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Abstract 17 

Metabarcoding is revolutionising the analysis of biodiversity in marine ecosystems, 18 

especially as it provides a means of detecting and identifying cryptic life-stages in field 19 

samples. The planktonic larval stage of many species underpins the abundance and 20 

distribution of adult populations but is challenging to characterise given the small size of 21 

larvae and diffuse distributions in pelagic waters. Yet, planktonic larval dynamics are key to 22 

understanding phenomena observed in adult populations, such as the boom-and-bust 23 

dynamics exhibited by some echinoderms. Rapid changes in echinoderm population density 24 

can have significant effects on local benthic ecosystems, for example, outbreaks of the 25 

crown-of-thorns seastar (CoTS) on the Great Barrier Reef (GBR) are responsible for declines 26 

in coral cover. Here, we used a DNA metabarcoding approach to investigate the spatio-27 

temporal distribution and diversity of echinoderm larvae on the GBR, including CoTS. 28 

Echinoderm larvae were found to exhibit seasonal changes in community composition and 29 

richness, consistent with expected fluctuations in larval output based on adult spawning 30 

periodicity. Furthermore, this study validates the utility of metabarcoding approaches for the 31 

surveillance of CoTS larvae, which could prove useful to future monitoring efforts. Our 32 

findings suggest that metabarcoding can be used to better understand the life history of 33 

planktonic larvae, and analyses combining environmental (e.g., temperature, nutrients) and 34 

oceanographic (e.g., currents) data could deliver valuable information on the factors 35 

influencing their spatio-temporal occurrence. 36 

 37 
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Introduction 40 

The biodiversity of marine environments is changing at an unprecedented rate due to human-41 

induced habitat disturbances (Beaugrand et al. 2002; Molinos et al. 2015). Ensuring that 42 

diversity is preserved or restored is crucial to the functioning and persistence of ecosystems 43 

worldwide (Alsterberg et al. 2017). Monitoring marine biota and indices of ecosystem health, 44 

such as the presence of certain bioindicator species, is a global research priority (Ceballos et 45 

al. 2015; Molinos et al. 2015). For many species, research efforts have focused on 46 

quantifying and forecasting the biodiversity of adult populations. However, most marine 47 

invertebrates exhibit a pelago-benthic life cycle, whereby adults are primarily benthic, and 48 

larvae develop in the water column (Cowen and Sponaugle 2009). Planktonic larval stages 49 

can disperse great distances, facilitating the replenishment of, and connectivity among 50 

populations. Larval supply, in turn, mediates the establishment and persistence of adult 51 

populations (Cowen and Sponaugle 2009; Treml et al. 2015). Despite the importance of the 52 

planktonic larval life stage, it is rarely considered in biodiversity monitoring efforts, and little 53 

is known of the temporal and spatial stochasticity of planktonic larvae due to the difficulties 54 

associated with collecting, detecting and discriminating among species in the field (Uthicke 55 

et al. 2015a). 56 

Contemporary genetic tools, such as metabarcoding, can overcome many of the challenges 57 

associated with the detection and identification of planktonic larvae (Ko et al. 2013; Uthicke 58 

et al. 2015a). Metabarcoding involves the extraction and amplification of DNA within 59 

biological samples (e.g., soil and water samples), followed by amplicon sequencing and the 60 

taxonomic identification of sequences attributed to each sample. This method not only 61 

enables the simultaneous identification of multiple taxa, but it also provides a means of 62 

identifying cryptic taxa or life-stages, such as planktonic larvae, that would otherwise be too 63 

difficult to detect or identify in the field. It has been used as a rapid and cost-effective tool to 64 

quantify diversity in fresh-water and marine environments (Kimmerling et al. 2018; Berry et 65 

al. 2019; Glenn et al. 2019). Comparatively fewer studies have applied this approach to 66 

plankton diversity, and fewer still in a spatially and temporally structured manner (e.g., Berry 67 

et al. 2017).  68 

A distinct ecological characteristic in many marine ecosystems is a phenomenon known as 69 

boom-and-bust, that is thought to be influenced by larval dynamics (Uthicke et al. 2009). 70 

Boom-and-bust dynamics, describe periods of rapid and exponential growth of benthic adult 71 
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populations (Strayer et al. 2017) followed by a sudden population decline (crash), have been 72 

attributed in part to the abundance of planktotrophic larval stages (Uthicke et al. 2009). 73 

