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Abstract

Metabarcoding is revolutionising the analysis of biodiversity in marine ecosystems,
especially as it provides a means of detecting and identifying cryptic life-stages in field
samples. The planktonic larval stage of many species underpins the abundance and
distribution of adult populations but is challenging to characterise given the small size of
larvae and diffuse distributions in pelagic waters. Yet, planktonic larval dynamics are key to
understanding phenomena observed in adult populations, such as the boom-and-bust
dynamics exhibited by some echinoderms. Rapid changes in echinoderm population density
can have significant effects on local benthic ecosystems, for example, outbreaks of the
crown-of-thorns seastar (CoTS) on the Great Barrier Reef (GBR) are responsible for declines
in coral cover. Here, we used a DNA metabarcoding approach to investigate the spatio-
temporal distribution and diversity of echinoderm larvae on the GBR, including CoTS.
Echinoderm larvae were found to exhibit seasonal changes in community composition and
richness, consistent with expected fluctuations in larval output based on adult spawning
periodicity. Furthermore, this study validates the utility of metabarcoding approaches for the
surveillance of CoTS larvae, which could prove useful to future monitoring efforts. Our
findings suggest that metabarcoding can be used to better understand the life history of
planktonic larvae, and analyses combining environmental (e.g., temperature, nutrients) and
oceanographic (e.g., currents) data could deliver valuable information on the factors

influencing their spatio-temporal occurrence.
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Introduction

The biodiversity of marine environments is changing at an unprecedented rate due to human-
induced habitat disturbances (Beaugrand et al. 2002; Molinos et al. 2015). Ensuring that
diversity is preserved or restored is crucial to the functioning and persistence of ecosystems
worldwide (Alsterberg et al. 2017). Monitoring marine biota and indices of ecosystem health,
such as the presence of certain bioindicator species, is a global research priority (Ceballos et
al. 2015; Molinos et al. 2015). For many species, research efforts have focused on
quantifying and forecasting the biodiversity of adult populations. However, most marine
invertebrates exhibit a pelago-benthic life cycle, whereby adults are primarily benthic, and
larvae develop in the water column (Cowen and Sponaugle 2009). Planktonic larval stages
can disperse great distances, facilitating the replenishment of, and connectivity among
populations. Larval supply, in turn, mediates the establishment and persistence of adult
populations (Cowen and Sponaugle 2009; Treml et al. 2015). Despite the importance of the
planktonic larval life stage, it is rarely considered in biodiversity monitoring efforts, and little
is known of the temporal and spatial stochasticity of planktonic larvae due to the difficulties
associated with collecting, detecting and discriminating among species in the field (Uthicke

et al. 2015a).

Contemporary genetic tools, such as metabarcoding, can overcome many of the challenges
associated with the detection and identification of planktonic larvae (Ko et al. 2013; Uthicke
et al. 2015a). Metabarcoding involves the extraction and amplification of DNA within
biological samples (e.g., soil and water samples), followed by amplicon sequencing and the
taxonomic identification of sequences attributed to each sample. This method not only
enables the simultaneous identification of multiple taxa, but it also provides a means of
identifying cryptic taxa or life-stages, such as planktonic larvae, that would otherwise be too
difficult to detect or identify in the field. It has been used as a rapid and cost-effective tool to
quantify diversity in fresh-water and marine environments (Kimmerling et al. 2018; Berry et
al. 2019; Glenn et al. 2019). Comparatively fewer studies have applied this approach to
plankton diversity, and fewer still in a spatially and temporally structured manner (e.g., Berry

etal. 2017).

A distinct ecological characteristic in many marine ecosystems is a phenomenon known as
boom-and-bust, that is thought to be influenced by larval dynamics (Uthicke et al. 2009).

Boom-and-bust dynamics, describe periods of rapid and exponential growth of benthic adult
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populations (Strayer et al. 2017) followed by a sudden population decline (crash), have been
attributed in part to the abundance of planktotrophic larval stages (Uthicke et al. 2009).
Planktotrophic larvae, those that feed whilst in the water column, are often the product of
broadcast spawning, whereby fertilization success increases exponentially rather than linearly
with increases in adult densities (Uthicke et al. 2009). This excess supply of larvae can cause
rapid increases in adult population sizes especially when there are high larval survival rates
(Cruz and Harrison 2017). Additionally, the condition and survival of planktotrophic larvae
can be uncoupled from that of their parents (Uthicke et al. 2009; Marshall and Morgan 2011),
such that environmental factors influencing planktotrophic larval survival can result in
unforeseen changes to adult population densities including ‘population explosions’ or ‘die-
offs’ (Uthicke et al. 2009). Although boom-bust dynamics are considered natural cycles,
there is mounting evidence to suggest that anthropogenic impacts are exacerbating the speed
and scale of these natural fluctuations (Uthicke et al. 2009; Matthews, Mellin and Pratchett
2020; Kroon et al. 2021). These accelerated fluctuations in population density may prevent
ecosystems from adapting to or compensating for rapidly changing environments (Hoey et al.
2016). Such unpredictable population dynamics therefore pose a challenge for monitoring

and management of both at-risk and pest species.

Boom-and-bust phenomena are especially common among echinoderms. Species from the
genera Acanthaster, Diadema, and Echinometra are well-known for extreme cyclical
population fluctuations and hold important trophic positions that are pivotal in structuring
coral reef communities (Paine 1969; Birkeland 1989; Byrne 2011). For example, density
fluctuations of the algal-grazing Diadema sea urchins are responsible for the oscillations
between coral- and algal-dominated ecosystem states in the Caribbean (Hughes 1994), and
transitions between temperate kelp forests and ‘urchin-barrens’ have also been observed in
response to fluctuating population densities of herbivorous sea urchins (Scheibling et al.
1999). Similarly, southern range expansions of sea urchins from Australia and New Zealand
into Tasmania are devastating kelp communities (Johnson et al. 2011). The removal of
echinoderms from ecosystems can cause ‘trophic cascades’ and the loss of ecosystem
integrity, whilst the rapid proliferation and spread or introduction of a species can cause
catastrophic ecosystem ‘phase-shifts’ (Scheffer et al. 2001). Evidently, changes to
echinoderm populations can have significant effects on ecosystem functioning, productivity,

and resilience (Paine 1969; Scheibling et al. 1999).
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The best-known example of a boom-and-bust species is the corallivorous crown-of-thorns sea
star (CoTS) (a species complex consisting of Acanthaster cf. solaris, planci, mauritiensis,
benzii and elissii; Uthicke et al. 2009; Byrne et al. 2011; Haszprunar et al. 2017). Population
explosions of this species have caused widespread damage, contributing significantly to coral
cover loss observed between 1985 and 2012 (De’ath et al. 2012). Outbreaks have been
documented periodically since 1962 (Birkeland 1989), with the most recent outbreak
underway since 2008-2010 (Westcott et al. 2020). CoTS outbreaks are therefore a critical
management issue as decreased coral cover results in the loss of numerous ecosystem
services (De’ath et al. 2012). Uncovering the mechanisms that underpin boom-bust cycles is
pivotal for an improved understanding of the factors influencing larval supply. Such
knowledge will inform the conditions that affect the abundance, diversity, and distribution of
adult populations, which is crucial to future management efforts. While other molecular tools
such as qPCR demonstrate the utility of DNA-based approaches (Uthicke et al. 2018a, 2019),

