100–200 µL sample volume, fast fluidics speed 
and detectors: FL1 (533/30 filter) and FL3 (670 LP filter).

Ingestion rate IR (cells larva  h−1) and filtration rate FR 
(µL larva  h−1) were calculated using the formula of Frost 
(1972) (Eqs. 3 and 5). C1* and C2* are the initial and final 
algae concentrations respectively, which were measured in 
the control chambers; k is a growth constant and t is the 
duration of the experiment. In Eq. (2), C1 and C2 are the 
initial and final algae concentrations measured in the treat-
ment chambers with larvae, respectively, and a grazing coef-
ficient g was determined for each of the treatment chambers. 
The FR was then calculated using Eq. (3) where V is the 
volume of water in the chamber and Nlarva is the number of 
larvae in each chamber. IR was calculated based on Eq. (5) 
as the product of the Cmean concentration (cells µL−1) and 
FR obtained.

Larvae and phytoplankton C, N and chlorophyll a 
analysis

Dunaliella sp. was analysed for chl a, organic carbon (C) 
and nitrogen (N) content. Briefly, chl a was determined fluo-
rometrically (Turner Designs 10 AU fluorometer), where 
duplicate 100 µL stock algae samples were filtered onto 
25 mm Whatman GFC filters, ground to a slurry with 90% 
acetone and incubated in the dark at 4 °C for 2 h (Parsons 
1984). Organic carbon and nitrogen were analysed by taking 

(1)k =
1

t
ln
C1∗

C2∗
,

(2)g =
1

t
ln
C1

C2
+ k,

(3)FR =
V

Nlarva

g,

(4)Cmean =
C1

(

e(k−g)t − 1
)

(k − g)t
,

(5)IR = FR ∗ Cmean.

duplicate 100 µL stock algae samples filtered onto pre-ashed 
(12 h @ 450 °C) 25 mm GFC filters and stored at − 20° C 
until analysis. The samples were analysed using a Shimadzu 
TOC-V carbon analyzer, equipped with a solid sample mod-
ule (SSM-5000A) after removing inorganic carbon using 
2 M hydrochloric acid. Prior to each sampling, algae cell 
counts per volume were determined using a flow cytometer 
(Accuri C6 plus sampler). This enabled cell-specific values 
to be calculated for each chemical parameter.

Simultaneous to the feeding experiment, eggs and lar-
vae from the same batch were analysed for C and N using 
a FlashSmart Elemental Analyzer (Thermofisher scien-
tific, USA), with aspartic acid (Sigma Aldrich) as standard 
and both in-house and certified reference materials used 
as standard checks. Larvae were harvested from the auto-
mated flow through feeding system and starved for 24 h to 
ensure that their stomachs were empty of algae prior to sam-
pling. The feeding system provided a continuous supply of 
approximately 2000 cell  mL−1 70% Tisochrysis lutea and 
30% Dunaliella sp. mixture. Eggs were harvested after addi-
tion of 1-MA. The larvae were concentrated, and replicate 
(n = 6) subsamples were taken to calculate the average num-
ber of larvae per volume. The required volume (equating to 
sample size: 4000 eggs, embryos or larvae up to bipinnaria 
stage and 1000 larvae for later stages, per replicate) was then 
filtered on to pre-ashed 25 mm GFC Whatman filters (n = 6 
replicates, n = 3 FSW blanks per collection) and stored at 
– 20 °C until analysis. The samples were freeze dried prior 
to analysis. The molar C/N ratio was then calculated from 
the concentration of C and N.

C- and N-specific ingestion rates (µg C  ugC−1 larva  d−1 and 
µg N  ugN−1 larva  d−1, respectively) were calculated by divid-
ing the ingestion rate (in µg C or µg N) for a 24-h period in 
the 3000 cells  mL−1 food treatment by the average larvae C 
or N concentration for each larval stage.