Planktotrophic larvae, those that feed whilst in the water column, are often the product of 74 

broadcast spawning, whereby fertilization success increases exponentially rather than linearly 75 

with increases in adult densities (Uthicke et al. 2009). This excess supply of larvae can cause 76 

rapid increases in adult population sizes especially when there are high larval survival rates 77 

(Cruz and Harrison 2017). Additionally, the condition and survival of planktotrophic larvae 78 

can be uncoupled from that of their parents (Uthicke et al. 2009; Marshall and Morgan 2011), 79 

such that environmental factors influencing planktotrophic larval survival can result in 80 

unforeseen changes to adult population densities including ‘population explosions’ or ‘die-81 

offs’ (Uthicke et al. 2009). Although boom-bust dynamics are considered natural cycles, 82 

there is mounting evidence to suggest that anthropogenic impacts are exacerbating the speed 83 

and scale of these natural fluctuations (Uthicke et al. 2009; Matthews, Mellin and Pratchett 84 

2020; Kroon et al. 2021). These accelerated fluctuations in population density may prevent 85 

ecosystems from adapting to or compensating for rapidly changing environments (Hoey et al. 86 

2016). Such unpredictable population dynamics therefore pose a challenge for monitoring 87 

and management of both at-risk and pest species. 88 

  89 

Boom-and-bust phenomena are especially common among echinoderms. Species from the 90 

genera Acanthaster, Diadema, and Echinometra are well-known for extreme cyclical 91 

population fluctuations and hold important trophic positions that are pivotal in structuring 92 

coral reef communities (Paine 1969; Birkeland 1989; Byrne 2011). For example, density 93 

fluctuations of the algal-grazing Diadema sea urchins are responsible for the oscillations 94 

between coral- and algal-dominated ecosystem states in the Caribbean (Hughes 1994), and 95 

transitions between temperate kelp forests and ‘urchin-barrens’ have also been observed in 96 

response to fluctuating population densities of herbivorous sea urchins (Scheibling et al. 97 

1999). Similarly, southern range expansions of sea urchins from Australia and New Zealand 98 

into Tasmania are devastating kelp communities (Johnson et al. 2011). The removal of 99 

echinoderms from ecosystems can cause ‘trophic cascades’ and the loss of ecosystem 100 

integrity, whilst the rapid proliferation and spread or introduction of a species can cause 101 

catastrophic ecosystem ‘phase-shifts’ (Scheffer et al. 2001). Evidently, changes to 102 

echinoderm populations can have significant effects on ecosystem functioning, productivity, 103 

and resilience (Paine 1969; Scheibling et al. 1999). 104 

  105 
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The best-known example of a boom-and-bust species is the corallivorous crown-of-thorns sea 106 

star (CoTS) (a species complex consisting of Acanthaster cf. solaris, planci, mauritiensis, 107 

benzii and elissii; Uthicke et al. 2009; Byrne et al. 2011; Haszprunar et al. 2017). Population 108 

explosions of this species have caused widespread damage, contributing significantly to coral 109 

cover loss observed between 1985 and 2012 (De’ath et al. 2012). Outbreaks have been 110 

documented periodically since 1962 (Birkeland 1989), with the most recent outbreak 111 

underway since 2008-2010 (Westcott et al. 2020). CoTS outbreaks are therefore a critical 112 

management issue as decreased coral cover results in the loss of numerous ecosystem 113 

services (De’ath et al. 2012). Uncovering the mechanisms that underpin boom-bust cycles is 114 

pivotal for an improved understanding of the factors influencing larval supply. Such 115 

knowledge will inform the conditions that affect the abundance, diversity, and distribution of 116 

adult populations, which is crucial to future management efforts. While other molecular tools 117 

such as qPCR demonstrate the utility of DNA-based approaches (Uthicke et al. 2018a, 2019), 118 

no study to date has used metabarcoding to study boom-and-bust dynamics.  119 

 120 

Here, we use metabarcoding to explore the spatial and temporal dynamics of plankton from 121 

the Great Barrier Reef (GBR), Australia. We analysed plankton samples collected from (i) 122 

Moore Reef over a 5-year period, and (ii) from 15 reefs across a latitudinal gradient between 123 