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

Here, we use metabarcoding to explore the spatial and temporal dynamics of plankton from
the Great Barrier Reef (GBR), Australia. We analysed plankton samples collected from (i)
Moore Reef over a 5-year period, and (ii) from 15 reefs across a latitudinal gradient between
Fore and Aft Reef and Lizard Island over a 3-year period. To the best of our knowledge, no
previous study has used metabarcoding to study echinoderm larvae on the GBR. With this
novel application of metabarcoding, we address three main objectives: (1) determine the
temporal stochasticity in echinoderm larval occurrence at Moore Reef, (2) document the
patterns of occurrence of echinoderm larvae across a latitudinal gradient on the GBR over
three years, and (3) determine whether metabarcoding of plankton samples can be used to
infer the presence of CoTS larvae at monitored reefs. Given what we know about the boom-
and-bust dynamics exhibited by many echinoderms, we expected significant temporal, rather
than spatial, stochasticity in the occurrence of echinoderm larvae. This work demonstrates
that metabarcoding can be used to gain ecological insights into planktonic larval dynamics of

marine invertebrates.

Materials and methods
Collection and processing of plankton samples
Plankton samples were collected as described by Uthicke et al. (2019) as part of ongoing long

term monitoring and two sample sets were chosen for this study. The first set of samples were
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collected from Moore Reef at regular monthly intervals, spanning a five-year period from
2015-2020 (Fig. 1). A total of 30 samples, consisting of two biological replicates from 15
independent collection dates were chosen. The second set of samples was collected along a
latitudinal transect in December of the years 2017, 2018, and 2019. These samples were
collected from 15 reefs between Townsville and Lizard Island (Fig. 1). Two samples were

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

DNA extraction and PCR amplification

DNA was extracted from the plankton samples at the Australian Institute of Marine Science
(AIMS), Townsville, prior to this study as per the protocol outlined in Doyle et al. (2017).
The DNA concentration in each sample was quantified using a Nanodrop at AIMS and
aliquots were transported to The University of Queensland (UQ) for sample multiplexing and

library preparation.

A 313-bp fragment of the COI gene was amplified using the primer set mICOlintF and
jgHCO2198 (forward: 5>-GGWACWGGWTGAACWGTWTAYCCYCC-3’; reverse: 5°-
TATACYTCIGGRTGICCRAARAAYCA-3’) designed by Leray et al. (2013) and the
Adapterama II multiplexing barcodes described in Glenn et al. (2019). This primer set is
commonly used in marine metabarcoding studies and has been shown to amplify DNA from a
broad array of marine species, including echinoderms (Leray et al. 2013). The cycling
parameters involved 10 minutes at 95°C to activate the polymerase; 35 cycles of denaturation
at 95°C for 1 minute, annealing at 48 °C for 30 seconds, elongation at 72°C for 30 seconds;
and a final cycle at 72°C for 7 minutes followed by storage at 4°C. PCR amplifications were
performed in a total 12.5 pL volume, containing 6.25 uL. AmpliTaq Gold 360 Master mix (2
x), 4.25 pL DNA-free water, 0.5 uL forward primer (10 uM), 0.5 puL reverse primer (10 uM),
and 1 pL DNA extract (10 ng/uL).

PCR reactions were performed in triplicates to account for amplification biases (Taberlet et
al. 2012, Bourlat 2016). The effect of PCR variation was explored in more detail in the
Moore Reef dataset, for which triplicates were uniquely tagged allow the differentiation of
technical replicates post-sequencing. PCR products were visualised on 2% agarose gels and a
clear single band of the expected length indicated successful amplification. ‘Failed’
amplifications were repeated with five additional cycles to procure more PCR products if

possible (Bourlat 2016). Negative controls (no DNA template), positive controls (samples of
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known species composition) and blanks were included in each plate. These control samples
were used to guide read filtering and reduce noise in the final dataset as recommended by

best practice workflows (Taberlet et al. 2012).

Library preparation and sequencing

Individual PCR products were purified using PCR-DX Clean beads following the
manufacturer’s protocols. Thereafter, products were pooled in equimolar ratios and placed in
a limited-cycle PCR to facilitate the ligation of indexed iTru5 and iTru7 primers (Glenn et al.
2019). The second PCR step was performed in triplicates to account for PCR variation in
adapter ligation. Each reaction consisted of 25 pL, including 12.5 pL AmpliTaq Gold 360
Master mix (2 x); 5 uL nuclease-free water; 1.25 pL forward primer (10 uM); 1.25 uLL
reverse primer (10 pM); 5 pL pooled PCR 1 product. Triplicates were pooled and cleaned
using PCR-DX Clean beads as above. The final two libraries were pooled in equimolar
proportions, to ensure a minimum read depth of 20,000 reads per sample and stored at -20°C
until sequenced. [llumina MiSeq 2 x 300-bp paired-end sequencing was performed by the

Australian Genome Research Facilityin Melbourne, Australia.

Bioinformatics

The sequencing data was demultiplexed using the python program Mr. Demuxy version
v1.2.0 (Glenn et al. 2019). Primer sequences and the reverse complements of the primers
were removed from forward and reverse sequences using Trimmomatic version v0.39 (Bolger
et al. 2014). FastQC version v0.11.3 was used to confirm the quality of the trimmed reads
(Andrews 2010). Initial quality filtering was performed in Trimmomatic using a sliding
window of four bases with an average quality of 15 (SLIDINGWINDOW:4:15). A minimum
read length equal to the target locus length (313 bp) was set for each primer pair and bases
with a quality score below 10 were trimmed (MINLEN:${LENGTH} LEADING:10
TRAILING:10). Paired-end reads were merged using FLASH v1.2.11 with a minimum
overlap of 30-bp (Magoc¢ and Salzberg 2011) and only merged reads were used in

downstream analyses.