Statistical analysis

All statistical procedures were carried out in R v4.2.2 
(R-Core-Team.). Two physiological parameters, filtration 
and ingestion rate, and C and N content per larva or egg 
were evaluated using a generalised linear mixed-effect 
model (GLMM) (Bolker et al. 2009) with the glmmTMB 
package (Brooks et al. 2017) modelled against a gamma 
error distribution. Conformity to statistical assumptions 
was tested using the DHARMa package (Hartig 2021). All 
models included the following nested random factors: year 
(n = 2), larva batch (n = 5) and experiment (n = 14). The 
models for filtration rate and ingestion rate included larval 
stage (categorical: five levels), algal concentration treatment 
(categorical: two levels) and larval density (continuous) 
as fixed effects. Mid brachiolaria were removed from the 
dataset for statistical purposes (only a single replicate was 
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available for the 1000 cells  mL−1 algae concentration treat-
ment). We assessed the significance of fixed effects using 
Type II Wald’s Chi-square tests. Contrasts were investigated 
with pairwise estimated marginal means with the emmeans 
package (Lenth 2020). Model strengths were assessed using 
the marginal Rm

2 (variance explained by fixed effects) and 
conditional Rc

2 (variance explained by both the fixed and 
random effects) values. Larval stage by food concentration 
interactions was tested and left in the final model if signifi-
cant at 0.05 level.

Carbon and nitrogen content per larva was modelled 
using the same statistical procedures as described above for 
filtration and ingestion rate. These models included egg and 
larval stage (categorical: eight levels) as fixed effects.

Results

Filtration rates

The filtration rates (FR) of six larval development stages 
were measured at 3000 cells  mL−1 and 1000 cells  mL−1 algal 
food concentrations. The model predicting FR from the fixed 
effects of larval stage, food concentration, their interaction 
and larval density (in culture chambers) explained 90% 
(conditional Rc

2) and 60% (marginal Rm
2) of the variation 

in FR (Table 1). Filtration rates were not found to differ sig-
nificantly between the 3000 cell  mL−1 and 1000 cell  mL−1 
food treatments for all larval development stages except for 
the oldest larvae where the FR (mean ± SE) increased from 
374 ± 81 µL  larva−1  h−1 (n = 18) in the 3000 cell  ml−1 treat-
ment to 497 ± 109 µL  larva−1  h−1 (n = 23) in the 1000 cell 
 mL−1 food treatment (p < 0.01). However, this is most likely 

due to large variability in the data at this larval develop-
ment stage. The FR averaged over both algal food treatments 
increased for each larval stage and had a significant increase 
between early bipinnaria larvae to advanced bipinnaria lar-
vae (p < 0 0.05), early brachiolaria larvae (p < 0.05) and 
advanced brachiolaria (p < 0 0.05) larvae with an approxi-
mate 150%, 167% and 230% increase in FR, respectively 
(Fig. 1). The FR (µL  larva−1  h−1) for each larval develop-
mental stage was 127 ± 32 (n = 24), 184 ± 65.9 (n = 10) and 
320 ± 52.2 (n = 53), for early, mid and advanced bipinnaria, 
respectively, and 341 ± 70.2 (n = 36) and 425 ± 90.1(n = 41) 
for early brachiolaria and advanced brachiolaria, respec-
tively. The highest (± SE) FR was for advanced brachiolaria 
larvae of 497 ± 109 µL  larva−1  h−1 (n = 23) under the 1000 
cells  mL−1 food concentration treatment, while the low-
est FR was early bipinnaria of 126 ± 32.6 µL  larva−1  h−1 
(n = 12) in the 1000 cells  mL−1 food concentration treatment. 
Mid brachiolaria was not included in the statistical analysis 
because only one replicate was available for the 1000 cells 
 mL−1 food treatment, yet the raw data suggest filtration and 
ingestion rates from the 3000 cells  mL−1 algae food treat-
ment sits as an intermediate between that of the early and 
late brachiolaria. Filtration rate had a significant negative 
relationship with larval density with higher FRs under lower 
larval density. 