Fore and Aft Reef and Lizard Island over a 3-year period. To the best of our knowledge, no 124 

previous study has used metabarcoding to study echinoderm larvae on the GBR. With this 125 

novel application of metabarcoding, we address three main objectives: (1) determine the 126 

temporal stochasticity in echinoderm larval occurrence at Moore Reef, (2) document the 127 

patterns of occurrence of echinoderm larvae across a latitudinal gradient on the GBR over 128 

three years, and (3) determine whether metabarcoding of plankton samples can be used to 129 

infer the presence of CoTS larvae at monitored reefs. Given what we know about the boom-130 

and-bust dynamics exhibited by many echinoderms, we expected significant temporal, rather 131 

than spatial, stochasticity in the occurrence of echinoderm larvae. This work demonstrates 132 

that metabarcoding can be used to gain ecological insights into planktonic larval dynamics of 133 

marine invertebrates.  134 

 135 

Materials and methods 136 

Collection and processing of plankton samples 137 

Plankton samples were collected as described by Uthicke et al. (2019) as part of ongoing long 138 

term monitoring and two sample sets were chosen for this study. The first set of samples were 139 
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collected from Moore Reef at regular monthly intervals, spanning a five-year period from 140 

2015-2020 (Fig. 1). A total of 30 samples, consisting of two biological replicates from 15 141 

independent collection dates were chosen. The second set of samples was collected along a 142 

latitudinal transect in December of the years 2017, 2018, and 2019. These samples were 143 

collected from 15 reefs between Townsville and Lizard Island (Fig. 1). Two samples were 144 

collected at each reef in each year, equating to a total of 90 samples. 145 

 146 

DNA extraction and PCR amplification  147 

DNA was extracted from the plankton samples at the Australian Institute of Marine Science 148 

(AIMS), Townsville, prior to this study as per the protocol outlined in Doyle et al. (2017). 149 

The DNA concentration in each sample was quantified using a Nanodrop at AIMS and 150 

aliquots were transported to The University of Queensland (UQ) for sample multiplexing and 151 

library preparation. 152 

A 313-bp fragment of the COI gene was amplified using the primer set mlCOIintF and 153 

jgHCO2198 (forward: 5’-GGWACWGGWTGAACWGTWTAYCCYCC-3’; reverse: 5’-154 

TAIACYTCIGGRTGICCRAARAAYCA-3’) designed by Leray et al. (2013) and the 155 

Adapterama II multiplexing barcodes described in Glenn et al. (2019). This primer set is 156 

commonly used in marine metabarcoding studies and has been shown to amplify DNA from a 157 

broad array of marine species, including echinoderms (Leray et al. 2013). The cycling 158 

parameters involved 10 minutes at 95°C to activate the polymerase; 35 cycles of denaturation 159 

at 95°C for 1 minute, annealing at 48 °C for 30 seconds, elongation at 72°C for 30 seconds; 160 

and a final cycle at 72°C for 7 minutes followed by storage at 4°C. PCR amplifications were 161 

performed in a total 12.5 µL volume, containing 6.25 µL AmpliTaq Gold 360 Master mix (2 162 

x), 4.25 µL DNA-free water, 0.5 µL forward primer (10 µM), 0.5 µL reverse primer (10 µM), 163 

and 1 µL DNA extract (10 ng/µL). 164 

PCR reactions were performed in triplicates to account for amplification biases (Taberlet et 165 

al. 2012, Bourlat 2016). The effect of PCR variation was explored in more detail in the 166 

Moore Reef dataset, for which triplicates were uniquely tagged allow the differentiation of 167 

technical replicates post-sequencing. PCR products were visualised on 2% agarose gels and a 168 

clear single band of the expected length indicated successful amplification. ‘Failed’ 169 

amplifications were repeated with five additional cycles to procure more PCR products if 170 

possible (Bourlat 2016). Negative controls (no DNA template), positive controls (samples of 171 
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known species composition) and blanks were included in each plate. These control samples 172 

were used to guide read filtering and reduce noise in the final dataset as recommended by 173 

best practice workflows (Taberlet et al. 2012).   174 

 175 

Library preparation and sequencing 176 

Individual PCR products were purified using PCR-DX Clean beads following the 177 

manufacturer’s protocols. Thereafter, products were pooled in equimolar ratios and placed in 178 

a limited-cycle PCR to facilitate the ligation of indexed iTru5 and iTru7 primers (Glenn et al. 179 

2019). The second PCR step was performed in triplicates to account for PCR variation in 180 

adapter ligation. Each reaction consisted of 25 µL, including 12.5 µL AmpliTaq Gold 360 181 

