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33 Abstract 

34 Environmental DNA (eDNA) metabarcoding, a technique for retrieving multi-species DNA from 

35 environmental samples, can detect a diverse array of marine species from filtered seawater 

36 samples. There is a growing potential to integrate eDNA alongside existing monitoring methods 

37 in order to establish or improve the assessment of species diversity. Remote island reefs are 

38 increasingly vulnerable to climate-related threats and as such there is a pressing need for cost-

39 effective whole-ecosystem surveying to baseline biodiversity, study assemblage changes and 

40 ultimately develop sustainable management plans. We investigated the utility of eDNA 

41 metabarcoding as a high-resolution, multi-trophic biomonitoring tool at the Cocos (Keeling) 

42 Islands, Australia (CKI) – a remote tropical coral reef atoll situated within the eastern Indian 

43 Ocean. Metabarcoding assays targeting the mitochondrial 16S rRNA and CO1 genes, as well as 

44 the 18S rRNA nuclear gene, were applied to 252 surface seawater samples collected from 42 sites 

45 within a 140 km2 area. Our assays successfully detected a wide range of bony fish and 

46 elasmobranchs (244 taxa), crustaceans (88), molluscs (37) and echinoderms (7). Assemblage 

47 composition varied significantly between sites, reflecting habitat partitioning across the island 

48 ecosystem and demonstrating the localisation of eDNA signals, despite extensive tidal and 

49 oceanic movements. In addition, we document putative new occurrence records for 46 taxa and 

50 compare the efficiency of our eDNA approach to visual survey techniques at CKI. Our study 

51 demonstrates the utility of a multi-marker metabarcoding approach in capturing multi-trophic 

52 biodiversity across an entire coral reef atoll and sets an important baseline for ongoing 

53 monitoring and management.

54

55

56 Keywords: environmental DNA, whole-ecosystem, multi-trophic, island reef, biodiversity, 

57 monitoring.

58

59

60 1. Introduction

61
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62 Tropical islands harbour at least 40% of the world’s coral reefs (Spalding, Ravilious, & Green, 

63 2001) and support a diverse range of marine ecosystems and communities. Such high island reef 

64 diversity results from a complex interplay of biogeographic and oceanographic processes, along 

65 with historical and contemporary factors such as disturbance history (Briggs, 1966; Cortés et al., 

66 2017; Graham et al., 2018; Houk, Benavente, Iguel, Johnson, & Okano, 2014). Isolated 

67 archipelagos and peripheral islands at the borders of biogeographic provinces, such as those of 

68 the Hawaiian archipelago, Mascarene Islands, Galapagos Islands, Pitcairn Island group and 

69 Easter Island, are a source of evolutionary novelty and high endemism (Allen, 2008; Budd & 

70 Pandolfi, 2010; Friedlander et al., 2013; Hourigan & Reese, 1987). Other peripheral island reef 

71 ecosystems such as Christmas Island, the Cocos (Keeling) Islands and the Socotra Archipelago 

72 lie in suture zones where marine biogeographical provinces collide, leading to regions of 

73 secondary contact that drive hybridisation and diversification (DiBattista et al., 2015; Hobbs, 

74 Frisch, Allen, & Van Herwerden, 2008). Documenting and monitoring biodiversity is particularly 

75 important at remote reefs because in many cases, these locations can provide baseline 

76 information about how ‘natural’ systems are structured and composed with fewer (or less intense) 

77 anthropogenic influences (Knowlton & Jackson, 2008).

78

79 The establishment of island reef baselines and subsequent monitoring, that can inform both local 

80 and global management decisions, is intrinsically reliant upon cost-effective and robust surveying 

81 techniques. The emergence of environmental DNA (eDNA) metabarcoding, an innovative 

82 detection technique profiling multi-species genetic material in an environmental sample, is 

83 revolutionising our approach to non-invasive, efficient, whole-ecosystem surveying (Bista et al., 

84 2017; Port et al., 2016; Stat et al., 2017). After widespread global testing, this technique has 

85 demonstrated its ability to detect a wide variety of biota from aquatic ecosystems, including dark 

86 diversity – taxa that are not easily identified using observation-based approaches (Boussarie et 

87 al., 2018; Jerde, Mahon, Chadderton, & Lodge, 2011; Vörös, Márton, Schmidt, Gál, & Jelić, 

88 2017). As such, eDNA metabarcoding is anticipated to become a key tool in marine biodiversity 

89 discovery and monitoring, as recently outlined in a decadal plan for taxonomy and biosystematics 

90 in Australia and New Zealand (Taxonomy Decadal Plan Working Group, 2018). Likewise, the 

91 method is capable of responding to UNESCO’s ‘Decade of Ocean Science for Sustainable 
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92 Development (2021-2030) which calls for improved ways to monitor the world’s oceans (IOC-

93 UNESCO, 2018). 

94

95 With high biodiversity values, varied marine environments and a remote geographical position, 

96 the Cocos (Keeling) Islands (CKI; 12 12 S, 96 54 E) are an ideal model system for testing the 

97 utility of eDNA metabarcoding in surveying the multi-trophic biodiversity of an entire island reef 

98 system. The CKI are one of Australia’s external territories, located approximately 1000km 

99 southwest of Java, Indonesia, in the tropical eastern Indian Ocean. This remote island group is 

100 comprised of a southern and northern coral atoll; the southern atoll (considered the main CKI 

101 atoll) is comprised of 24 islets (including the inhabited isles of West Island and Home Island), 

102 whilst the northern atoll (referred to as North Keeling) is a singular island atoll protected as a 

103 national park. The CKI lie in a suture zone along the marine biogeographic boundaries of the 

104 Indian and Pacific Oceans and as such are comprised of species of Indo-West Pacific origin, with 

105 little endemism (Hobbs et al., 2014; Woodroffe & Berry, 1994). The islands are renowned for 

106 their marine biodiversity; with a total of 602 recorded fish species (Hobbs, Newman, et al., 

107 2014), over 100 species of hard coral (Richards & Hobbs, 2014), 700 mollusc species (Tan & 

108 Low, 2014) and 200 crustacean species (Mendoza, Lasley Jr., & Ng, 2014; Morgan, 1994). 

109

110 Over the last two decades, disturbance events such as mass fish and coral die-offs from 

111 deoxygenation, coral bleaching, crowns-of-thorns starfish (Acanthaster planci) outbreaks, and 

112 cyclonic storm surges  (Bunce, 1988; Hobbs & McDonald, 2010; Woodroffe & Berry, 1994), 

113 have collectively impacted marine communities at the CKI. The susceptibility of the marine life 

114 at the CKI to increasing climate-related threats is exacerbated by the isolation of the island group, 

115 as recruitment is restricted from external locations such as from neighbouring Christmas Island 

116 (approximately 980 km distance) and Indonesia (approximately 1,600 km), to species that have a 

117 long-lived pelagic larval phase (Hourston, 2010). The application of eDNA methods, which has 

118 the potential to simultaneously characterise a variety of reef communities, provides an efficient 

119 approach for documenting the increasingly vulnerable marine biodiversity of the CKI.

120
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121 In this study, we conduct a multi-marker eDNA metabarcoding survey of the various marine 

122 environments surrounding the main CKI atoll in order to: (i) evaluate the spatial sensitivity of an 

123 eDNA signal retrieved from seawater, by assessing its ability to delineate adjacent habitats 

124 amidst tidal and oceanic movements within and around an entire island ecosystem, (ii) compare 

125 the efficiency of our eDNA approach against extensive visual/video, line fishing and ichthyocide 

126 survey techniques previously employed at the CKI, and (iii) provide the first molecular baselines 

127 for CKI bony fish, elasmobranch, crustacean, mollusc and echinoderm diversity and community 

128 composition, which we anticipate will provide the basis for inclusion into longer term monitoring 

129 programs. Lastly, in order to provide a roadmap for surveying tropical island ecosystems, we also 

130 explore assay performance, the required levels of replication and the taxonomic resolution that 

131 can be achieved at present with our chosen assays and publicly accessible reference databases. 