The following filtering steps and taxonomic assignment were performed using VSEARCH
version v2.17.1 (Rognes et al. 2016). Quality filtering was performed using the fastx_filter
function (fastq_maxee 1). Dereplication and denoising were subsequently performed using

the UNOISE3 algorithm (unoise_alpha 2), indel filtering with the fastx_filter function, and
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chimera removal using the UCHIME denovo algorithm. Operational Taxonomic Unit (OTU)
clustering was performed using swarm version v3.0 with the d=1 (Mah¢ et al. 2015).
Taxonomic identification was performed using SINTAX classification in VSEARCH. The
curated MIDORI (Leray et al. in prep.) database (release GB241) was used as the reference
database from which sequences were identified based on a 97% (sintax_cutoff) similarity
threshold (Hebert et al. 2003). Echinoderm sequences were further validated against NCBI
GenBank (NCBI Resource Coordinators 2017) sequences on 20 August 2023, and the
distribution of identified species was subsequently assessed using the World Register of

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

Output tables were curated and merged in R version 4.0.2 (R Core Team 2021) and post-
VSEARCH processing followed best practice approaches of Alberdi et al. (2018) and Drake
et al. (2022). OTU tables were curated following best practices as described in Alberdi et al.
(2018) and Drake et al. (2022). Specifically, singletons were discarded to remove low
confidence sequences (Alberdi et al. 2018). The removal of “maximum taxon contamination”
was performed based on the number of reads present in negative controls (as in Drake et al.
2022). Additionally, in the latitudinal dataset, a sample-based threshold of 0.03% was applied
(following Drake et al. 2022), while, in the Moore Reef dataset, a “restrictive additive”
approach was used to process PCR/technical replicates (as in Alberdi et al. 2018). While such
conservative thresholds may cause the loss of rare taxa it provides certainty of the remaining

sequences (Alberdi et al. 2018).

Analyses of larval spatio-temporal variation

The OTU tables derived from the bioinformatic analyses were converted to presence-absence
data for analyses and data visualisation. OTUs present in biological replicates were combined
in an additive manner, whereby the presence of an OTU in either biological replicate was
interpreted as a confirmed presence at a particular time-point/site (as in Burgar et al. 2014;
Leray and Knowlton 2015). Analyses involved the total number of OTUs, hereafter referred
to as “richness” and the presence/absence composition of OTUs, referred to as “assemblage”
in each sample. Abundance was not considered in this study given the biases associated with
estimating abundance from read counts (Leray and Knowlton 2015, Bucklin et al. 2016,

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

9 ¢

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

9 ¢

“longitude”, “region”) variables on echinoderm (larvae) richness and composition were
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completed in R version 4.0.2 (R Core Team 2021) and a significance level of a < 0.05 was
used for all models. Generalised linear mixed-effects models (GLMMs) were fitted using
glmmTMB (Brooks et al. 2017) to analyse the relationship between echinoderm richness in
response to the explanatory variables. Generalised linear models (GLM) were also used in
cases where the inclusion of random effects was not warranted. All GLMM and GLM models
were fitted with a “poisson” distribution given that count data was used as the input for all
statistical analyses (Warton 2022). Models with the lowest AIC values were evaluated for
overdispersion and heteroscedasticity using DHARMa (Hartig 2019), and models that
displayed no significant dispersion or heteroscedasticity were retained (Warton 2022).
Redundancy Discriminant Analysis (RDA) was also performed on the Moore Reef dataset,
following a Hellinger transformation, to explore the effect of year and season on community
composition and species occurrence (Borcard et al. 2011). Plots were also created in R using

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

Library preparation and sequencing

A total of 18,537,106 paired-end reads were sequenced across all samples, from which
approximately 900 unique OTUs were identified (eukaryotes and prokaryotes). We found
variation in community composition and read counts in both biological and technical
replicates. This variability is exemplified by the variation in read counts between biological
replicates (SI: Figs. 1a and 3) and among technical (PCR) replicates (SI: Fig. 1b). Stringent
filtering of both datasets was conducted to minimise the effect of amplification/sequencing
bias (SI: Figs. 2 and 4). The filtered dataset used in our analyses identified 14 marine
eukaryote phyla, including the phylum Echinodermata. Echinoderm OTUs were identified
from 23 genera across all five extant classes (Asteroidea, Crinoidea, Echinoidea,
Holothuroidea and Ophiuroidea) of the phylum. Echinoderm species detected are all
documented as being present on the GBR (SI: Tablel).

Analyses of larval spatio-temporal variation

Plankton samples collected at Moore Reef between 2015-2020 were dominated by
meroplankton and holoplankton of the Phyla Arthropoda, Chaetognatha and Mollusca (Fig.
2a). Echinoderms comprised between one and eight percent of OTUs identified in plankton
samples obtained from Moore Reef (Fig. 2a). Overall eukaryote richness and echinoderm
richness followed a similar temporal pattern, with the lowest overall richness for eukaryotes

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

Average echinoderm richness was greatest in Autumn (March — May), and lowest in Winter
(June — August), with the highest peak observed in January 2018 and the lowest peaks
observed in June 2017 and August 2017 (Fig. 2b). Indeed, echinoderm richness was found to
be significantly correlated with season and year (SI: Table 2). The samples from Moore Reef
were dominated by echinoderms of the class Ophiuroidea (Fig. 2b). RDA analyses indicate
that community assemblage is most strongly associated with inter-annual variation (rda,
variance = 3.00, F = 2.10, p-value = 0.02), rather than seasonal variation (SI: Table 3).
However, the RDA axes explained a small amount of the variation (axis 1: 17.89%, axis 2:

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

Samples collected along the latitudinal transect in the years 2017-2019 were dominated by
taxa belonging to the phyla Arthropoda, Chordata and Cnidaria (Fig. 4a). Echinoderms
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comprised a small proportion of most samples (0-8%) but in a few rare instances they
dominated samples e.g., Eddy Reef in 2019 (80%) and Hall-Thompson Reef in 2019 (~50%).
Echinoderms were detected in all years, although they were most abundant in 2019 and
scarcest in 2017 (Figs. 4b, 5a and 5b). Pairwise “Tukey” comparisons revealed that
echinoderm richness was significantly different across the three years studied. However,
richness did not differ significantly among the sites sampled, and a clear latitudinal or

regional pattern was not detected in this dataset.