Ingestion rates

Like filtration rates, ingestion rates (IR) were measured 
for six successive larval development stages at two algal 
concentrations. All fixed effects and the interaction had a 
significant effect on IR and explained 95.77% (conditional 
Rc

2) of the variation in IR. Ingestion rate from the 1000 to 

Table 1  Summary of generalized linear mixed-effects models (GLMM) testing the effects of larval density, food concentration, larval stage and 
interaction on filtration rate and ingestion rates of Acanthaster cf. solaris 

Bold indicates results which are statistically significant
Ebip early bipinnaria, Midbip mid bipinnaria, Advbip advanced bipinnaria, Ebrach early brachiolaria, Advbrach advanced brachiolaria

Predictors Filtration rate Ingestion rate

Estimates CI p Estimates CI p

(Intercept) 189.4 109.84–326.60  < 0.001 512.45 368.17–713.26  < 0.001
Larval stage [Midbip] 1.48 0.61–3.56 0.385 1.16 0.71–1.90 0.556
Larval stage [Advbip] 2.43 1.33–4.44 0.004 1.04 0.74–1.47 0.809
Larval stage [Ebrach] 2.57 1.34–4.94 0.005 1.2 0.83–1.74 0.327
Larval stage [Advbrach] 2.93 1.51–5.68 0.002 1.46 1.00–2.14 0.049
Food treatment [1000 cells  ml−1] 0.99 0.85–1.15 0.877 0.3 0.26–0.34  < 0.001
Larval density  ml−1 0.5 0.36–0.69  < 0.001 0.22 0.17–0.28  < 0.001
Larval stage [Midbip] × Food [1000 cells  ml−1] 0.96 0.72–1.28 0.769 1.12 0.88–1.43 0.342
Larval stage [Advbip] × Food [1000 cells  ml−1] 1.08 0.89–1.32 0.423 1.2 1.01–1.41 0.034
Larval stage [Ebrach] × Food [1000 cells  ml−1] 1.09 0.89–1.34 0.409 1.2 1.01–1.43 0.039
Larval stage [Advbrach] × Food [1000 cells  ml−1] 1.35 1.09–1.66 0.006 1.59 1.33–1.90  < 0.001
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3000 cells  mL−1 food treatment was significantly higher 
for all larval stages with an approximate tripling for early, 
mid, advanced bipinnaria and early brachiolaria larvae and 
approximate doubling for the oldest larvae (Fig. 2, Table 1). 
During larval development, the IR (mean ± SE) generally 
increased (n = 12, 214 ± 31 to n = 18, 314 ± 39 cells  larva−1 
 h−1) from the youngest to oldest larvae at the 3000 cells 
 mL−1 food treatment, although the difference was not signifi-
cant (Table 2). The IR in the 1000 cells  mL−1 food treatment 
also increased (n = 12, 64 ± 9.3 to n = 23,148.9 ± 19 cells 
 larva−1  h−1) during larval development and it was signifi-
cantly greater for advanced brachiolaria larvae than that of 
early bipinnaria (p < 0.001) and advanced bipinnaria larvae 

Fig. 1  The effect of algal 
treatment (1000 and 3000 cells 
 mL−1 Dunaliella sp.), larval 
density and CoTS (Acanthaster 
cf. solaris) larval development 
stage on filtration rate. Error 
bars represent 95% confidence 
intervals. Ebip early bipin-
naria, Midbip mid bipinnaria, 
Advbip advanced bipinnaria, 
Ebrach early brachiolaria, Adv-
brach advanced brachiolaria

Fig. 2  Results of GLMM testing 
the effect of CoTS (Acanthaster 
cf. solaris) larval development 
stage, algal treatment (1000 and 
3000 cells  mL−1 Dunaliella sp.) 
and larval density on ingestion 
rate. Error bars represent 95% 
confidence intervals. Ebip early 
bipinnaria, Midbip mid bipin-
naria, Advbip advanced bipin-
naria, Ebrach early brachiolaria, 
Advbrach advanced brachiolaria

Table 2  Chemical analysis of Dunaliella sp. and Tisochrysis lutea on 
a per cell basis

Mean ± SD
C/N represent molar ratio; N = number of samples analysed. Tisochry-
sis lutea C and N data from Mellin et al (2017)