132 The overarching aim was to better evaluate the overall utility of a multi-marker metabarcoding 

133 approach towards whole-ecosystem surveying of island reef ecosystems.

134

135 2. Materials and Methods

136

137 2.1 Field sampling

138

139 Six one-litre seawater replicates were sampled from 42 sites in and around the main CKI atoll 

140 (Figure 1, SI Table 1) in April 2017, totalling 252 samples across a 140 km2 area. Samples were 

141 obtained from six different habitats zones based on habitat classifications generated from prior 

142 environmental surveys (Australian Government, 2005; Hender, McDonald, & Gilligan, 2001; 

143 Williams, 1994). Thirteen sites were located within the designated low complexity lagoon area, 

144 nine within the medium complexity lagoon, four within the high complexity lagoon, four on the 

145 outer reef terrace, 11 within the intertidal reef and one within a lagoonlet site on the West Island 

146 (see SI Section 1 for further habitat zone information). In addition, sample sites were further 

147 classified based on whether they were in the outer lagoon, inner lagoon or within one of the 

148 major surge channels, where oceanic water from the outside of the atoll is flushed through the 

149 lagoon at high tide, in a south-east to north-west direction (Hobbs and Macrae, 2012; SI Section 

150 1). 
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151

152 Seawater samples were collected at the surface of each site using bleach sterilised Nalgene 

153 bottles and then immediately stored on ice. Each sample was individually filtered across Pall 

154 0.2m Supor® polyethersulfone membranes using a Pall Sentino® Microbiology pump (Pall 

155 Corporation, Port Washington, USA), within three hours of collection. Samples of the 10% 

156 bleach solution - used to clean filtration equipment over the course of each sampling day - were 

157 included as filtration controls. These filtration controls serve to detect any potential cross-

158 contamination in water filtering between successive sites and during handling post-filtering. The 

159 filter membranes were immediately frozen and stored at -20C prior to their transportation to a 

160 quarantine facility within the Trace & Environmental DNA (TrEnD) Laboratory in Perth, 

161 Western Australia; filters were stored long-term at -80C. 

162

163 2.2 Laboratory processing

164

165 DNA was extracted from the filter membranes, within two weeks of collection, using a DNeasy 

166 Blood and Tissue Kit (Qiagen; Venlo, Netherlands) with the following modifications: 540l of 

167 ATL lysis buffer and 60l of Proteinase K during the cell digestion phase. Negative controls, 

168 containing no sample (or filters), were extracted and processed alongside all samples in order to 

169 detect any cross-contamination. Previously published primers were sourced to amplify bony fish, 

170 elasmobranchs, crustaceans and other eukaryotes (including molluscs and echinoderms), 

171 respectively, from mixed environmental samples. The four applied PCR assays, herein referred to 

172 as 16S Fish, COI Elasmobranch, 16S Crustacean and 18S Universal (Table 1), were incorporated 

173 into our eDNA metabarcoding workflow. The multiplex COI Elasmobranch assay (forward 

174 primers: Fish F2 and V52 (Ward, Zemlak, Innes, Last, & Hebert, 2005) and reverse primer: 

175 Shark COI-MINIR (Fields, Abercrombie, Eng, Feldheim, & Chapman, 2015) had two degenerate 

176 positions (Ns) added into each primer to increase the variability of elasmobranch amplicons. 

177 Quantitative PCR (qPCR) protocols are described in depth in SI Section 2. 

178
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179 Pooled libraries were then size-selected using a Pippin Prep (Sage Science, Beverly, USA), 

180 purified with a Qiaquick PCR Purification Kit (Qiagen, Venlo, Netherlands), quantified using 

181 a Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, USA), and loaded onto either a 300 cycle (for 

182 unidirectional sequencing) or 500 cycle (for paired-end sequencing) MiSeq® V2 Standard 

183 Flow Cell on an Illumina MiSeq platform (Illumina, San Diego, USA), housed in the TrEnD 

184 Laboratory at Curtin University (SI Section 2).

185

186 2.3 Bioinformatics & taxonomic assignments

187

188 Sequences were merged, demultiplexed and filtered using a combination of AdapterRemoval 

189 (v2; Schubert, Lindgreen, & Orlando, 2016), Geneious® (10.0.6; Kearse et al., 2012), 

190 USEARCH (v9.0.2132; Edgar, 2010) and OBITools (v1.2.9; Boyer, Mercier, Bonin, Taberlet, 

191 & Coissac, 2014). Quality filtering parameters included a minimum length of 100bp, a 

192 maximum expected error rate of 0.5, no ambiguous bases (N’s), a minimum read count of 5, a 

193 read threshold ratio of 0.05% and no chimeras (see SI Section 3 for pipeline details). Quality 

194 filtered dereplicated sequences were then queried against the National Centre for 

195 Biotechnology Information’s (NCBI) GenBank nucleotide database (accessed in 2017/18; 

196 Benson et al., 2005) and an in-house 16S rDNA fish database (SI Table 6) via Zeus, an SGI 

197 cluster, based at the Pawsey Supercomputing Centre in Kensington, Western Australia. 

198 Taxonomic assignments were made in MEGAN (MEtaGenome Analyzer v5.11.3; (Huson et al., 

199 2007; see SI Section 3) and classified based on geographic distribution and habitat association 

200 data obtained from FishBase (Froese & Pauly, 2018) and the World Register of Marine Species  

201 (WoRMS; Horton et al., 2018). 

202 To present putative new occurrence records at the CKI, we required that all global congeneric 

203 taxa (of the putative species in question) had been barcoded for the gene region of the respective 

204 assay; this removes the possibility that a new occurrence record is actually that of a closely-

205 related (not yet barcoded) species. Rarefaction analyses were conducted using QIIME (v1; 

206 Caporaso et al., 2010), and assay datasets subsampled in USEARCH (SI Section 3). Taxa lists 

207 were converted into presence/absence matrices for taxonomic groups of interest (Fish & 
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208 Elasmobranchs, Crustaceans, Molluscs, and Echinoderms) using fuzzySim (Barbosa, 2015) in 

209 RStudio (v1.1.423; RStudio Team, 2015).

210

211 2.4 Statistical analyses

212

213 Subsampled datasets were employed for univariate and multivariate statistics comparing diversity 

214 and community composition between sites/habitats at the CKI (see SI Section 4). Observed 

215 taxonomic diversity (equivalent to species richness) at each site was calculated using the package 

216 ‘BAT’ (Biodiversity Assessment Tools; Cardoso, Rigal and Carvalho, 2015) and graphed using 

217 ggplot2 (Wickham, 2016) in RStudio. Community composition was visualised by non-metric 

218 multi-dimensional scaling (nMDS) and tested for the amount of variation explained by spatial 

219 predictor variables (distance - latitude/longitude, depth, lagoon and marine habitat) by distance-

220 based linear modelling (DistLM) in the PERMANOVA+ add-on (Anderson, Gorley, & Clarke, 

221 2008) of PRIMER v7 (Clarke & Gorley, 2015). Permutational analysis of multivariate 

222 dispersions (PERMDISP; Anderson et al., 2008) was used to test homogeneity of variance within 

223 marine habitat zones – there were no significant differences for any of the taxonomic groups. 

224 Similarity percentage analyses (SIMPER) were also conducted in PRIMER, and an indicator 

225 species analysis performed using the R package ‘indicspecies’ (De Caceres & Jansen, 2016).