Master mix (2 x); 5 µL nuclease-free water; 1.25 µL forward primer (10 µM); 1.25 µL 182 

reverse primer (10 µM); 5 µL pooled PCR 1 product. Triplicates were pooled and cleaned 183 

using PCR-DX Clean beads as above. The final two libraries were pooled in equimolar 184 

proportions, to ensure a minimum read depth of 20,000 reads per sample and stored at -20°C 185 

until sequenced. Illumina MiSeq 2 x 300-bp paired-end sequencing was performed by the 186 

Australian Genome Research Facilityin Melbourne, Australia. 187 

 188 

Bioinformatics 189 

The sequencing data was demultiplexed using the python program Mr. Demuxy version 190 

v1.2.0 (Glenn et al. 2019). Primer sequences and the reverse complements of the primers 191 

were removed from forward and reverse sequences using Trimmomatic version v0.39 (Bolger 192 

et al. 2014). FastQC version v0.11.3 was used to confirm the quality of the trimmed reads 193 

(Andrews 2010). Initial quality filtering was performed in Trimmomatic using a sliding 194 

window of four bases with an average quality of 15 (SLIDINGWINDOW:4:15). A minimum 195 

read length equal to the target locus length (313 bp) was set for each primer pair and bases 196 

with a quality score below 10 were trimmed (MINLEN:${LENGTH} LEADING:10 197 

TRAILING:10). Paired-end reads were merged using FLASH v1.2.11 with a minimum 198 

overlap of 30-bp (Magoč and Salzberg 2011) and only merged reads were used in 199 

downstream analyses.  200 

The following filtering steps and taxonomic assignment were performed using VSEARCH 201 

version v2.17.1 (Rognes et al. 2016). Quality filtering was performed using the fastx_filter 202 

function (fastq_maxee 1). Dereplication and denoising were subsequently performed using 203 

the UNOISE3 algorithm (unoise_alpha 2), indel filtering with the fastx_filter function, and 204 



7 

chimera removal using the UCHIME denovo algorithm. Operational Taxonomic Unit (OTU) 205 

clustering was performed using swarm version v3.0 with the d=1 (Mahé et al. 2015). 206 

Taxonomic identification was performed using SINTAX classification in VSEARCH. The 207 

curated MIDORI (Leray et al. in prep.) database (release GB241) was used as the reference 208 

database from which sequences were identified based on a 97% (sintax_cutoff) similarity 209 

threshold (Hebert et al. 2003). Echinoderm sequences were further validated against NCBI 210 

GenBank (NCBI Resource Coordinators 2017) sequences on 20 August 2023, and the 211 

distribution of identified species was subsequently assessed using the World Register of 212 

Marine Species (WoRMS) and the Atlas of Living Australia (Horton et al. 2021, ALA 2023). 213 

Output tables were curated and merged in R version 4.0.2 (R Core Team 2021) and post-214 

VSEARCH processing followed best practice approaches of Alberdi et al. (2018) and Drake 215 

et al. (2022). OTU tables were curated following best practices as described in Alberdi et al. 216 

(2018) and Drake et al. (2022). Specifically, singletons were discarded to remove low 217 

confidence sequences (Alberdi et al. 2018). The removal of “maximum taxon contamination” 218 

was performed based on the number of reads present in negative controls (as in Drake et al. 219 

2022). Additionally, in the latitudinal dataset, a sample-based threshold of 0.03% was applied 220 

(following Drake et al. 2022), while, in the Moore Reef dataset, a “restrictive additive” 221 

approach was used to process PCR/technical replicates (as in Alberdi et al. 2018). While such 222 

conservative thresholds may cause the loss of rare taxa it provides certainty of the remaining 223 

sequences (Alberdi et al. 2018). 224 

Analyses of larval spatio-temporal variation 225 

The OTU tables derived from the bioinformatic analyses were converted to presence-absence 226 

data for analyses and data visualisation. OTUs present in biological replicates were combined 227 

in an additive manner, whereby the presence of an OTU in either biological replicate was 228 

interpreted as a confirmed presence at a particular time-point/site (as in Burgar et al. 2014; 229 

Leray and Knowlton 2015). Analyses involved the total number of OTUs, hereafter referred 230 

to as “richness” and the presence/absence composition of OTUs, referred to as “assemblage” 231 

in each sample. Abundance was not considered in this study given the biases associated with 232 

estimating abundance from read counts (Leray and Knowlton 2015, Bucklin et al. 2016, 233 