Variable N Dunaliella sp. N Tisochrysis lutea

Chlorophyll a (pg  cell−1) 2 1.52 (0.03) 2 0.35
Carbon (pg  cell−1) 4 31.77 (4.89) 2 15.39
Nitrogen (pg  cell−1) 4 5.72 (0.42) 2 2.53
C/N 4 6.47 2 7.09
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(p < 0.01) by 132% and 86%, respectively (Fig. 2). The sig-
nificant interaction is likely to be caused by IR increasing 
with larval stage in the 1000 cells  mL−1 treatment, but not so 
in the 3000 cells  mL−1 food treatment. However, the direc-
tion of the trend was similar in both cases. Ingestion rate 
had a significant negative relationship with larval density 
(Table 1). 

Chemical composition of larvae and phytoplankton

Organic carbon (C) and nitrogen (N) measured in larvae and 
eggs were modelled with larval development stage as the 
fixed effects and year/batch/experiment as nested random 
factors. Larval stage had a significant effect on C and N 
body content (Table 3) and showed a distinct pattern dur-
ing larval development where C and N body content did 
not increase significantly from egg to advanced bipinnaria 
larvae (p > 0.5), and then rapid gains were observed from 
advanced bipinnaria to early brachiolaria larvae, with 80% 
gain in C and 60% gain in N (C: p < 0.01, N: p < 0.01). The 
C and N content then remained relatively constant during 
brachiolaria stage (Fig. 3).

The C content (mean ± SE) between eggs and gastrula 
embryos ranged from 0.64 ± 0.09 µg C  egg–1 (n = 5) to 
0.97 ± 0.011 µg C  larva–1 (n = 17) and to 1.32 ± 0.11 µg 
C  larva–1 (n = 34) for advanced brachiolaria stage larvae. 
The N content of eggs ranged from 0.11 ± 0.021 µg N 
 egg–1 to 0.17 ± 0.023 µg N  larva–1 for gastrula embryos to 
0.29 ± 0.028 µg N  larva1 for advanced brachiolaria larvae 
(Fig. 3). During complete development from egg to meta-
morphosis, larvae biomass accumulated a C gain of 106% 
and an N gain of 164% (Table 4).

Molar C/N ratio of eggs and larvae (Fig. 4) calculated 
from C and N analysis indicated changes in the proportion of 

C and N content during larval growth. The C/N ratio showed 
maximum values in eggs (~ 6.83) and minimum values in 
early brachiolaria stage (~ 5.35). This was due to an increase 
in N content from 14 to 18% of the total biomass (C + N 
combined) between eggs and the oldest larvae. The C/N ratio 
of larvae during development increasingly deviated from 
their algal food C/N ratio (Dunaliella sp., Tisochrysis lutea, 
C/N 6.47 and 7.09, respectively) (Fig. 4). When maximum 
ingestion rates of CoTS larvae feeding on Dunaliella sp. 
at a concentration of 3000 cells  mL−1 were converted to 
biomass-specific rates (Table 3), it suggested that larvae 
ingested ca. 13% of their body C and N content per 24 h 
at early bipinnaria stage and this increased to ca. 24% and 
21% for C and N, respectively, at advanced bipinnaria stage 
and then remained relatively constant in brachiolaria stage 
(Table 5).

Discussion

Ingestion and filtration rates

Increased understanding of the feeding response of Acan-
thaster cf. solaris (CoTS) larvae to environmental condi-
tions is essential to elucidate the role food levels play in 
larval success and ultimately CoTS adult population size. In 
the present study conducted under two satiating algal food 
concentrations, we found that filtration rate (FR) (volume of 
water cleared of food particles) remained relatively consist-
ent for both algal food concentrations (3000 cells  mL−1 and 
1000 cells  mL−1) for each larval stage. The FR increased 
during larval development with an approximate tripling from 
early bipinnaria (127 µL−1  h−1) to advanced brachiolaria lar-
vae (497 µL−1  h−1). Lucas (1982) measured rates of ~ 50 