226

227 3. Results

228

229 3.1 Sampling and sequencing statistics

230

231 The four metabarcoding assays run across 252 seawater eDNA extracts yielded a total of 

232 61,219,212 sequencing reads. The mean number of quality filtered sequences per sample was 

233 35,931 for the 16S Fish assay; 30,390 for the 16S Crustacean assay; 42,476 for the COI 

234 Elasmobranch assay; and 28,123 for the 18S Universal assay (SI Table 7). The rarefaction 

235 analyses determined suitable subsampling cut-offs of 8000 reads for the 16S Fish assay, 4000 for 

236 the 16S Crustacean assay, 4000 for the COI Elasmobranch assay, and 8000 for the 18S Universal 

237 assay (SI Figure 1). Assay performance is reported in SI Section 5 and SI Figure 2. 
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238

239 After examining taxa accumulation based on the addition of sampling replicates at each site, it 

240 was observed that six water replicates (chosen a priori) was not quite sufficient to fully sample 

241 the fish and elasmobranch diversity, as well as the crustacean and mollusc diversity from each of 

242 the respective sites at the CKI (SI Figure 3). On fitting polynomial curves to the taxa 

243 accumulation data, it was extrapolated that an average of 8.38  1.33, 11.75  8.73 and 8.23  

244 3.32 water replicates would be required to sample the fish and elasmobranch, crustacean and 

245 mollusc diversity at each site, respectively. However, in using six replicates, we were still able to 

246 detect on average 90.1% of fish and elasmobranch, 79.2% of crustacean and 89.0% of mollusc 

247 diversity at each site. Six water replicates were adequate to sample echinoderms with the applied 

248 assays, with an average of 5.91  2.39 water replicates required.

249

250 Two filtration controls amplified (with qPCR CT values lower than 40 cycles) for the 18S 

251 Universal assay; all other assays did not amplify controls. The controls were subsequently 

252 sequenced and produced detection hits for algae (order: Pleurostomatida and infrakingdom: 

253 Heterokonta), fungi (genus: Cladosporium), insects (superfamily: Membracoidea), demosponges 

254 (order: Haplosclerida) and plants (clade: Rosids). Given that these groups were not targeted or of 

255 interest for this project, they were omitted from further analyses for all samples. One sample 

256 contained a detection hit for the subfamily Salmoninae; this taxon is sporadically detected as a 

257 reagent contamination in our workflows and has been reported elsewhere as fish contamination 

258 (Thomsen et al., 2016) - accordingly, it was removed from the fish dataset.

259

260 3.2 Overall diversity 

261

262 The four metabarcoding assays collectively yielded 372 identifiable taxa, representing 110 

263 families within 40 orders (Figure 2, SI Table 8) across the targeted taxonomic groups at the CKI. 

264 The following diversity and community composition data provides new baselines for bony fish, 

265 elasmobranch, crustacean, mollusc and echinoderm groups across the sampled CKI habitat zones. 

266
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267 Two hundred and forty fish and elasmobranch taxa were detected (219 at a genus or species level 

268 of assignment) from 48 families within 17 orders (SI Table 8). Of these, 84.2% of the bony fish 

269 and elasmobranch taxa are widely distributed across the Indo-Pacific region, 2.1% distributed in 

270 the Pacific Ocean only, 2.1% distributed in the Indian Ocean only, 11.2% are circumglobal and 

271 0.4% have uncertain distributions. There were no species detected at the CKI that are endemic. 

272 The majority of detected bony fish and elasmobranch species (90%) are associated with coral 

273 reefs (1-60m depth), 0.8% with deep reef (>60m depth), 3.8% with coral and deep reef, 4.6% are 

274 pelagic, 0.4% with coral and deep reef and are also pelagic, and 0.4% with coral and intertidal 

275 reef. Predominant bony fish families included Labridae (32 taxa), Pomacentridae (23), Blenniidae 

276 (15), Gobiidae (14) and Muraenidae (13). The only elasmobranch families detected were 

277 Mobulidae (1), Myliobatidae (1) and Carcharhinidae (4). Particular taxa of interest that have 

278 subsistence, recreation or conservation importance at the CKI are presented in Table 2 and Figure 

279 3. In addition, we report 18 putative new fish occurrence records at the CKI (see SI Table 9 for 

280 sequencing statistics and evaluation of the new occurrence records), including goldband snapper 

281 (Pristipomoides multidens) and a number of deep-sea fishes including lanternfish (Lampanyctus, 

282 Lampadena, order Myctophiformes) and dragonfish (order Stomiiformes).

283

284 Within the Crustacea, we focussed on decapods, krill (order Euphausiacea) and mantis shrimp 

285 (order Stomatopoda) for this study. This resulted in a total of 88 crustacean taxa (77 assigned at a 

286 genus or species level) from 28 families within the orders of Decapoda, Euphausiacea and 

287 Stomatopoda (SI Table 8). Of these crustacean taxa, 60% are widely distributed across the Indo-

288 Pacific region, 6% distributed in the Pacific Ocean only and 34% are circumglobal. There were 

289 no taxa solely of Indian Ocean origin or endemic to CKI. Predominate families include Xanthidae 

290 (34 taxa), Alpheidae (8), Diogenidae (6) and Grapsidae (4). Taxa of interest (Table 2) include 

291 subsistence species such as the mangrove swimming crab (Thalamita crenata) and the fourspine 

292 rock lobster (Panulirus penicillatus), in addition to prawns (Penaeidae), which were recorded for 

293 the first time at CKI. Overall, we detected 25 crustaceans not previously recorded at the CKI, 

294 largely xanthid crabs and snapping shrimp (SI Table 9).

295
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296 Thirty-seven mollusc taxa were detected (23 at a genus or species level of assignment) from 29 

297 families within 17 orders (SI Table 8). Of these mollusc taxa, 13.5% are widely distributed across 

298 the Indo-Pacific region, 5.4% distributed in the Pacific Ocean only, 8.1% distributed in the Indian 

299 Ocean only and 73% are circumglobal. No taxa were endemic to CKI. No singular family 

300 dominated the diversity of molluscs detected at CKI; all families were represented with only one 

301 or two taxa. This included the gastropod families Bullidae (2 taxa), Littorinidae (2), Aplysiidae 

302 (2) and Strombidae (2), and the bivalve mollusc families such as Limidae (2) and Mytilidae (2). 

303 Taxa of interest (Table 2) included subsistence species such as the spider conch (Lambis lambis) 

304 and oysters (family Ostreidae), as well as pearl oysters (Pinctada sp.). There were two putative 

305 new mollusc occurrence records at the CKI (SI Table 9), including the sea slug genus Stiliger and 

306 the bivalve genus Basterotia.

307

308 Only 7 echinoderm taxa were detected (5 at a genus or species level of assignment) from 5 

309 families within 3 orders (SI Table 8). Of these echinoderm taxa, 14.3% are associated with an 

310 Indian Ocean distribution; the remaining 85.7% are circumglobal. Similar to the molluscs, no 

311 single echinoderm family dominated the biodiversity. The five families detected were the brittle 

312 star families Ophiocomidae (3), Ophiodermatidae (1) and Amphiuridae (1), and the sea cucumber 

313 families Synaptidae (1) and Holothuriidae (1). There was one putative new echinoderm 

314 occurrence record at the CKI, with the detection of Ophioderma, a genus of brittle star (SI Table 

315 9). 