Deiner et al. 2017; Kimmerling et al. 2018).  234 

All statistical analyses to test for the effect of temporal (“season”, “year”) and spatial (“site”, 235 

“longitude”, “region”) variables on echinoderm (larvae) richness and composition were 236 
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completed in R version 4.0.2 (R Core Team 2021) and a significance level of α < 0.05 was 237 

used for all models. Generalised linear mixed-effects models (GLMMs) were fitted using 238 

glmmTMB (Brooks et al. 2017) to analyse the relationship between echinoderm richness in 239 

response to the explanatory variables. Generalised linear models (GLM) were also used in 240 

cases where the inclusion of random effects was not warranted. All GLMM and GLM models 241 

were fitted with a “poisson” distribution given that count data was used as the input for all 242 

statistical analyses (Warton 2022). Models with the lowest AIC values were evaluated for 243 

overdispersion and heteroscedasticity using DHARMa (Hartig 2019), and models that 244 

displayed no significant dispersion or heteroscedasticity were retained (Warton 2022). 245 

Redundancy Discriminant Analysis (RDA) was also performed on the Moore Reef dataset, 246 

following a Hellinger transformation, to explore the effect of year and season on community 247 

composition and species occurrence (Borcard et al. 2011). Plots were also created in R using 248 

the packages phyloseq (McMurdie and Holmes 2013) and ggplot2 (Wickham 2009).   249 
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Results  250 

Library preparation and sequencing 251 

A total of 18,537,106 paired-end reads were sequenced across all samples, from which 252 

approximately 900 unique OTUs were identified (eukaryotes and prokaryotes). We found 253 

variation in community composition and read counts in both biological and technical 254 

replicates. This variability is exemplified by the variation in read counts between biological 255 

replicates (SI: Figs. 1a and 3) and among technical (PCR) replicates (SI: Fig. 1b). Stringent 256 

filtering of both datasets was conducted to minimise the effect of amplification/sequencing 257 

bias (SI: Figs. 2 and 4). The filtered dataset used in our analyses identified 14 marine 258 

eukaryote phyla, including the phylum Echinodermata. Echinoderm OTUs were identified 259 

from 23 genera across all five extant classes (Asteroidea, Crinoidea, Echinoidea, 260 

Holothuroidea and Ophiuroidea) of the phylum. Echinoderm species detected are all 261 

documented as being present on the GBR (SI: Table1).  262 

 263 

Analyses of larval spatio-temporal variation  264 

Plankton samples collected at Moore Reef between 2015-2020 were dominated by 265 

meroplankton and holoplankton of the Phyla Arthropoda, Chaetognatha and Mollusca (Fig. 266 

2a). Echinoderms comprised between one and eight percent of OTUs identified in plankton 267 

samples obtained from Moore Reef (Fig. 2a). Overall eukaryote richness and echinoderm 268 

richness followed a similar temporal pattern, with the lowest overall richness for eukaryotes 269 

observed in December 2015, June 2016, and January 2017 (Fig. 2a).  270 

 271 

Average echinoderm richness was greatest in Autumn (March – May), and lowest in Winter 272 

(June – August), with the highest peak observed in January 2018 and the lowest peaks 273 

observed in June 2017 and August 2017 (Fig. 2b). Indeed, echinoderm richness was found to 274 

be significantly correlated with season and year (SI: Table 2). The samples from Moore Reef 275 

were dominated by echinoderms of the class Ophiuroidea (Fig. 2b). RDA analyses indicate 276 

that community assemblage is most strongly associated with inter-annual variation (rda, 277 

variance = 3.00, F = 2.10, p-value = 0.02), rather than seasonal variation (SI: Table 3). 278 

However, the RDA axes explained a small amount of the variation (axis 1: 17.89%, axis 2: 279 

9.67%) in the dataset and should be interpreted with caution.  280 

 281 

Samples collected along the latitudinal transect in the years 2017-2019 were dominated by 282 

taxa belonging to the phyla Arthropoda, Chordata and Cnidaria (Fig. 4a). Echinoderms 283 
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comprised a small proportion of most samples (0-8%) but in a few rare instances they 284 

dominated samples e.g., Eddy Reef in 2019 (80%) and Hall-Thompson Reef in 2019 (~50%). 285 