Several reads were attributed to the species Acanthaster cf. solaris (Fig. 3a) and were
assigned to eight samples from Moore Reef (Fig. 3a), across the years 2016-2020. Most
detections (75%) occurred between the months November-March, however, we also detected
CoTS DNA in June 2016 and August 2016 (Fig. 3a). Acanthaster cf. solaris was detected in
13 samples along the latitudinal transect across the years 2017-2019 (Fig. 5a). Most
detections occurred in 2019 (61%) and Acanthaster cf. solaris were detected in two years at

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

Discussion

In this first study of GBR plankton using metabarcoding, we demonstrate that universal CO1
primers can characterise echinoderm larvae present in plankton samples. Here, the primers
developed by Leray et al. (2013) exhibited broad taxonomic coverage, recovering 31 genera
of the phylum Echinodermata. The results obtained in this study provide empirical evidence
for significant seasonal and inter-annual variation in the occurrence of echinoderm larvae.
However, we did not find evidence of latitudinal or site-specific differences in echinoderm
larval composition among our samples. We also demonstrated that metabarcoding can be

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

Spatial and temporal variation in echinoderm larval occurrence on the GBR

The first aim of this study was to determine the temporal stochasticity in echinoderm larval
occurrence at Moore Reef. Most taxa observed in this study exhibited seasonal fluctuations in
occurrence, and the Echinodermata displayed similar patterns to other Phyla such as
Arthropoda and Mollusca (Fig. 2a). Peaks in echinoderm larval richness were observed in
March and December in this study (Fig. 2b). Correspondingly, echinoderm larvae are usually
only present in the zooplankton community following broadcast spawning events, which

typically occur in the summer period on the GBR (December — February; McEdward and

10
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Miner 2001). Similar seasonal fluctuations in zooplankton richness have also been observed
for other taxa such as fish and crustaceans (Stoeckle et al. 2017; Sigsgaard et al. 2017; Berry
et al. 2019) and are also shown in this study (Fig. 2a). This is potentially because summer
environmental conditions such as temperature and salinity facilitate gamete production
(Mercier and Hamel 2010; Uthicke et al. 2015b), while increased phytoplankton availability
improves planktotrophic larval survivability (Uthicke et al. 2018b).

We also found a significant inter-annual difference in echinoderm community composition at
Moore Reef (Figs. 2b and 3). Acanthaster cf. solaris and Linckia laevigata were the most
frequently detected species (Fig. 3a), which suggests they might be some of the most
common species at Moore Reef. Larvae of the genera Koehleraster and Acanthaster were
detected in Winter (June — August) (Fig. 3b) which indicates these groups are potentially less
reliant on warmer temperatures as a cue for spawning. However, there is evidence that
spawning in echinoderms is complex and correlated with multiple confounding
environmental variables (Pearse 1968; Babcock et al. 2011; Bouwmeester et al. 2016;
Caballes and Pratchett 2017). There is evidently strong interspecific variation in spawning
periodicity among echinoderms which has yet to be thoroughly documented on the GBR
(Babcock et al. 1992). Nevertheless, we show that metabarcoding is a valuable tool to capture

temporal larval patterns and dynamics.

The temporal patterns observed in the latitudinal transect dataset corroborated those found in
the Moore Reef dataset. A significant inter-annual difference in echinoderm richness was
observed across the latitudinal transect samples (Fig. 4b). Richness was significantly greater
in 2019 than in 2017 or 2018 which could have resulted from increased larval output, larval
survival, or interspecific spawning synchrony. This result indicates that conditions were
optimal for spawning and larval survival at the surveyed reefs in 2019; and may explain
instances where echinoderms dominated sampled taxa e.g., Eddy Reef and Hall-Thompson
Reef (Fig. 4). However, it is also possible that sampling in 2019 coincidently overlapped with
a synchronous broadcast spawning event. Based on our results, there is greater variability in
the inter-annual occurrence of echinoderm larvae than other plankton (Fig. 4), which is not
surprising given evidence of unpredictable spawning behaviour in several echinoderm species
(Babcock et al. 2011). Any persistent inter-annual changes in the composition and abundance
of echinoderms would only be detected over a longer-term study given that they are long-

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

11
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The second aim of this study was to document the latitudinal occurrence of echinoderm
larvae using the samples collected along a latitudinal transect on the GBR. We did not
hypothesise a linear relationship between latitude and echinoderm larval occurrence given the
lack of evidence for spatial structuring of adult assemblages in the region studied (ALA
2023). Correspondingly, latitudinal differences in echinoderm larval richness or community
composition were not detected in this study, suggesting that the composition and distribution
of echinoderm larvae does not differ significantly across the study region. The sites sampled
were situated within the North-Central region of the GBR (De’ath et al. 2012) so significant
differences in richness and assemblage may only be observed over larger spatial scales.
Additionally, currents and constant mixing in the water column are likely to haphazardly
disperse planktonic larvae (Trudnowska et al. 2015; Dean et al. 2015). Based on our methods
alone, we cannot untangle widespread larval mixing from larval retention, which could lead
to similar patterns in larval occurrence if adult populations are similar in taxonomic
composition across sites. Scarcely any work has been conducted on the spatial distribution of
echinoderm larvae on the GBR to date, so the results obtained herein provide a baseline for
future studies. Continual monitoring of larval occurrences could improve projections of adult
distributions and identify important larval sources which is pertinent to the management of

populations (Doyle and Uthicke 2021).

CoTS detection using a DNA metabarcoding approach

A major aim of this study was to determine whether metabarcoding could be used to detect
pest-species such as the crown-of-thorns sea star. We were able to detect 4. cf. solaris larvae
at Moore Reef during the summer months (Fig. 3a) which is when CoTS larvae are most
often detected in the water column (Uthicke et al. 2019). This result provides further support
for previous studies that have suggested this period is the spawning time for CoTS on the
GBR (November to January peak; Pearson and Endean 1969; Babcock and Mundy 1992;
Caballes and Pratchett 2017; Uthicke et al. 2019; Caballes et al. 2021). We also detected 4.
cf. solaris DNA in June 2016 and August 2016 (Fig. 3a) which was not expected. Our assay
may have detected fragments of adult CoTS DNA (e.g., environmental DNA fragments from
shedding), sperm, or infrequent but possible unseasonal spawning. In the latitudinal transect
samples, CoTS larvae were detected most often in 2019 (Fig. 5a), which again indicates a
substantial inter-annual variation in larval output, supporting the boom-and-bust

characteristics of CoTS. CoTS larvae were also detected twice (over two years) at Gibson

12



386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

Reef, Sudbury Reef, and Undine Reef, which highlights these reefs as important locations for
future studies investigating sources of larval supply as potential targets for control measures

(Fig. 5a).

In future, more targeted techniques (e.g., CoTS surveys or ddPCR) could be used to assess
whether these reefs are key outbreaking locations or larval source/sink locations. It is worth
mentioning however that increased replication and longer-term sampling in metabarcoding
studies is essential to adequately capture trends in biodiversity and plankton dynamics
(Lacoursiere-Roussel et al. 2018; Berry et al. 2019). For example, in our study, more
consistent sampling at Moore Reef identified more echinoderm taxa, compared to the
latitudinal dataset. Additionally, universal markers are a reasonable choice for most studies,
however, custom primers, or a multi-marker approach (Alberdi et al. 2018; Berry et al. 2019)
may be required in instances when target taxa are poorly represented by universal primers.
For example, primers that target echinoderms specifically, and result in species-specific
taxonomic resolution would enable more thorough investigations of echinoderm biodiversity
and larval occurrence. Nonetheless, we show that DNA metabarcoding approaches could be

invaluable to future management programmes.