316

317 3.3 Community composition

318

319 Taxon richness varied across habitat zones (SI Figure 4) with significant differences in diversity 

320 detected between intertidal reef and high complexity lagoon habitats; the latter with the lowest 

321 taxon richness (P <  H-B; SI Tables 10 and 11). The highest diversity of bony 

322 fish/elasmobranchs and crustaceans was detected in the intertidal reef (average of 47.2  5.4 bony 

323 fish/elasmobranchs and 9.7  1.7 crustaceans per site), however this was not significantly 

324 different for bony fish/elasmobranchs (P >  H-B; SI Figure 5; SI Tables 10, 12 and 13). 
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325 Echinoderm richness was highest in the low complexity lagoon (average of 3.6  0.4 taxa per 

326 site; SI Figure 4; SI Tables 10 and 14), whilst mollusc richness revealed no significant 

327 differences between habitat types (SI Table 10). The proportion of the major taxonomic groups 

328 amplified and represented at each site was consistent between marine habitat zones. The only 

329 deviations were a lack of echinoderms in the high complexity lagoon area and an increased 

330 proportion of crustaceans in the lagoonlet compared to all other marine habitat zones (SI Figure 

331 5). 

332

333 Overall taxonomic richness was also investigated for variation between sites within the outer 

334 lagoon, surge channels and inner lagoon (SI Figure 6 & 7). There were no significant differences 

335 in richness between lagoon zones, except when examining echinoderms independently (SI Table 

336 15). A significant difference was detected in echinoderm richness between the surge channel (4.1 

337  0.3 taxa) and the inner lagoon zone (1.9  0.5 taxa per site; P <  H-B; SI Table 16).

338

339 The taxa composition of bony fish, elasmobranch and crustacean communities is clearly seen to 

340 transition across the habitat and lagoon zones (nMDS; Figure 4). Within the mollusc and 

341 echinoderm ordinations however, very little clustering based on lagoon and marine habitat zones 

342 was observed. Distance based linear model (DistLM) analyses confirmed that community 

343 variation based on marine habitat was highly significant between sites (P < 0.05) and explained 

344 the highest proportion of fitted variance for all taxonomic groups (Table 3; SI Tables 17-20), 

345 except echinoderms where habitat was a non-significant predictor variable. Conversely, the 

346 lagoon zones (outer lagoon, surge channel, inner lagoon) explained the highest proportion of 

347 fitted variance for echinoderms; additionally, it was also a highly significant predictor variable 

348 for all taxonomic groups. Distance between sites (latitude/longitude) formed significant predictor 

349 variables for bony fish and elasmobranchs as well as molluscs and echinoderms; however, it only 

350 explained a small proportion of the variability for these taxonomic groups. For crustaceans, 

351 distance between sites did not influence their community composition. Finally, depth explained a 

352 small, yet significant, proportion of fish and elasmobranch community composition. 

353 Cumulatively, the spatial predictor variables tested in the DistLM analyses formed models that 

354 explained between 30-44% of total fitted variance between sites. Where the predictor variables of 
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355 marine habitat and lagoon zones were significant in the DistLM analyses, similarity percentage 

356 analyses (SIMPER) were used to identify prominent taxa contributing most to the similarity 

357 between sites within each zone. These assignments are reported in SI Section 6 and in SI Tables 

358 21-27, in addition to a variety of indicator species in SI Tables 28 and 29.

359

360 3.4 Comparison of eDNA to previous CKI marine monitoring techniques

361

362 An extensive set of fish collections and site surveys conducted at the CKI between 1973-2017, 

363 have recorded in total, 626 bony fish and elasmobranch species from 85 families (Hobbs, 

364 Newman, et al., 2014; Harvey et al. (unpublished)). Our eDNA metabarcoding survey from a 

365 single sampling point identified 240 bony fish and elasmobranch taxa from 48 families, including 

366 18 putative new fish occurrence records. This raises the total fish record at the CKI to 644 taxa 

367 from 88 families, with our single eDNA survey capturing 37.3% of the total CKI fish fauna. This 

368 level of detection is comparable to recent baited remote underwater video (BRUV) surveys 

369 conducted in 2016 and 2017 (Table 4) which captured 41.5% and 38.0% of the total CKI fish 

370 fauna, respectively (Harvey et al. (unpublished); see SI Tables 30 and 31 for BRUV species lists). 

371 Our eDNA survey however, was not as effective in capturing CKI bony fish and elasmobranch 

372 diversity as previously used invasive techniques, such as rotenone, explosives, quinaldine, 

373 angling, dipnets and spearing, which were collectively applied in two successive surveys in 1973 

374 and 1989 (Table 4; Allen & Smith-Vaniz, 1994). Although, it is worth noting only a single (16S) 

375 bony fish assay was employed and additional assays would have the potential to detect further 

376 fishes.

377

378 A total of 198 species of Decapoda (e.g. crabs, shrimps, lobsters) and 13 species of Stomatopoda 

379 (mantis shrimp) have previously been recorded at the CKI (Ahyong, 2014; Morgan, 1994). Our 

380 eDNA survey detected a total of 88 crustacean taxa; 83 Decapoda, 4 Stomatopoda and the first 

381 official record of Euphausiacea (krill) at the CKI. The detection and verification of 25 putative 

382 new crustacean occurrence records from the eDNA survey raises the total Decapoda recorded at 

383 the CKI to 221 taxa, the Stomatopoda recorded to 14 taxa and the Euphausiacea recorded to one 

384 taxon. However, an above and underwater observation survey for crustaceans (Morgan, 1994) 
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385 still detected a greater fraction of crustacean groups (89.6% of recorded Decapoda) than eDNA 

386 metabarcoding (37.3%) at the CKI (see Table 4).

387

388 4. Discussion

389

390 4.1 eDNA metabarcoding baseline of a tropical island reef ecosystem

391

392 This study is the first to conduct a multi-trophic eDNA survey of an entire coral reef atoll and 

393 demonstrates the utility of multi-assay Tree-of-life (ToL) eDNA metabarcoding approaches in 

394 assessing whole-ecosystem biodiversity (Stat et al., 2017). This non-destructive technique 

395 exhibited a high detection capability that is particularly suitable for characterising island reef 

396 habitats. There is a pressing need to efficiently survey remote, island ecosystems given that they 

397 support an exceptionally high level of marine biodiversity and/or endemism (Roberts et al., 

398 2002), yet through their isolation are increasingly vulnerable to climate-related threats (Whittaker 

399 & Fernández-Palacios, 2007). ToL metabarcoding approaches (Stat et al., 2017) are of particular 

400 use for environmental management in Small Island Developing States (SIDS), which typically 

401 share resource challenges, yet are at the forefront of the downstream effects of global climate 

402 change (United Nations, 2012). While our survey is restricted to a single time-point, the data 

403 provides novel information on the biodiversity present at the CKI, demonstrates the value of non-

404 destructive approaches to assess community composition, simultaneously assesses multitrophic 

405 diversity, establishes a roadmap for ongoing monitoring, and raises new biogeographic 

406 hypotheses regarding range extensions and habitat health at the CKI. The value of long-term 

407 eDNA chronosequences was recently demonstrated (Berry et al., 2019) and this study will 

408 establish a baseline upon which regular eDNA biomonitoring can take place.

409

410 4.2 Bony fish and elasmobranch diversity and community composition

411

412 The community composition of the fish and elasmobranch taxa detected by eDNA was largely 

413 congruent with the previously established fish diversity profile at the CKI. The predominant fish 

414 families of the eDNA dataset were all in the top ten recorded families with greatest species 
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415 richness at the CKI and also neighbouring Indonesia (Hobbs, Newman, et al., 2014). The highest 

416 taxonomic diversity of fish was observed in the intertidal reef and the lowest in the high 

417 complexity lagoon. This disparity was surprising given previous surveys have documented a high 

418 diversity and abundance of butterflyfish and herbivorous fish species in the outer reef terrace, as 

419 well as high and medium complexity lagoon zones, which incidentally were noted in previous 

420 surveys to feature the most developed and healthy reefs of the CKI (Australian Government, 

421 2005; Hender et al., 2001). Recent surveys of coral reef health and distribution at the CKI 

422 however, noted a 50-60% reduction of hard coral cover and genera abundance in the lagoon 

423 between 2010-2014 (Evans, Konzewitsch, & Bellchambers, 2016) and substantial numbers of 

424 dead branching and plating coral across the high complexity lagoon zone in 2018 (Z Richards, 

425 personal communication, December 2018). 