Echinoderms were detected in all years, although they were most abundant in 2019 and 286 

scarcest in 2017 (Figs. 4b, 5a and 5b). Pairwise “Tukey” comparisons revealed that 287 

echinoderm richness was significantly different across the three years studied. However, 288 

richness did not differ significantly among the sites sampled, and a clear latitudinal or 289 

regional pattern was not detected in this dataset.  290 

 291 

Several reads were attributed to the species Acanthaster cf. solaris (Fig. 3a) and were 292 

assigned to eight samples from Moore Reef (Fig. 3a), across the years 2016-2020. Most 293 

detections (75%) occurred between the months November-March, however, we also detected 294 

CoTS DNA in June 2016 and August 2016 (Fig. 3a). Acanthaster cf. solaris was detected in 295 

13 samples along the latitudinal transect across the years 2017-2019 (Fig. 5a). Most 296 

detections occurred in 2019 (61%) and Acanthaster cf. solaris were detected in two years at 297 

Gibson reef (2017, 2019), Sudbury reef (2018, 2019), and Undine reef (2018, 2019).  298 

 299 

Discussion 300 

In this first study of GBR plankton using metabarcoding, we demonstrate that universal CO1 301 

primers can characterise echinoderm larvae present in plankton samples. Here, the primers 302 

developed by Leray et al. (2013) exhibited broad taxonomic coverage, recovering 31 genera 303 

of the phylum Echinodermata. The results obtained in this study provide empirical evidence 304 

for significant seasonal and inter-annual variation in the occurrence of echinoderm larvae. 305 

However, we did not find evidence of latitudinal or site-specific differences in echinoderm 306 

larval composition among our samples. We also demonstrated that metabarcoding can be 307 

used to provide estimates of pest-species occurrence, such as Acanthaster cf. solaris.  308 

 309 

Spatial and temporal variation in echinoderm larval occurrence on the GBR  310 

The first aim of this study was to determine the temporal stochasticity in echinoderm larval 311 

occurrence at Moore Reef. Most taxa observed in this study exhibited seasonal fluctuations in 312 

occurrence, and the Echinodermata displayed similar patterns to other Phyla such as 313 

Arthropoda and Mollusca (Fig. 2a). Peaks in echinoderm larval richness were observed in 314 

March and December in this study (Fig. 2b). Correspondingly, echinoderm larvae are usually 315 

only present in the zooplankton community following broadcast spawning events, which 316 

typically occur in the summer period on the GBR (December – February; McEdward and 317 
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Miner 2001). Similar seasonal fluctuations in zooplankton richness have also been observed 318 

for other taxa such as fish and crustaceans (Stoeckle et al. 2017; Sigsgaard et al. 2017; Berry 319 

et al. 2019) and are also shown in this study (Fig. 2a). This is potentially because summer 320 

environmental conditions such as temperature and salinity facilitate gamete production 321 

(Mercier and Hamel 2010; Uthicke et al. 2015b), while increased phytoplankton availability 322 

improves planktotrophic larval survivability (Uthicke et al. 2018b).  323 

 324 

We also found a significant inter-annual difference in echinoderm community composition at 325 

Moore Reef (Figs. 2b and 3). Acanthaster cf. solaris and Linckia laevigata were the most 326 

frequently detected species (Fig. 3a), which suggests they might be some of the most 327 

common species at Moore Reef. Larvae of the genera Koehleraster and Acanthaster were 328 

detected in Winter (June – August) (Fig. 3b) which indicates these groups are potentially less 329 

reliant on warmer temperatures as a cue for spawning. However, there is evidence that 330 

spawning in echinoderms is complex and correlated with multiple confounding 331 

environmental variables (Pearse 1968; Babcock et al. 2011; Bouwmeester et al. 2016; 332 

Caballes and Pratchett 2017). There is evidently strong interspecific variation in spawning 333 

periodicity among echinoderms which has yet to be thoroughly documented on the GBR 334 

(Babcock et al. 1992). Nevertheless, we show that metabarcoding is a valuable tool to capture 335 

temporal larval patterns and dynamics.  336 

 337 

The temporal patterns observed in the latitudinal transect dataset corroborated those found in 338 

the Moore Reef dataset. A significant inter-annual difference in echinoderm richness was 339 

observed across the latitudinal transect samples (Fig. 4b). Richness was significantly greater 340 

in 2019 than in 2017 or 2018 which could have resulted from increased larval output, larval 341 

survival, or interspecific spawning synchrony. This result indicates that conditions were 342 

optimal for spawning and larval survival at the surveyed reefs in 2019; and may explain 343 

instances where echinoderms dominated sampled taxa e.g., Eddy Reef and Hall-Thompson 344 