Table 3  Ingestion rate  (d−1) converted to C and N units, biomass-specific ingestion rate  (d−1) and C/N ratio, of CoTS (Acanthaster cf. solaris) 
eggs and larval development stages

Data presented as mean (SD), N = C, N sample size. Ingestion rates are based on mean ingestion rate at 3000 cells  mL−1 (~ 0.10 µg C  mL−1) 
algal food treatment converted to C and N units (Dunaliella sp. C = 31.77 pg  cell−1, N = 5.72 pg  cell−1, see Table 2)
Egg mature unfertilized egg, Fert egg fertilized egg (fertilization envelope present), Ebip early bipinnaria, Advbip advanced bipinnaria, Ebrach 
early brachiolaria, Midbrach mid brachiolaria, Advbrach advanced brachiolaria

Egg/larval stage N C/N Ingestion rate Biomass-specific ingestion rate

Cells  larva−1  d−1 µ g C  larva−1  d−1 µ g N  larva−1  d−1 µg C ug  C−1 larva  d−1 µg N ug  N−1 larva  d−1

Egg 5 6.83 (0.06) – – – – –
Fert egg 6 6.84 (0.1) – – – – –
Gastrula 17 6.56 (0.29) – – – – –
Ebip 24 6.47 (0.17) 4672.43 (861.97) 0.15 (0.03) 0.03 (0.005) 0.13 (0.03) 0.13 (0.03)
Advbip 15 5.99 (0.58) 4801.63 (1109.15) 0.15 (0.04) 0.03 (0.006) 0.24 (0.03) 0.21 (0.03)
Ebrach 12 5.35 (0.08) 6951.59 (2307.25) 0.22 (0.07) 0.04 (0.013) 0.2 (0.07) 0.16 (0.06)
Midbrach 17 5.37 (0.09) 8747.95 (4045.88) 0.28 (0.13) 0.05 (0.023) 0.25 (0.13) 0.21 (0.11)
Advbrach 34 5.35 (0.39) 12,720.56 (5590.16) 0.40 (0.18) 0.07 (0.032) 0.26 (0.08) 0.21 (0.06)
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µL−1  h−1 up to ~ 250 µL−1  h−1 from the youngest to old-
est larvae. We believe that the higher rates measured in the 
present study are the result of increased larval viability due 
to improvements in culturing techniques (e.g. flow through 

system) combined with greater replication and precision in 
algae-counting technique (flow cytometry). Increasing FR 
with larval age and size has been reported in other plank-
totrophic echinoderm larvae, for example Parastichopus 

Fig. 3  GLMM results of the effect of CoTS (Acanthaster cf. solaris) 
egg and larval stage on carbon and nitrogen body content of larvae. 
Error bars represent 95% confidence intervals. Egg mature unfer-

tilized egg, Fert egg fertilized egg (fertilization envelope present), 
Ebip early bipinnaria, Midbip mid bipinnaria, Advbip advanced bipin-
naria, Ebrach early brachiolaria, Advbrach advanced brachiolaria

Table 4  Summary of 
generalized linear mixed-effects 
models testing the effect of 
Acanthaster cf. solaris larval 
stage on carbon and nitrogen 
content on a per larva basis

Bold indicates results which are statistically significant
The models explained 88% and 90% (conditional Rc

2) of the variance for carbon and nitrogen content, 
respectively
Egg mature unfertilized egg, Fert egg fertilized egg (fertilization envelope present), Ebip early bipinnaria, 
Advbip advanced bipinnaria, Ebrach early brachiolaria, Midbrach mid brachiolaria, Advbrach advanced 
brachiolaria