426

427 Habitat heterogeneity at CKI, as defined by Hender, McDonald and Gilligan (2001) in their 

428 classification of habitat zones (SI Section 1), was a significant spatial predictor variable in our 

429 survey, explaining the highest proportion of fish and elasmobranch variability. The position of 

430 each site either in the outer lagoon, surge channel or inner lagoon, alongside the distance and 

431 depth between sites were also found to be significant predictors, yet explained a lower proportion 

432 of variability in community composition. This indicates that fish and elasmobranch community 

433 composition across the CKI is largely shaped by marine habitat preferences, however the small, 

434 yet significant effect of the lagoonal zones, does indicate that species move across habitat zones. 

435 This is likely influenced by tidal changes, whereby at low tide, the low complexity area at the 

436 southern end of the inner lagoon partially dries (Woodroffe & Biribo, 2011). Likewise, in the 

437 outer lagoon, species would be expected to migrate off the intertidal reef amidst exposure with 

438 daily tidal changes.

439

440 There is a high level of daily water movement via surge channels at CKI, hence it is also possible 

441 that an eDNA signal from the inner lagoon may contain DNA shed in the outer lagoon and 

442 subsequently transported; thus, the habitat profile of inner lagoon sites would be confounded. 

443 However, there was no significant difference between the taxonomic diversity of fish in the three 

444 lagoon zones. In addition, we observed a clear transition of fish community composition between 
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445 sites situated in the outer lagoon, surge channel and inner lagoon (see SI Section 7 for further fish 

446 community composition information). This indicates that eDNA signals from seawater are 

447 localised enough to discriminate between sites over small spatial scales and can provide a 

448 reproducible profile of their community composition. This data adds to a growing body of 

449 evidence that there is strong spatial fidelity in eDNA signals, attributed to dispersion and 

450 degradation in seawater (Jeunen et al., 2018; Koziol et al., 2018; Murakami et al., 2019; Stat et 

451 al., 2019). 

452

453 The detection of unresolved deep-sea lanternfish and dragonfish assignments (order: 

454 Myctophiformes and Stomiiformes) illustrate the potential of using eDNA metabarcoding to 

455 identify cryptic biodiversity, particularly of taxonomic groups that inhabit pelagic zones and are 

456 largely inaccessible with other monitoring techniques. The expansion of reference sequence 

457 databases remains essential to resolve assignments to a high taxonomic resolution. Whilst it was 

458 not possible to elucidate the unresolved Myctophiformes and Stomiiformes sequences beyond 

459 order level (exempting the lanternfish Lampadena luminosa, Lampanyctus and Bolinichthys), it 

460 may be relevant that these taxonomic groups consist of small to medium-sized predatory fishes 

461 known to undertake diel vertical migration; whereby they inhabit meso- and bathypelagic zones 

462 during the day before migrating to surface waters at sunset to feed (Watanabe, Moku, 

463 Kawaguchi, Ishimaru, & Ohno, 1999). Additionally, there are reports of Stomiiforme larvae 

464 developing in near-surface layers, prior to descending to the meso- and bathypelagic zones 

465 (Fahay, 2007). It is therefore not unexpected that we detected these groups in the intertidal and 

466 adjacent medium complexity reefs. The detection of deep-sea fish, which we attribute to diel-

467 vertical migration and the surfacing of larvae, does however, raise a potential issue with the 

468 crossover detection of eggs/larvae and mature fish, as at present there is no way to discriminate 

469 them using an eDNA metabarcoding approach. During spawning periods, there is likely a 

470 sizeable increase in (gamete derived) mitochondrial DNA, and to a greater extent nuclear DNA 

471 (Bylemans et al., 2017), which in conjunction with water movement could confound community 

472 profiles. Therefore, some caution must be taken when analysing eDNA metabarcoding data on 

473 small spatial scales that are subject to extensive tidal and current movement, or even cyclical 

474 spawning events.
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475

476 Six of the nine elasmobranch taxa previously recorded at the CKI were detected using our eDNA 

477 method. The genus of Mobula (devil rays) was the only new elasmobranch occurrence record, 

478 however recent phylogenetic research indicates that Mobula is paraphyletic to Manta (manta 

479 rays) and subsequently it was recommended that Manta be revised as a subgroup under Mobula 

480 (White et al., 2018). Manta birostris is a known elasmobranch species at the CKI, commonly 

481 found in cleaning stations between Home Island and Direction Island (Z Richards, personal 

482 communication, December 2018) and on the southern edge of West Island (Brewer et al., 2009). 

483 This species was widely detected by eDNA at 11 sites across the atoll, including the intertidal 

484 reef and outer reef terrace.

485

486 4.3 Crustacean diversity and community composition

487

488 The Xanthidae are the predominant decapod group at the CKI, comprising approximately 38% 

489 (34 species) of crustaceans detected in our survey. This is congruent with previous surveys 

490 whereby xanthid taxa comprised 36% of Decapoda and Stomatopoda records at the CKI 

491 (Ahyong, 2014; Morgan, 1994) and validates that the 16S Crustacean primers (Berry et al., 2017) 

492 have the capability to accurately detect these crustacean groups. However, we only detected six 

493 of a possible 48 species in the Diogenidae family (marine hermit crabs), which after xanthid 

494 crabs, are thought to be one of the most diverse decapod groups at the CKI (Morgan, 1994). An 

495 in-silico analysis established that the 16S Crustacean primer assay has the ability to amplify the 

496 majority of taxa within Diogenidae. Thus, there seems to be no obvious explanation for this 

497 reduction in taxonomic diversity, as we surveyed extensively across their preferred habitats of 

498 sheltered, shallow intertidal reef and sandy areas. That the Diogenidae species were largely 

499 detected on the outer side of the lagoon is consistent with Morgan’s (1994) survey indicating an 

500 absence of marine hermit crabs in the northern and southern part of the lagoon off West Island. 

501

502 Another significant finding in the crustacean analysis, was the detection and first official 

503 occurrence record of Penaeidae (prawns) at the CKI. There is only one recorded sighting of 

504 Penaeidae at the CKI, with reference to an unidentified prawn being fed on by a Thalamita 
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505 crenata (McKillup & McKillup, 1996). The lack of Penaeidae in any formal survey at the CKI is 

506 surprising, given the widespread abundance of the family, particularly around Australia and 

507 Indonesia and its presence at neighbouring Christmas Island (Morgan, 2000). Interestingly, our 

508 detection could only be assigned at a family level (Penaeidae) because of a low identity 

509 percentage, indicating that we do not have a reference sequence for the detected taxa. This largely 

510 excludes the possibility that our detection is of imported prawns from mainland Australia for the 

511 purposes of human consumption, as Australian commercial prawn species (e.g. tiger prawns, king 

512 prawns and banana prawns) have numerous publicly-accessible reference sequences. The 

513 detection of Penaeidae at two sites (4, 30) at the CKI can now be used to guide further surveys in 

514 an effort to recover specimens for taxonomic and reference sequencing purposes.