Technical variation in DNA metabarcoding studies

In this study, metabarcoding was found to be a useful method for detecting specific species,
including pest species such as CoTS. However, like other studies that have quantified
replicate variability, we found considerable variance amongst technical and biological
replicates (Alberdi et al. 2018; Leray and Knowlton 2015). These findings are further
evidence that careful study design that includes ample replication is crucial in metabarcoding
studies, particularly if identifying naturally occurring variation is a primary goal. We used
stringent filtering of replicates to reveal that, as expected, echinoderm larval richness
exhibited significant seasonal stochasticity (Fig. 2b), which is likely to be related to the

reproductive seasonality of adults.

Conclusions

Metabarcoding presents a cost-effective and rapid method of gathering information on
species occurrence, particularly for cryptic life-stages. Echinoderm taxa identified herein
provide a baseline reference for species diversity that can be used to evaluate future species

loss, new biological invasions, and changes in community structure. This investigation
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contributes to a growing number of studies suggesting that information on the intra and inter-
annual variability of larval occurrence can be obtained over large spatial scales using
metabarcoding approaches to provide insight into biological parameters such as spawning
activity (Lacoursi¢re-Roussel et al. 2018; Berry et al. 2019). Ecologically significant trends
can also be identified in response to known environmental gradients which is critical to
projecting changes in population density. Likewise, metabarcoding was found to be an
efficient method of monitoring CoTS larval occurrence and has the potential to inform pest
management efforts on the GBR. Specifically, information on the spatio-temporal occurrence
of CoTS larvae can be used to complement and improve models of larval dispersal to identify
major source reefs. As sequence databases expand and techniques improve, so too will the
capability of metabarcoding to provide robust and comprehensive monitoring of entire

ecosystems.

14



432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464

References

Alberdi A, Aizpurua O, Gilbert M, Bohmann K (2018) Scrutinizing key steps for reliable
metabarcoding of environmental samples. Methods in Ecology and Evolution 9:134—
147

Alsterberg C, Roger F, Sundbick K, Juhanson J, Hulth S, Hallin S, Gamfeldt L (2017)
Habitat diversity and ecosystem multifunctionality — The importance of direct and
indirect effects. Science Advances 3:¢1601475

Andrews, S (2010) FASTQC. A quality control tool for high throughput sequence data.
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/. Accessed 20 January
2021.

Atlas of Living Australia (2023) Atlas of Living Australia: Open access to Australia’s
biodiversity data. http://www.ala.org.au. Accessed 8 June 2023.

Babcock R, Mundy C, Keesing J, Oliver J (1992) Predictable and unpredictable spawning
events: in situ behavioural data from free-spawning coral reef invertebrates.
Invertebrate Reproduction & Development 22:213-227

Babcock RC, Mundy CN (1992) Reproductive biology, spawning and field fertilization rates
of Acanthaster planci. Mar Freshwater Res 43:525-533

Beaugrand G, Reid PC, Ibafiez F, Lindley JA, Edwards M (2002) Reorganization of north
atlantic marine copepod biodiversity and climate. Science 296:1692—-1694

Berry T, Saunders B, Coghlan M, Stat M, Jarman S, Richardson A, Davies C, Berry O,
Harvey E, Bunce M (2019) Marine environmental DNA biomonitoring reveals
seasonal patterns in biodiversity and identifies ecosystem responses to anomalous
climatic events. PLoS Genetics 15:¢1007943

Berry TE, Osterrieder SK, Murray DC, Coghlan ML, Richardson AJ, Grealy AK, Stat M,
Bejder L, Bunce M (2017) DNA metabarcoding for diet analysis and biodiversity: A
case study using the endangered Australian sea lion (Neophoca cinerea). Ecology and
Evolution 7:5435-5453

Birkeland C (1989) The influence of echinoderms on coral-reef communities. Echinoderm
Studies 3:1-79

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for [llumina
sequence data. Bioinformatics 30:2114-2120

Borcard D, Gillet F, Legendre P (2011) Numerical ecology with R. Springer, New York

Bourlat S (2016) Marine genomics: methods and protocols. Humana, New Y ork

15



465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

Bouwmeester J, Gatins R, Giles EC, Sinclair-Taylor TH, Berumen ML (2016) Spawning of
coral reef invertebrates and a second spawning season for scleractinian corals in the
central Red Sea. Invertebrate Biology 135:273-284

Brooks M, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, Skaug HJ,
Michler M, Bolker BM (2017) glmmTMB balances speed and flexibility among
packages for zero-inflation generalized linear mixed modelling. The R
Journal 9(2):378-400. https://doi.org/10.32614/RJ-2017-066

Bucklin A, Lindeque PK, Rodriguez-Ezpeleta N, Albaina A, Lehtiniemi M (2016)
Metabarcoding of marine zooplankton: prospects, progress and pitfalls. Journal of
Plankton Research 38:393—400

Burgar JM, Murray DC, Craig MD, Haile J, Houston J, Stokes V, Bunce M (2014) Who’s for
dinner? High-throughput sequencing reveals bat dietary differentiation in a
biodiversity hotspot where prey taxonomy is largely undescribed. Molecular Ecology
23:3605-3617

Byrne M (2011) Echinodermata. In: Hopley D (ed) Encyclopedia of modern coral reefs:
structure, form and process. Springer, Netherlands, Dordrecht, pp 358-359

Caballes CF, Byrne M, Messmer V, Pratchett MS (2021) Temporal variability in
gametogenesis and spawning patterns of crown-of-thorns starfish within the outbreak
initiation zone in the northern Great Barrier Reef. Marine Biology 168:13

Caballes CF, Pratchett MS (2017) Environmental and biological cues for spawning in the
crown-of-thorns starfish. PLoS One 12(3):¢0173964.
https://doi.org/10.1371/journal.pone.0173964

Ceballos G, Ehrlich PR, Barnosky AD, Garcia A, Pringle RM, Palmer TM (2015)
Accelerated modern human—induced species losses: Entering the sixth mass
extinction. Science Advances 1:¢1400253

Cowen R, Sponaugle S (2009) Larval dispersal and marine population connectivity. Annual
review of marine science 1:443-66

Cruz DW dela, Harrison PL (2017) Enhanced larval supply and recruitment can replenish
reef corals on degraded reefs. Scientific Reports 7:13985

Dean C, Soloviev A, Hirons A, Frank T, Wood J (2015) Biomixing due to diel vertical
migrations of zooplankton: comparison of computational fluid dynamics model with

observations. Ocean Modelling 98:51-64

16



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

De’ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27—year decline of coral cover
on the Great Barrier Reef and its causes. Proceedings of the National Academy of
Sciences 109:17995-17999