Predictors Carbon content Nitrogen content

Estimates CI p Estimates CI p

(Intercept) 0.77 0.64–0.94 0.009 0.15 0.12–0.19  < 0.001
Egg 0.9 0.67–1.20 0.474 0.79 0.55–1.11 0.177
Fert egg 0.83 0.63–1.11 0.211 0.73 0.51–1.03 0.071
Gastrula 1.26 1.01–1.57 0.042 1.1 0.85–1.44 0.471
Ebip 1.11 0.92–1.33 0.275 1.01 0.81–1.26 0.951
Advbip Reference Reference
Ebrach 1.59 1.26–2.01  < 0.001 1.78 1.34–2.35  < 0.001
Midbrach 1.41 1.15–1.73 0.001 1.55 1.22–1.98  < 0.001
Advbrach 1.71 1.43–2.05  < 0.001 1.88 1.51–2.33  < 0.001
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californicus (Holothuriodea), Luidia foliolata (Asteroidea) 
and Ophiopholis aculeata (Ophiuroidea) (Strathmann 1971). 
Also, a study using CoTS larvae with short (3–10 min) incu-
bation periods also found that FR increased with larval age 
and peaked at late brachiolaria stage (Ayukai 1994). Increas-
ing FR with larval age likely relate to increased length of 
feeding ciliated band in proportion to larval size (Strathmann 
1971) as has also been reported for CoTS larvae (Wolfe 
et al. 2015a; Caballes 2017) and as such, it is most likely 
the reason for increased feeding rates with larval develop-
ment observed in this study. To our knowledge, there are no 

data available on whether the density of cilia also increases 
in asteroid larvae.

The oldest larvae showed the greatest variability in 
their FR, which is likely due to difference in competency 
for metamorphosis (larvae closer to settlement cease feed-
ing) of the larvae as the larvae decrease the size of feeding 
appendages and internal changes occur with preparation for 
metamorphosis. Similar results have been observed previ-
ously with CoTS larvae (Lucas 1982) as well other plankto-
trophic larvae approaching metamorphosis, i.e. oyster (Rosa 
and Padilla 2020), gastropod (Hansen and Ockelmann 1991) 
and sea urchin (Pedrotti 1995).

Ingestion rate (IR) at each larval development stage was 
dependant on algal concentration and increased at higher 
concentrations as expected under constant FR. These results 
corroborate with previous results and are linked to greater 
number of algal cells filtered per unit of water when algae 
are provided at higher concentrations (Strathmann 1971; 
Lucas 1982; Ayukai 1994; Mellin et al. 2017). The youngest 
larvae, early bipinnaria, showed the largest relative increase 
(235%) in IR when exposed to the higher algal concentration 
as compared to the lower concentration, while the oldest lar-
vae, advanced brachiolaria, increased by 110%, suggesting 
that the younger larvae may be able to utilize increased food 
resources more efficiently. Ingestion rate showed a general 

Fig. 4  Molar carbon and nitrogen ratio of CoTS (Acanthaster cf. sola-
ris) egg and larval stages. Egg mature unfertilized egg, Fert egg fer-
tilized egg (fertilization envelope present), Ebip early bipinnaria, 
Midbip mid bipinnaria, Advbip advanced bipinnaria, Ebrach early 
brachiolaria, Advbrach advanced brachiolaria. Boxplot line repre-

sents median, box indicates interquartile range (IQR) and whiskers 
denote 1. 5 × IQR. Black dots represent measured data. Dashed lines 
represent C/N ratio of algal food used for rearing larvae in the auto-
mated feeding system (blue: Dunaliella sp. = 6.47.; red: Tisochrysis 
lutea = 7.09) 

Table 5  Larva age (dpf = days post fertilization) for each develop-
ment stage for filtration and ingestion rate experiments and C/N anal-
ysis

Larva age dpf Development stage

0.75 Gastrula
2–3 Early bipinnaria
4 Mid bipinnaria
4–6 Advanced bipinnaria
6–7 Early brachiolaria
7–8 Mid brachiolaria
9–10 Advanced brachiolaria
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trend of increase with larval development, but the difference 
was not statistically significant for the 3000 cell  mL−1 food 
concentration treatment, which is likely due to high vari-
ability in data at the oldest larval stage.