515

516 The community composition of crustaceans is similar to that of the bony fish and elasmobranchs, 

517 with the habitat and lagoon zones explaining the most variation. The genus of Thalamita 

518 (Portunidae, Decapoda) was the most widespread crustacean taxa, representative in all habitat 

519 and lagoonal zones, except for the high complexity lagoon zone. This genus contains a plethora 

520 of species found at the CKI both in the shallows of the lagoon and on the outer edge of the atoll 

521 (Tweedie, 1950). The genus of Cyclodius (Xanthidae, Decapoda), in particular Cyclodius 

522 ungulatus, typified the high complexity lagoon zone and is largely associated with dead coral and 

523 coral rock, although has also been recorded among living Pocillopora coral (Tweedie, 1950). The 

524 omnivorous Daira perlata (Daridae, Decapoda) was widespread both in the low complexity 

525 lagoon and intertidal reef, dominating the latter. Daira perlata has been previously reported in 

526 crevices and under rocks on the outer edge of the CKI atoll (Tweedie, 1950). Lastly, Chlorodiella 

527 barbata (Xanthidae, Decapoda) was widespread in the low and medium complexity lagoon 

528 zones, found in both the surge channel and inner lagoon. Whilst its habitat distribution has not 

529 been formally reported at the CKI, Chlorodiella barbata has been reported in a number of 

530 lagoon, fringing reef and barrier reef sites in French Polynesia (Monteforte, 1987; Peyrot-

531 Clausade, 1989).

532

533 4.4 Mollusc diversity and community composition

534
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535 A total of 757 mollusc species from 126 families have been previously recorded at the CKI; 

536 80.6% of the class Gastropoda (snails and slugs) and 18.4% Bivalvia (bivalve molluscs) (Tan & 

537 Low, 2014). Our mollusc analysis, however, only detected a small fraction of these reported 

538 species with a total of 37 mollusc taxa across 29 families. This low level of detection likely 

539 reflects the fact that we did not apply a specifically-designed mollusc assay, but rather extracted 

540 mollusc assignments from a ‘universal’ 18S assay. As discussed previously, the 18S universal 

541 assay amplified 72 classes with the majority of BLAST hits at a family level. Therefore, it is 

542 recommended that for an in-depth eDNA mollusc analysis or to monitor threatened species such 

543 as giant clams, a more specific primer assay must be developed and applied. From the molluscs 

544 that were amplified however, we were able to discriminate community composition variation 

545 between sites. This was again largely attributed to habitat variation, in conjunction with distance 

546 (latitude/longitude) between sites and the site’s position within the inner lagoon, surge channel or 

547 outer lagoon. 

548

549 Lambis lambis, known as the common spider conch or gong gong locally, is a gastropod mollusc 

550 that is extensively fished using artisanal techniques in the CKI where it is considered a delicacy. 

551 Preferring algal-dominated lagoon flats, the southeast area of the lagoon once supported a high 

552 density of L. lambis. However, recent surveys indicate a change in their distribution, which may 

553 be due to macroalgal habitat declines (Bellchambers, Meeuwig, Evans, & Legendre, 2011) and an 

554 overall reduction in stock abundance between 2008-2014 (Evans et al., 2016). Not many of the 

555 sites surveyed overlapped with those of Evans, Konzewitsch and Bellchambers (2016); 

556 nonetheless we only detected L. lambis at one site (20), in the medium complexity lagoon area. 

557 This may reflect low population size in this area, however further eDNA and visual surveying 

558 across their preferred habitats is necessary.

559

560 4.5 Echinoderm diversity and community composition

561

562 The last updated checklist of echinoderms at the CKI reported a total of 89 species across 5 

563 classes (Crinoidea, Asteroidea, Ophiuroidea, Echinoidea and Holothuroidea; Marsh, 1994). We 

564 however, only detected 7 echinoderm taxa from 5 families across 2 classes. Limited detection is 
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565 again attributed to the use of the 18S universal assay, rather than applying a more specific 

566 echinoderm assay. Unlike the bony fish and elasmobranch, crustacean and mollusc communities, 

567 habitat, in addition to depth, was not a significant predictor variable for echinoderm community 

568 composition. This may reflect the ability of the detected echinoderm taxa to occupy mixed 

569 habitats, however, there was a lack of echinoderm DNA detected in the four sites located in the 

570 high complexity lagoon area of the inner lagoon. Whilst it could be argued that by sampling 

571 surface water we may be excluding benthic species, we did detect echinoderms on the outer reef 

572 terrace, which had the greatest depth profile by far (average depth ~ 13 m). Therefore, our lack of 

573 detection likely reflects a low abundance of echinoderms in the high complexity lagoon area. 

574

575 4.6 Future integration in reef monitoring

576

577 As demonstrated in this survey, eDNA metabarcoding is a powerful detection tool, capable of 

578 producing localised profiles of marine ecosystem composition amidst tidal and oceanic 

579 movements, which are reflective of habitat partitioning on an island scale. The eDNA approach 

580 proved to be equally efficient in detecting fish and elasmobranch diversity to recent BRUV 

581 surveys at the CKI. Interestingly there was no overlap in new occurrence records between the 

582 BRUV and eDNA surveys, demonstrating their potential utility to provide complementary 

583 baseline data, as previously reported by Stat et al., (2019). Whilst both the eDNA and BRUV 

584 surveys fall short of the efficiency of line and spearfishing as well as ichthyocides (Allen & 

585 Smith-Vaniz, 1994) as a fish survey tool at the CKI, they are preferable in that they are non-

586 lethal; the added benefit of eDNA metabarcoding is that it is completely non-invasive. However, 

587 like visual surveillance approaches, putative new occurrence records derived from eDNA will 

588 require further verification by specimen collection. Despite this, eDNA will be useful for 

589 directing targeted surveying, not only to verify new occurrence records, but also in an effort to 

590 physically recover unresolved taxa that may represent new species.

591

592 In capturing the crustacean diversity at the CKI, our eDNA crustacean primer assay fell short of 

593 traditional above and underwater observation surveys (Morgan, 1994). However, the application 

594 of this assay did contribute 25 new occurrence records for crustaceans at the CKI, demonstrating 
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595 that there remain cryptic and/or elusive taxa that have yet to be surveyed in this region. The low 

596 percentage of known crustacean diversity captured by the 16S Crustacean primers (Berry et al., 

597 2017), in comparison to previous survey techniques, may reflect a need for further primer 

598 optimisation in addition to the continual development of reference databases, given that the 

599 majority proportion of 16S Crustacean amplicons were attributed as no hits (SI Section 5). 

600 Alternatively, this may reflect preliminary research indicating lower eDNA detection rates from 

601 crustaceans, in contrast to fish and amphibian species (Forsström & Vasemägi, 2016; Tréguier et 

602 al., 2014).

603

604 Whilst eDNA metabarcoding is now widely employed in a number of settings, there remains 

605 some uncertainties in regard to experimental design, assay choice and laboratory/bioinformatic 

606 workflows that need to be optimised before this technique can be fully integrated into monitoring 

607 toolkits (see Cristescu and Hebert, 2018). In testing the utility of eDNA metabarcoding to survey 

608 the marine biodiversity of the CKI, we encountered some of these uncertainties, which we wish 

609 to address here, in anticipation that our findings will guide further eDNA surveying in tropical 

610 islands and more broadly, coral reef ecosystems. Our sampling design (six water replicates per 

611 site) was determined post hoc to be suboptimal with eight samples being the optimal replication 

612 required to completely sample the bony fish, elasmobranch, crustacean and mollusc diversity at 

613 sites within the CKI. Given that coral reefs support an exceptionally high level of marine 

614 biodiversity (Roberts et al., 2002), it is recommended that where possible, a pilot study is 

615 undertaken prior to a large survey in order to evaluate the level of replication required (for the 

616 given question). Alternatively, preference should be given to collecting a high yet feasible 

617 number of water replicates in the field, not all of which might progress through metabarcoding 

618 workflows.