Deiner K, Bik HM, Michler E, Seymour M, Lacoursiére-Roussel A, Altermatt F, Creer S,
Bista I, Lodge DM, de Vere N, Pfrender ME, Bernatchez L (2017) Environmental
DNA metabarcoding: Transforming how we survey animal and plant communities.
Molecular Ecology 26:5872-5895

Doyle J, Uthicke S (2021) Sensitive environmental DNA detection via lateral flow assay
(dipstick) - A case study on corallivorous crown-of-thorns sea star (Acanthaster cf.
solaris) detection. Environmental DNA 3:323-342

Doyle JR, McKinnon AD, Uthicke S (2017) Quantifying larvae of the coralivorous seastar
Acanthaster cf. solaris on the Great Barrier Reef using qPCR. Mar Biol 164:176

Drake LE, Cuff JP, Young RE, Marchbank A, Chadwick EA, Symondson WOC (2022) An
assessment of minimum sequence copy thresholds for identifying and reducing the
prevalence of artefacts in dietary metabarcoding data. Methods in Ecology and
Evolution 13:694-710

Glenn TC, Pierson TW, Bayona-Vasquez NJ, Kieran TJ, Hoffberg SL, Thomas Iv JC,
Lefever DE, Finger JW, Gao B, Bian X, Louha S, Kolli RT, Bentley KE, Rushmore J,
Wong K, Shaw TI, Rothrock MJ, McKee AM, Guo TL, Mauricio R, Molina M,
Cummings BS, Lash LH, Lu K, Gilbert GS, Hubbell SP, Faircloth BC (2019)
Adapterama II: universal amplicon sequencing on Illumina platforms (TaggiMatrix).
Peer] 7:€7786

Hartig F (2019) DHARM a: residual diagnostics for hierarchical (multi-level/mixed)
regression models. http://florianhartig.github.io/DHARMa/. Accessed 22 June 2022.

Haszprunar G, Vogler C, Worheide G (2017) Persistent gaps of knowledge for naming and
distinguishing multiple species of crown-of-thorns-seastar in the Acanthaster planci
species complex. Diversity 9(2):22. https://doi.org/10.3390/d9020022

Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifications through
DNA barcodes. Proc Biol Sci 270:313-321

Hoey J, Campbell M, Hewitt C, Gould B, Bird R (2016) Acanthaster planci invasions:
applying biosecurity practices to manage a native boom and bust coral pest in
Australia. Management of Biological Invasions 7:213-220

Horton T, et al. (2021) World Register of Marine Species (WoRMS).
https://www.marinespecies.org/. Accessed 23 August 2023

17



531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564

Hughes TP (1994) Catastrophes, Phase Shifts, and Large-Scale Degradation of a Caribbean
Coral Reef. Science 265:1547-1551

Johnson CR, Banks SC, Barrett NS, Cazassus F, Dunstan PK, Edgar GJ, Frusher SD, Gardner
C, Haddon M, Helidoniotis F, Hill KL., Holbrook NJ, Hosie GW, Last PR, Ling SD,
Melbourne-Thomas J, Miller K, Pecl GT, Richardson AJ, Ridgway KR, Rintoul SR,
Ritz DA, Ross DJ, Sanderson JC, Shepherd SA, Slotwinski A, Swadling KM, Taw N
(2011) Climate change cascades: Shifts in oceanography, species’ ranges and subtidal
marine community dynamics in eastern Tasmania. Journal of Experimental Marine
Biology and Ecology 400:17-32

Kimmerling N, Zugert O, Amitai G, Gurevich T, Armoza-Zvuloni R, Kolesnikov I,
Berenshtein I, Melamed S, Gilad S, Benjamin S, Rivlin A, Ohavia M, Paris CB,
Holzman R, Kiflawi M, Sorek R (2018) Quantitative species-level ecology of reef fish
larvae via metabarcoding. Nat Ecol Evol Nat Ecol Evol 2:306-316.
https://doi.org/10.1038/s41559-017-0413-2

Ko HL, Wang YT, Chiu TS, Lee MA, Leu MY, Chang KZ, Chen WY, Shao KT (2013)
Evaluating the Accuracy of Morphological Identification of Larval Fishes by
Applying DNA Barcoding. PLoS One 8:e53451

Kroon FJ, Barneche DR, Emslie MJ (2021) Fish predators control outbreaks of Crown-of-
Thorns Starfish. Nat Commun 12:6986

Lacoursi¢re-Roussel A, Howland K, Normandeau E, Grey EK, Archambault P, Deiner K,
Lodge DM, Hernandez C, Leduc N, Bernatchez L (2018) eDNA metabarcoding as a
new surveillance approach for coastal Arctic biodiversity. Ecology and Evolution
8:7763-7777

Lawrey E, Stewart M (2016) Mapping the Torres Strait reef and island features: Extending
the GBR features (GBRMPA) dataset. Report to the National Environmental Science
Programme. Reef and Rainforest Research Centre Limited, Cairns.
https://nesptropical.edu.au/wp-content/uploads/2016/05/NESP-TWQ-3.13-FINAL-
REPORT-1.pdf. Accessed 01 June 2021.

Leray M, Ho S-L, Lin I-J, Machida RJ (2018) MIDORI server: a webserver for taxonomic
assignment of unknown metazoan mitochondrial-encoded sequences using a curated
database. Bioinformatics 34:3753-3754

Leray M, Knowlton N (2015) DNA barcoding and metabarcoding of standardized samples
reveal patterns of marine benthic diversity. Proceedings of the National Academy of

Sciences 112:2076-2081

18



565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598

Leray M, Yang JY, Meyer CP, Mills SC, Agudelo N, Ranwez V, Boehm JT, Machida RJ
(2013) A new versatile primer set targeting a short fragment of the mitochondrial COI
region for metabarcoding metazoan diversity: application for characterizing coral reef
fish gut contents. Front Zool 10, 34. https://doi.org/10.1186/1742-9994-10-34

Magoc¢ T, Salzberg SL (2011) FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27:2957-2963

Mah¢é F, Rognes T, Quince C, de Vargas C, Dunthorn M (2015) Swarm v2: highly-scalable
and high-resolution amplicon clustering. PeerJ 3:¢1420

Marshall DJ, Morgan SG (2011) Ecological and evolutionary consequences of linked life-
history stages in the sea. Current Biology 21:R718-R725

Matthews SA, Mellin C, Pratchett MS (2020) Larval connectivity and water quality explain
spatial distribution of crown-of-thorns starfish outbreaks across the Great Barrier
Reef. Adv Mar Biol 8§7:223-258

McEdward L, Miner B (2001) Larval life-cycle patterns in echinoderms. Canadian Journal of
Zoology-revue 79:1125-1170

McMurdie PJ, Holmes S (2013) phyloseq: An R package for reproducible interactive analysis
and graphics of microbiome census data. PLoS One 8:¢61217

Mercier A, Hamel JF (2010) Synchronized breeding events in sympatric marine
invertebrates: role of behavior and fine temporal windows in maintaining reproductive
isolation. Behav Ecol Sociobiol 64:1749-1765

Molinos J, Halpern B, Schoeman D, Brown C, Kiessling W, Moore P, Pandolfi J,
Poloczanska E, Richardson A, Burrows M (2015) Climate velocity and the future
global redistribution of marine biodiversity. Nature Clim Change 6: 83—88.
https://doi.org/10.1038/nclimate2769

NCBI Resource Coordinators (2017) National Center for Biotechnology Information (NCBI).
https://www.ncbi.nlm.nih.gov/. Accessed 06 April 2023.