Reef (Fig. 4). However, it is also possible that sampling in 2019 coincidently overlapped with 345 

a synchronous broadcast spawning event. Based on our results, there is greater variability in 346 

the inter-annual occurrence of echinoderm larvae than other plankton (Fig. 4), which is not 347 

surprising given evidence of unpredictable spawning behaviour in several echinoderm species 348 

(Babcock et al. 2011). Any persistent inter-annual changes in the composition and abundance 349 

of echinoderms would only be detected over a longer-term study given that they are long-350 

lived organisms and warrants further investigation (Berry et al. 2019).  351 
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 352 

The second aim of this study was to document the latitudinal occurrence of echinoderm 353 

larvae using the samples collected along a latitudinal transect on the GBR. We did not 354 

hypothesise a linear relationship between latitude and echinoderm larval occurrence given the 355 

lack of evidence for spatial structuring of adult assemblages in the region studied (ALA 356 

2023). Correspondingly, latitudinal differences in echinoderm larval richness or community 357 

composition were not detected in this study, suggesting that the composition and distribution 358 

of echinoderm larvae does not differ significantly across the study region. The sites sampled 359 

were situated within the North-Central region of the GBR (De’ath et al. 2012) so significant 360 

differences in richness and assemblage may only be observed over larger spatial scales. 361 

Additionally, currents and constant mixing in the water column are likely to haphazardly 362 

disperse planktonic larvae (Trudnowska et al. 2015; Dean et al. 2015). Based on our methods 363 

alone, we cannot untangle widespread larval mixing from larval retention, which could lead 364 

to similar patterns in larval occurrence if adult populations are similar in taxonomic 365 

composition across sites. Scarcely any work has been conducted on the spatial distribution of 366 

echinoderm larvae on the GBR to date, so the results obtained herein provide a baseline for 367 

future studies. Continual monitoring of larval occurrences could improve projections of adult 368 

distributions and identify important larval sources which is pertinent to the management of 369 

populations (Doyle and Uthicke 2021). 370 

 371 

CoTS detection using a DNA metabarcoding approach 372 

A major aim of this study was to determine whether metabarcoding could be used to detect 373 

pest-species such as the crown-of-thorns sea star. We were able to detect A. cf. solaris larvae 374 

at Moore Reef during the summer months (Fig. 3a) which is when CoTS larvae are most 375 

often detected in the water column (Uthicke et al. 2019). This result provides further support 376 

for previous studies that have suggested this period is the spawning time for CoTS on the 377 

GBR (November to January peak; Pearson and Endean 1969; Babcock and Mundy 1992; 378 

Caballes and Pratchett 2017; Uthicke et al. 2019; Caballes et al. 2021). We also detected A. 379 

cf. solaris DNA in June 2016 and August 2016 (Fig. 3a) which was not expected. Our assay 380 

may have detected fragments of adult CoTS DNA (e.g., environmental DNA fragments from 381 

shedding), sperm, or infrequent but possible unseasonal spawning. In the latitudinal transect 382 

samples, CoTS larvae were detected most often in 2019 (Fig. 5a), which again indicates a 383 

substantial inter-annual variation in larval output, supporting the boom-and-bust 384 

characteristics of CoTS. CoTS larvae were also detected twice (over two years) at Gibson 385 
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Reef, Sudbury Reef, and Undine Reef, which highlights these reefs as important locations for 386 

future studies investigating sources of larval supply as potential targets for control measures 387 

(Fig. 5a).  388 

 389 

In future, more targeted techniques (e.g., CoTS surveys or ddPCR) could be used to assess 390 

whether these reefs are key outbreaking locations or larval source/sink locations. It is worth 391 

mentioning however that increased replication and longer-term sampling in metabarcoding 392 

studies is essential to adequately capture trends in biodiversity and plankton dynamics 393 

(Lacoursière‐Roussel et al. 2018; Berry et al. 2019). For example, in our study, more 394 

consistent sampling at Moore Reef identified more echinoderm taxa, compared to the 395 

latitudinal dataset. Additionally, universal markers are a reasonable choice for most studies, 396 

however, custom primers, or a multi-marker approach (Alberdi et al. 2018; Berry et al. 2019) 397 

may be required in instances when target taxa are poorly represented by universal primers. 398 