619

620 Whilst there was some overlap in the detection of taxonomic groups, the four assays applied in 

621 this eDNA survey each produced unique taxon hits, which further supports their use as stand-

622 alone metabarcoding assays. It is therefore recommended that for metabarcoding, the 16S Fish 

623 assay is used to amplify a wide range of bony fish at a fine-scale level of taxonomic resolution 

624 (family to species level), the 16S Crustacean assay is used to amplify crustaceans, whilst the COI 
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625 Elasmobranch assay is primarily used for the amplification of elasmobranchs. The majority of 

626 BLAST hits extracted from the 18S Universal assay were at a family-level resolution; the power 

627 of this assay lies in its ability to anneal to a wide range of taxonomic groups. We therefore 

628 recommend that the 18S Universal assay is employed to explore the range of taxonomic groups 

629 present in an environmental sample, prior to using a secondary assay(s) to increase resolution of 

630 target taxa. 

631

632 Global research into the use of eDNA metabarcoding widely supports its implementation as a 

633 marine detection tool alongside traditional, observation-based monitoring techniques (Kelly et 

634 al., 2017; Stat et al., 2019; Taberlet, Bonin, Zinger, & Coissac, 2018). All traditional techniques 

635 in current use have biases and limitations ranging from inabilities to detect small and cryptic 

636 species, requirements for the use of bait, invasiveness (e.g. lethal methods), as well as logistical 

637 and cost-constraints. Whilst eDNA metabarcoding bypasses many of these concerns, it is not 

638 without its own limitations. This is largely in regard to its reliance on incomplete reference 

639 databases, where many species have yet to be barcoded, and, at present, its limited use for 

640 quantification above and beyond presence-absence surveys (McInerney & Rees, 2018). It is 

641 therefore highly recommended that eDNA metabarcoding is used in conjunction with widely 

642 employed morphological assessments, such as through line fishing, trawling and visual/video 

643 surveillance, which additionally provide information on size profiles and biomass. Ultimately, the 

644 method employed will depend on the primary biomonitoring question at hand, but a combined 

645 approach with eDNA metabarcoding has proven to yield substantially greater taxonomic richness 

646 than with either a sole genetic or sole morphological method (Kelly et al., 2017; Stat et al., 2019). 

647 Building on rapid developments in eDNA metabarcoding, it is expected that this genetic 

648 approach will soon be integrated into best-practice marine resource management practices.

649

650 5. Conclusion 

651

652 The application of a fine-tuned suite of eDNA metabarcoding assays can characterise whole 

653 marine ecosystem diversity, reveal fine-scale reef communities and provide putative new 

654 occurrence records that can efficiently establish or update marine baselines. This study 
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655 demonstrated the localisation of eDNA signals from seawater, providing community composition 

656 data that reflected habitat partitioning across an entire coral reef atoll. It provided high resolution 

657 data (i.e. to genus and species level) that is complementary to recent stereo-video surveillance 

658 research on bony fish and elasmobranchs at the CKI. An updated multi-trophic baseline, with the 

659 discovery of 46 new occurrence records - notably species of mullet, snapper and deep-sea fish - 

660 will provide the basis for inclusion into longer term monitoring programs. Repeated observations 

661 of eDNA measurements across the georeferenced sites herein will facilitate assessment of the 

662 status and ultimately trends in biodiversity, particularly in response to disturbance events at CKI 

663 (e.g. deoxygenation, coral bleaching). This can be integrated alongside traditional surveying 

664 methods to yield greater taxonomic richness and provide additional information in relation to size 

665 profiles and biomass. There is also the added benefit that eDNA samples can be archived, and as 

666 new primer assays for improved detection of echinoderms or molluscs, or any other taxa of 

667 interest are developed, samples can be retrospectively analysed. We strongly advocate for the 

668 ongoing development and application of multi-marker eDNA metabarcoding approaches to 

669 efficiently characterise and establish multi-trophic island reef baselines. In addition, continual 

670 barcoding of endemic and cryptic taxa, particularly deep-sea marine species, will aid in resolving 

671 ambiguous taxonomic assignments, which will be beneficial in future island reef metabarcoding 

672 projects. 

673
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943

944 Figure 1. (A) Location of the Cocos (Keeling) Islands (CKI) in the eastern Indian Ocean. 

945 (B) Satellite imagery of the main CKI atoll with an inset of North Keeling atoll (not to 

946 scale). (C) Marine habitat zone map of the CKI, based on previous habitat strata divisions 

947 reported by Australian Government (2005), Hender et al. (2001) and Williams (1994). Site 

948 locations indicate where 6x1L water replicates were collected per site for eDNA surveying (for a 

949 total of 252 water samples across 42 sites) and were additionally classified as being situated 

950 either within the Inner Lagoon, Surge Channel or Outer Lagoon. Number of sites per marine 

951 habitat zone are as follows: Low Complexity n=13, Medium Complexity n=9, High Complexity 

952 n=4, Outer Reef Terrace n=4, Intertidal Reef n=11, and Lagoonlet (telok) n=1. Number of sites 

953 per lagoon zone as are follows: Inner Lagoon n=17, Surge Channel n=12, and Outer Lagoon 

954 n=13.
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957

958

959

960 Figure 2. Order level dendrogram of bony fish, elasmobranch, crustacean, mollusc and 

961 echinoderm diversity detected at the CKI using eDNA metabarcoding. The number of taxa 

962 depicted in the central circle refers to the overall number of unique assignments in each 

963 taxonomic group (i.e. at a species, genus, family level etc).
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976

977

978 Figure 3. Taxa of interest detected by eDNA at the CKI. Shark species: (a) Grey reef shark 

979 (Carcharhinus amblyrhynchos) and (b) Tiger shark (Galeocerdo cuvier). Subsistence and 

980 recreational fishing species: (c) Humphead Maori wrasse (Cheilinus undulatus); (d) Snubnose 

981 dart (Trachinotus blochii); (e) Passionfruit coral trout (Plectropomus areolatus); (f) Blacktail 

982 snapper (Lutjanus fulvus). Photos: Tane Sinclair-Taylor.
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984

985

986

987

988 Figure 4. Non-metric multi-dimensional scaling (nMDS) ordination plots of a) bony fish and 

989 elasmobranch, b) crustaceans, c) molluscs and d) echinoderm community compositions. 

990 Each plot is divided into two parts with the left and right sides representing individual sites 

991 colour coded according to lagoon and marine habitat zone, respectively.
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1010 11. Tables

1011

1012 Table 1. PCR assay information for marine eDNA metabarcoding at CKI. Four primer sets: 

1013 16S Fish, 16S Crustacean, COI Elasmobranch and 18S Universal, corresponding to the following 

1014 gene regions, respectively: mitochondrial 16S rDNA, mitochondrial COI, and nuclear 18S rDNA, 

1015 were applied to all collected seawater samples. In the primer name, “F” refers to the forward 

1016 primer and “R” to the reverse primer. 