Larval density during incubations had a significant effect 
on both the IR and FR, with increasing larval densities hav-
ing a decreasing effect on both IR and FR. This suggests 
either some competitive processes at higher larval density 
or larvae effecting other larvae in their feeding activity. This 
effect of slight variation in larval densities has been removed 
in our statistical models (by including ‘larval density’ as 
a covariate). In laboratory experiments, larval density has 
been found previously to affect larval growth, with increas-
ing larval density reducing the probability of CoTS larvae 
reaching late brachiolaria stage (Uthicke et al. 2018), which 
was suggested to be due to density-dependant culturing arte-
fact or heightened food competition among larvae at high 
larval densities. However, larval densities used in the labo-
ratory are several orders of magnitude higher than those in 
nature (Uthicke et al. 2019).

Carbon and nitrogen partitioning

CoTS larvae can commence feeding as soon as their ali-
mentary canal is developed, which usually occurs by 2–3 
days after hatching or early bipinnaria stage (Keesing et al. 
1997). However, larvae can develop to advanced bipinnaria 
stage, with complete larval structures without requiring 
phytoplankton as a nutrition source (Lucas 1982; Brodie 
1992). After this point, CoTS larvae require phytoplank-
ton food sources to continue development to achieve com-
petency. The larvae used for our C and N analysis were 
reared under constant, nutrition conditions and fed an algae 
mixture of Dunaliella sp./Tisochrysis lutea from the time 
they had developed an alimentary canal or early bipinnaria 
stage. Hence, at no time were larvae food limited except for 
a period of starvation (ca. 24 h) prior to sampling, which 
was designed to remove algae from their stomachs so that 
not confounding the C and N analyses. Therefore, changes 
in the C and N partitioning can be considered as the result 
of developmental changes and preparation for metamorpho-
sis and settlement. Overall, the C and N content increased 
steadily during larval development with a sharp increase 
from brachiolaria stage larvae, thus not long after feed-
ing commences. Parallel data of C and N and biochemical 
composition (lipids, protein and carbohydrate) of echino-
derm larvae are scarce; however, studies on planktotrophic 
decapod larvae have shown C and N content to be highly 
correlated with lipid and protein content, respectively, and 
can be used as crude estimates thereof (Anger et al. 1989). 
As such, the current results are consistent with previous 
research findings from other echinoderms. For example, 
George et al. (1997) observed the most rapid increase in 

lipid and protein contents of Arbacia lixula and Paracen-
trotus lividus (Echinoidea) in the late stage larvae prior to 
metamorphosis. The significant increase in C and N con-
tent coincided with an abrupt decrease in the molar C/N 
ratio in brachiolaria larvae. The decreased C/N ratio was 
due to a larger relative increase in the N pool relative to 
the C pool. This suggests that more proteins accumulate in 
later-stage larvae coupled with a depletion of maternal lipid 
reserves (Hart 1996; Anger 2001), consistent with previous 
research findings that larvae are then reliant on exogenous 
food sources. A depletion of maternal lipid reserves over the 
course of development has been observed in other asteroid 
(Byrne and Cerra 2000) and echinoid species (Sewell 2005) 
with planktotrophic development. The higher protein content 
is most likely building up the body structures, which is con-
sistent with the results of adult echinoderm tissue analysis 
which consists predominately of protein (~ 70%) (Lawrence 
and Guille 1982; McClintock et al. 1990). Studies on deca-
pod crustacean larvae have shown that C/N ratio trends vary 
with developmental mode, with lecithotrophic larvae show-
ing increasing C/N ratios during development (Anger 1998).

Given that the C/N ratio of the food algae is around 6.62 
as for most phytoplankton (Redfield ratio), the C/N ratio of 
the larvae increasingly deviates from the C/N ratio of the 
food with larval development (see Fig. 4), suggesting that 
CoTS larvae have to cope with excess dietary C. Previous 
work on the copepod, Daphnia magna showed that respi-
ration and excretion of dissolved organic carbon was the 
primary mechanism by which excess dietary C was expelled 
(Darchambeau et al. 2003). The elemental composition of 
some zooplankton has been found to correlate with algal 
food composition, while other studies have found no link 
(Andersen and Hessen 1991; DeMott et al. 1998).