Paine RT (1969) A note on trophic complexity and community stability. The American
Naturalist 103:91-93

Pearse J (1968) Patterns of reproductive periodicities in four species of indo-pacific
echinoderms. Proceedings: Plant Sciences 67:247-279

Pearse JS, McClary DJ, Sewell MA, Austin WC, Perez-Ruzafa A, Byrne M (1988)
Simultaneous spawning of six species of echinoderms in Barkley sound, British
Columbia. International Journal of Invertebrate Reproduction and Development

14:279-288

19



599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

Pearson RG, Endean R (1969) A preliminary study of the coral predator Acanthaster
planci (L.) (Asteroidea) on the Great Barrier Reef. Queensland Fisheries Branch.
Fisheries Notes 3:27-55

R Core Team (2021) R: a language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria

Rognes T, Flouri T, Nichols B, Quince C, Mah¢é F (2016) VSEARCH: a versatile open source
tool for metagenomics. PeerJ 4:¢2584.

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001) Catastrophic shifts in
ecosystems. Nature 413:591-596.

Scheibling R, Hennigar A, Balch T (1999) Destructive grazing, epiphytism, and disease: the
dynamics of sea urchin - kelp interactions in Nova Scotia. Canadian Journal of
Fisheries and Aquatic Sciences 56:2300-2314.

Sigsgaard EE, Nielsen IB, Carl H, Krag MA, Knudsen SW, Xing Y, Holm-Hansen TH,
Mpller PR, Thomsen PF (2017) Seawater environmental DNA reflects seasonality of
a coastal fish community. Marine Biology 164:128

Stoeckle MY, Soboleva L, Charlop-Powers Z (2017) Aquatic environmental DNA detects
seasonal fish abundance and habitat preference in an urban estuary. PLoS One
12:e0175186

Strayer DL, D’ Antonio CM, Essl F, Fowler MS, Geist J, Hilt S, Jari¢ I, Johnk K, Jones CG,
Lambin X, Latzka AW, Pergl J, PySek P, Robertson P, von Schmalensee M,
Stefansson RA, Wright J, Jeschke JM (2017) Boom-bust dynamics in biological
invasions: towards an improved application of the concept. Ecology Letters 20:1337—
1350

Taberlet P, Coissac E, Hajibabaei M, Rieseberg LH (2012) Environmental DNA. Mol Ecol
21:1789-1793.

Treml EA, Ford JR, Black KP, Swearer SE (2015) Identifying the key biophysical drivers,
connectivity outcomes, and metapopulation consequences of larval dispersal in the
sea. Movement Ecology 3:17.

Trudnowska E, Sagan S, Kwasniewski S, Darecki M, Blachowiak-Samolyk K (2015) Fine-
scale zooplankton vertical distribution in relation to hydrographic and optical
characteristics of the surface waters on the Arctic shelf. Journal of Plankton Research

37:120-133.

20



631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654

Uthicke S, Doyle J, Duggan S, Yasuda N, McKinnon AD (2015a) Outbreak of coral-eating
Crown-of-Thorns creates continuous cloud of larvae over 320 km of the Great Barrier
Reef. Scientific Reports 5:16885

Uthicke S, Fisher EE, Patel F, Diaz-Guijarro B, Doyle JR, Messmer V, Pratchett MS (2019)
Spawning time of Acanthaster cf. solaris on the Great Barrier Reef inferred using
qPCR quantification of embryos and larvae: do they know it’s Christmas? Mar Biol
Mar Biol 166:133. https://doi.org/10.1007/s00227-019-3582-5

Uthicke S, Lamare M, Doyle J (2018a) eDNA detection of corallivorous seastar (Acanthaster
cf. solaris) outbreaks on the Great Barrier Reef using digital droplet PCR. Journal of
the International Coral Reef Society 37:1229-1239.

Uthicke S, Liddy M, Patel F, Logan M, Johansson C, Lamare M (2018b) Effects of larvae
density and food concentration on Crown-of-Thorns seastar (Acanthaster cf. solaris)
development in an automated flow-through system. Scientific Reports 8:642

Uthicke S, Logan M, Liddy M, Francis D, Hardy N, Lamare M (2015b) Climate change as an
unexpected co-factor promoting coral eating seastar (Acanthaster planci) outbreaks.
Scientific Reports 5:8402

Uthicke S, Schaffelke B, Byrne M (2009) A boom—bust phylum? Ecological and evolutionary
consequences of density variations in echinoderms. Ecological Monographs 79:3-24

Warton DI (2022) Eco-Stats: data analysis in ecology: from t-tests to multivariate
abundances. Springer, Cham, Switzerland

Westcott DA, Fletcher CS, Kroon FJ, Babcock RC, Plaganyi EE, Pratchett MS, Bonin MC
(2020) Relative efficacy of three approaches to mitigate crown-of-thorns starfish
outbreaks on Australia’s Great Barrier Reef. Scientific Reports 10:12594

Wickham H (2009) ggplot2: elegant graphics for data analysis. Springer, New York

21



655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

Funding
Fieldwork, laboratory reagents and sequencing were funded by the Australian Research

Council grant DP190101593 awarded to CR and SU.

Contributions

IB, IP, CR and SU conceived and designed the experiments; SU collected the plankton
samples; IB, DB and IP designed and performed molecular work. IB and IP analysed the data
and IB prepared figures and tables; IB wrote a first draft of the manuscript. All authors

contributed to and approved the final version of the manuscript.