For example, primers that target echinoderms specifically, and result in species-specific 399 

taxonomic resolution would enable more thorough investigations of echinoderm biodiversity 400 

and larval occurrence. Nonetheless, we show that DNA metabarcoding approaches could be 401 

invaluable to future management programmes. 402 

 403 

Technical variation in DNA metabarcoding studies  404 

In this study, metabarcoding was found to be a useful method for detecting specific species, 405 

including pest species such as CoTS. However, like other studies that have quantified 406 

replicate variability, we found considerable variance amongst technical and biological 407 

replicates (Alberdi et al. 2018; Leray and Knowlton 2015). These findings are further 408 

evidence that careful study design that includes ample replication is crucial in metabarcoding 409 

studies, particularly if identifying naturally occurring variation is a primary goal. We used 410 

stringent filtering of replicates to reveal that, as expected, echinoderm larval richness 411 

exhibited significant seasonal stochasticity (Fig. 2b), which is likely to be related to the 412 

reproductive seasonality of adults. 413 

 414 

Conclusions 415 

Metabarcoding presents a cost-effective and rapid method of gathering information on 416 

species occurrence, particularly for cryptic life-stages. Echinoderm taxa identified herein 417 

provide a baseline reference for species diversity that can be used to evaluate future species 418 

loss, new biological invasions, and changes in community structure. This investigation 419 
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contributes to a growing number of studies suggesting that information on the intra and inter-420 

annual variability of larval occurrence can be obtained over large spatial scales using 421 

metabarcoding approaches to provide insight into biological parameters such as spawning 422 

activity (Lacoursière‐Roussel et al. 2018; Berry et al. 2019). Ecologically significant trends 423 

can also be identified in response to known environmental gradients which is critical to 424 

projecting changes in population density. Likewise, metabarcoding was found to be an 425 

efficient method of monitoring CoTS larval occurrence and has the potential to inform pest 426 

management efforts on the GBR. Specifically, information on the spatio-temporal occurrence 427 

of CoTS larvae can be used to complement and improve models of larval dispersal to identify 428 

major source reefs. As sequence databases expand and techniques improve, so too will the 429 

capability of metabarcoding to provide robust and comprehensive monitoring of entire 430 

ecosystems.  431 
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Fig. 1 A map indicating the sites from which plankton samples were collected by the 701 

Australian Institute of Marine Science (AIMS). Reef names indicate the reef closest to the 702 

location from which plankton tows were conducted. Samples were collected from Moore 703 

Reef across the years 2015-2020 in January, March, June, August, November, and December. 704 

In contrast, samples were collected along a latitudinal gradient (between Fore & Aft Reef and 705 

Lizard Island) only in December of the years 2017-2019. Samples from the two datasets were 706 

analysed separately in this study. The map was created using data collected by AIMS, TSRA 707 

Great Barrier Reef Marine Park Authority (Lawrey and Stewart 2016). 708 

  709 

Fig. 2 OTU counts in samples collected at Moore Reef over the years 2015-2020. Counts in 710 

PCR replicates were combined in a restrictive additive manner (Alberdi et al. 2018). Counts 711 

in biological replicates (two per site) were combined to produce the results shown here. 712 

Counts for a) the main eukaryote phyla and b) Echinoderms are shown. In b) the colours on 713 

the stacked bars differentiate the five main echinoderm classes. All OTUs not identified to 714 

class level are categorised as “Echinodermata”.  715 

 716 

Fig. 3 Heatmaps showing the presence/absence of OTUs identified as Echinoderms in 717 

samples collected from Moore Reef. a) OTUs identified to the species level, with 718 

Acanthaster cf. solaris highlighted by a black rectangle. b) OTUs identified to genera level, 719 

with Acanthaster highlighted as a genus of interest.  720 

                                                                                   721 

Fig. 4 OTU counts in samples collected between the years 2017-2019 along a latitudinal 722 

gradient on the GBR. Counts in PCR replicates were combined in a restrictive additive 723 

manner (Alberdi et al. 2018). Counts in biological replicates (two per site) were combined to 724 

produce the results shown here. Counts for a) the main eukaryote phyla and b) Echinoderms 725 

are shown. In b) the colours on the stacked bars differentiate the three echinoderm classes 726 

detected.  727 

 728 

Fig. 5 Heatmaps showing the presence/absence of reads identified as Echinoderms in samples 729 

collected along a latitudinal gradient. a) OTUs identified to the species level, with 730 

Acanthaster cf. solaris highlighted. b) OTUs identified to genera level, with Acanthaster 731 

highlighted as a genus of interest. 732 