The increase in C and N content between eggs and the 
non-feeding gastrula stage may support the uptake of dis-
solved organic matter (DOM) as a source of nutrition. A 
previous study suggested that CoTS gastrula-stage larvae 
can take up DOM in sufficient amounts to provide for growth 
and development (Hoegh-Guldberg 1994). Similar evidence 
was found in another study which demonstrated that CoTS 
larvae assimilate coral-derived DOM (Nakajima et al. 2016).

We found (Table 3) that from advanced bipinnaria, larvae 
ingested approximately twofold increase of C and N content 
in a 24-h period relative to their own body content. This 
again confers with the ingestion rate results and is most likely 
due to increased energy demand when larvae are depleting 
maternal reserves and are building the rudiment and pre-
paring for settlement and metamorphosis. Studies on the 
energy requirements (i.e. oxygen consumption rates) during 
development showed that weight-specific metabolic rates in 
planktotrophic Heliocidaris tuberculata (Echinoidea) larvae 
peaked in early development and then remained relatively 
stable during the last part of development (Hoegh-Guldberg 
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and Emlet 1997), which is a similar pattern to our results. 
Similarly, the weight-specific respiration rates of Dendraster 
excentricus and Asterina miniata larvae increased during 
development (Hoegh-Guldberg and Manahan 1995). The 
respiration rates of Asterina miniata larvae increased during 
development and increased food concentrations, and used 
less energy for protein deposition, compared to larvae raised 
under lower food conditions (Pace and Manahan 2007).

Ecological significance

Key factors considered to control variations in CoTS larvae 
recruitment success are food availability (Birkeland 1982; 
Brodie 1992; Fabricius et al. 2010) and predation (Cowan 
et al. 2017). Under field conditions, CoTS larvae must con-
tend with a wide range of particle types and be able to dis-
criminate nutritious particles from inedible ones. As well 
for most studies on the Great Barrier Reef (GBR), chl a is 
used as a proxy for phytoplankton biomass. In this study, 
chl a was approximately 1.52 µg  L−1 and 4.56 µg  L−1 for 
the 1000 cells  mL−1 and 3000 cells  mL−1 food concentration 
treatments, respectively, which is consistent with the range 
of chlorophyll a concentrations reported on the GBR during 
flood plumes (Brodie et al. 2005; Devlin and Brodie 2005). 
As well, following flood events and oceanic processes such 
as upwelling, larger phytoplankton species > 10µm dominate 
phytoplankton biomass which can be effectively utilized by 
CoTS larvae (Revelante and Gilmartin 1982; Brodie et al. 
2007). Our investigation was conducted under satiating 
(assumed to be > 0.5–0.8 ug chl a  L−1, > 1000 cells  mL−1) 
conditions (Fabricius et al. 2010; Wolfe et al. 2015b; Uthicke 
et al. 2018). Although limited, the data available on phyto-
plankton cell numbers on midshelf reefs suggest that dia-
toms are usually < 500 cells  mL−1 (Revelante and Gilmartin 
1982), thus below the satiation levels.

The results of this study suggest that CoTS larvae filter 
randomly and the filtration rate does not depend on algal 
concentration at the concentration range tested in this study. 
Furthermore, as the results also suggest that CoTS larvae 
under lower food conditions were not able to increase their 
filtration rate, these results support the idea that under oli-
gotrophic conditions, CoTS larvae may not be able to ade-
quately gain their nutrition requirements. Although the food 
concentrations tested in this study are considered higher than 
oligotrophic conditions, there are empirical studies which 
show that CoTS larvae growth is inhibited under lower food 
conditions (Wolfe et al. 2015b; Uthicke et al. 2018), which 
seems to also indicate that CoTS larvae are limited in their 
ability to adequately upscale their food intake by increas-
ing filtration rate. Similarly, increased ingestion rates with 
higher food during all feeding stages suggest that CoTS larva 
energy intake can increase proportionally to the availability 
of food. However, we also found some support that at least 

early larvae can also assimilate DOM. Future work investi-
gating respiration rates of CoTS larvae will help provide a 
full depiction of larval energy requirements.
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