Acknowledgements

The authors would like to thank the Australian Institute of Marine Science, particularly
Frances Patel, Katharina Damjanovic, and Jason Doyle, for contributing to sample collection
used in this study. Similarly, Eric Fisher (Reef Magic) and his team contributed all plankton
samples from Moore Reef. Cedric van den Berg, Ian Tibbetts and Karen Cheney donated
tissue samples used in initial metabarcoding protocol testing and optimisation. We would also
like to thank James Hereward, Janette Edison, and Karin Zwiep for useful conversations on
metabarcoding design, as well as Simone Blomberg for statistics advice, and the Riginos
research group for draft comments. The QRIScloud computing cluster at the University of
Queensland provided computational infrastructure for this project. This work was supported

by the Australian Research Council, ARC DP190101593 to C. Riginos and S. Uthicke.

Ethics declarations
Conflict of interest

The authors declare no competing interests.

Ethical approval
Collections of plankton samples were approved by the Great Barrier Reef Marine Park
Authority (Permit No. G38062.1). Ethical approval for invertebrates used in this study is not

required under Australian legislation.

22



686
687
688
689
690
691

Data availability

Raw sequence reads, intermediate files, and code used to process reads, perform analyses and

plot figures will be published in the following UQ eSpace repository:
https://doi.org/10.48610/3076584.

23


https://doi.org/10.48610/3076584

692
693
694
695
696

1:9,000,000
0 85 170

Kilometers

Port
Moresby

Cairns.

Townsville

340

Mackay

Rockhampton

QPWS, Esri, HERE, Garmin, FAO, NOAA, USGS Lawrey, E. P, Stewart M. (2016) Complete Great
Barrier Reef (GBR) Reef and Island Feature boundaries including Torres Strait (NESP TWQ 3.13,

AIMS, TSRA, GBRMPA)

‘Lizard Island A

Osterlund
Reef

Undine Reef
Tongue Reef

Pixie Reef

GreenIsland_g@ | 1°% Reef

Cairns

‘\Sud bury Reef
Gibson Reef

Hall-Thompson
Reef

Eddy Reef g Yamacutta
Re

ef
Brittomart
Otter Reef_@ Reef
Fore &
1:2,500,000 e

01428 56 84 Bramble Reef @

[ s—]
Kilometers

24



697

OTU counts

—_
o
o

OTU counts

275

250 1

225 -

200 1

1751

150 1

1254

~
(¢

50 1

O = NWHhOTO N ©O©

Sampling date

Sampling date

Taxa

Annelida
Arthropoda
Brachiopoda
Chaetognatha
Chordata
Cnidaria
Ctenophora
Porifera
Entoprocta
Hemichordata
Mollusca
Nemertea
Phoronida
Platyhelminthes
Echinodermata
Sipuncula

Taxa

Asteroidea
 Crinoidea
Echinoidea
Holothuroidea
Ophiuroidea
Echinodermata

25



Thelenota ananas -
Ophiothrix trilineata -

Ophiocoma erinaceus -
Mespilia globulus

Macrophiothrix lorioli

Linckia laevigata - -

Koehleraster abnormalis -
Holothuria hilla

Species

Holothuria arenicola

Fromia Indica -
Eucidaris metularia - -

Asteropsis carinifera

Acanthaster cf. solaris

Tripneustes -
Thelenota [N
Synaptula
Stichopus

|
Ophiura [ |
Ophiothrix -
Ophionereis
Ophiomastix [ |
Ophiocoma
Mespilia -
Macrophiothrix
Linckia | I
Labidodemas
Koehleraster [
Holothuria -
Fromia ||
Eucidaris [ | .
Echinaster [ [

Dactylosaster [
Astropyga -
Asteropsis
A e —
Acanthaster

Genera

&) © © o © o A A A A A > > ) Q
N N N N N N N N N N N N N N QP
0‘}9 Q(}/Q \‘}9 Q‘}/Q Q:}/Q 0‘}9 Q‘}g \‘}Q Q‘}/Q %(/19 Q‘}Q Q(}/Q \(}9 A(}/Q Q‘}/Q
FFE YT FEE Y TE YL

Sampling date
698

26



Site

3
«
S o
3o
S 5 ©
e £ 3
3 B =
n O 2
@ < £ O
s
e Nl
2017 | | 2018 | | 2019
© o« ocw <+ ® « +~ oo
Sjunod N10
wn
i L 2z
< © o 3 s E E
S c S = ot E o
« < S © s E
meua.mmthMHeMW
= 05 T 8 © & 8 @ O £ & ¢
QeS8 5EE=ZEBSZE 3
EEccc s o 228G 2
<< OO0 00OaII=zZz0oo0 won

699

27



Linckia muttiflora

Linckia laevigata

’J

Holothuria arenicola

so19adsg

Echinaster luzonicus

Acanthaster cf. solaris

Site & year

Ophiura

Ophionereis

8 2 2

] 9 8

o T
BI9UDY)

ITLI

IJ

Echinaster

Acanthaster

Site & year

700

28



701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732

Fig. 1 A map indicating the sites from which plankton samples were collected by the
Australian Institute of Marine Science (AIMS). Reef names indicate the reef closest to the
location from which plankton tows were conducted. Samples were collected from Moore
Reef across the years 2015-2020 in January, March, June, August, November, and December.
In contrast, samples were collected along a latitudinal gradient (between Fore & Aft Reef and
Lizard Island) only in December of the years 2017-2019. Samples from the two datasets were
analysed separately in this study. The map was created using data collected by AIMS, TSRA
Great Barrier Reef Marine Park Authority (Lawrey and Stewart 2016).

Fig. 2 OTU counts in samples collected at Moore Reef over the years 2015-2020. Counts in
PCR replicates were combined in a restrictive additive manner (Alberdi et al. 2018). Counts
in biological replicates (two per site) were combined to produce the results shown here.
Counts for a) the main eukaryote phyla and b) Echinoderms are shown. In b) the colours on
the stacked bars differentiate the five main echinoderm classes. All OTUs not identified to

class level are categorised as “Echinodermata”.

Fig. 3 Heatmaps showing the presence/absence of OTUs identified as Echinoderms in
samples collected from Moore Reef. a) OTUs identified to the species level, with
Acanthaster cf. solaris highlighted by a black rectangle. b) OTUs identified to genera level,

with Acanthaster highlighted as a genus of interest.

Fig. 4 OTU counts in samples collected between the years 2017-2019 along a latitudinal
gradient on the GBR. Counts in PCR replicates were combined in a restrictive additive
manner (Alberdi et al. 2018). Counts in biological replicates (two per site) were combined to
produce the results shown here. Counts for a) the main eukaryote phyla and b) Echinoderms
are shown. In b) the colours on the stacked bars differentiate the three echinoderm classes

detected.

Fig. 5 Heatmaps showing the presence/absence of reads identified as Echinoderms in samples
collected along a latitudinal gradient. a) OTUs identified to the species level, with
Acanthaster cf. solaris highlighted. b) OTUs identified to genera level, with Acanthaster
highlighted as a genus of interest.
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