1017

PCR Assay
Target 

taxa
Primer Name Oligonucleotide Sequence (5’-3’)

Target

Length 

(bp)

Annealing 

temp (C)

Primer 

Reference

16SF/D
GACCCTATGGAGCTTTAGAC

Berry et al., 

2017
16S Fish Fish

16S2R-

degenerate
CGCTGTTATCCCTADRGTAACT

178-228 54
Deagle et al., 

2007

FishF1-

degenerate
ACCAACCACAAAGANATNGGCAC

FishF2-

degenerate
TCNACNAATCATAAAGATATCGGCAC

Original:

Ward et al., 

2005

Degenerate:

This study
COI 

Elasmobranch

Sharks, 

Skates & 

Rays Shark COI-

MINIR- 

degenerate

GATTATTACNAAAGCNTGGGC

110-241 52

Original: 

Fields et al., 

2015

Degenerate:
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1018

This study

Crust16S_F 

(short)
GGGACGATAAGACCCTATA

16S

Crustacean
Crustacean

Crust16S_R 

(short)
ATTACGCTGTTATCCCTAAAG

90-213 51
Berry et al., 

2017

18S_1F GCCAGTAGTCATATGCTTGTCT

18S Universal Eukaryotes
18S_400R GCCTGCTGCCTTCCTT

336-423 52

Pochon, 

Bott, Smith, 

& Wood, 

2013
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1019 Table 2. Taxa of interest. Marine habitat abbreviations are as follows: LCL, Low Complexity Lagoon; MCL, Medium Complexity 

1020 Lagoon; HCL, High Complexity Lagoon; ORT, Outer Reef Terrace; IR, Intertidal Reef; L, Lagoonlet. 

Common Name Scientific Name Importance Total sites Total reads
Marine 

Habitat Zone
Distribution

Bony Fish & Elasmobranchs

Bonefish Albula Recreational fishing species 15 27,017
LCL, MCL, ORT, IR, 

L
Uncertain

White banded cod Anyperodon leucogrammicus Subsistence and recreational fishing species 1 157 HC Indo-Pacific

Green humphead 

parrotfish
Bolbometopon muricatum Subsistence fishing species 20 41,444

LCL, MCL, HCL, 

ORT, IR
Indo-Pacific

Lanternfish Bolinichthys 
New record at CKI. Genus comprised of epi- and 

mesopelagic species.
1 49 IR Circumglobal

Goatsbeard brotula Brotula multibarbata Recreational fishing species 4 11,098 LCL, ORT, IR Indo-Pacific

Giant trevally Caranx ignobilis Recreational fishing species 6 1,915 LCL, MCL, ORT, IR Indo-Pacific

Bluefin trevally Caranx melampygus Recreational fishing species 1 177 MCL Indo-Pacific

Grey reef shark Carcharhinus amblyrhynchos Requiem shark, not fished or targeted 12 120,664 LCL, MCL, HCL, IR Indo-Pacific

Blacktip reef shark Carcharhinus melanopterus Requiem shark, not fished or targeted 19 49,427
LCL, MCL, HCL, 

ORT, IR, L
Indo-Pacific

Milkfish Chanos chanos Subsistence and recreational fishing species 18 108,492
LCL, MCL, ORT, IR, 

L
Indo-Pacific

Humphead Maori 

wrasse
Cheilinus undulatus Subsistence fishing species 10 34,252

LCL, MCL, HCL, 

ORT, IR
Indo-Pacific

Rainbow runner Elagatis bipinnulata Recreational fishing species 1 132 LCL Circumglobal

Squaretail mullet Ellochelon vaigiensis Subsistence fishing species 6 75,038 LCL, IR, L Indo-Pacific

Grouper Epinephelus Subsistence and recreational fishing species 38 131,075 LCL, MCL, HCL, IR Indo-Pacific

Tiger shark Galeocerdo cuvier Requiem shark, not fished or targeted 1 111 HCL Circumglobal
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Strongspine silver-

biddy
Gerres longirostris Subsistence fishing species 9 1527 LCL, IR, L Indo-Pacific

Luminous 

lanternfish
Lampadena luminosa New record at CKI. Bathypelagic species. 1 739 MCL Circumglobal

Lanternfish Lampanyctus
New record at CKI. Genus comprised of epi-, meso- 

and bathypelagic species.
1 40 MCL Circumglobal

Emperors Lethrinus
Subsistence fishing species. Historical concerns 

regarding overexploitation (Hender et al. 2001).
31 68,884

LCL, MCL, HCL, IR, 

L
Indo-Pacific

Two-spot red 

snapper
Lutjanus bohar Subsistence and recreational fishing species 12 63,742

LCL, MCL, HCL, 

ORT, IR
Indo-Pacific

Blacktail snapper Lutjanus fulvus Subsistence and recreational fishing species 24 84,016
LCL, MCL, ORT, IR, 

L
Indo-Pacific

One-spot snapper Lutjanus monostigma Subsistence fishing species 1 940 HCL Indo-Pacific

Giant oceanic 

manta ray
Manta birostris Not fished or targeted 11 695

LCL, MCL, HCL, 

ORT, IR
Circumglobal

Devil rays Mobula New record at CKI, not fished or targeted 2 1,628 IR Circumglobal

Lanternfish & 

blackchins
Myctophiformes

New record at CKI. Order comprised of 

bathypelagic species. Requires reference 

sequences to resolve assignments.

4 4,208 LCL, MCL, IR Circumglobal

Hornlip mullet Oedalechilus labiosus New mullet record at CKI 1 218 LCL Indo-Pacific

Passionfruit coral 

trout
Plectropomus areolatus

Historical concerns regarding overexploitation 

(Fletcher & Santoro 2009).
5 4,563 MCL, HCL Indo-Pacific

Goldband snapper Pristipomoides multidens New snapper record at CKI 1 313 IR Indo-Pacific

Dragonfishes & 

relatives
Stomiiformes

New record at CKI. Order comprised of epi-, meso- 

and bathypelagic species. Requires reference 

sequences to resolve assignments.

1 252 IR Circumglobal

Snubnose dart Trachinotus blochii Recreational fishing species 5 3,764 LCL, MCL, L Indo-Pacific

Whitetip reef shark Triaenodon obesus Requiem shark, not fished or targeted 9 29,617 LCL, MCL, HCL, IR Indo-Pacific
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1021

1022

1023

Crustaceans

Fourspine rock 

lobster
Panulirus penicillatus Subsistence fishing species 1 5,144 LCL Indo-Pacific

Prawns Penaeidae New record at CKI 2 51,845 LCL, MCL Circumglobal

Mangrove 

swimming crab
Thalamita crenata Subsistence fishing species 2 9,544 LCL, L Indo-Pacific

Molluscs

Spider conch Lambis lambis Subsistence fishing species 1 19 MCL Indo-Pacific

Oysters Ostreidae Subsistence fishing species 2 54 MCL, IR Circumglobal

Pearl oysters Pinctada Potential commercial interest 2 53 LCL Circumglobal

Echinoderms

Sea cucumbers Holothuriidae Ecologically important species 13 1,454 LCL, MCL, IR Circumglobal
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1024 Table 3. Summary table of the distance based linear model (DistLM) analyses. These were 

1025 constructed using a sequential step-wise selection procedure and adjusted R2 criterion. Under the 

1026 spatial predictor variables, ‘Lagoon’ refers to the lagoon zones, whilst ‘Habitat’ refers to the 

1027 marine habitat zones. Significant codes are as follows: 0  0.001 ‘***’, 0.001  0.01 ‘**’, 0.01  

1028 0.05 ‘*’. The variables highlighted in bold are significant (P<0.05). Full DistLM results, 

1029 including marginal tests, are provided in SI Tables 9-12.

1030

1031

1032

1033

1034

1035

1036

1037

Response Predictor Adj R2 Pseudo-F Proportion 
Cumulative 

Proportion 
P

Habitat 0.187 2.885 0.286 0.286 0.000 ***

Lagoon 0.210 1.531 0.059 0.345 0.007 **
Bony Fish & 

Elasmobranchs
Longitude 0.233 1.995 0.037 0.382 0.000 ***

Latitude 0.247 1.640 0.030 0.412 0.009 **

Depth 0.258 1.476 0.027 0.439 0.047 *

Habitat 0.097 1.817 0.216 0.216 0.000 ***
Crustaceans

Lagoon 0.119 1.407 0.065 0.281 0.042 *

Longitude 0.121 1.073 0.024 0.306 0.358

Habitat 0.076 1.661 0.192 0.192 0.001 ***

Latitude 0.111 2.408 0.053 0.245 0.006 **

Longitude 0.139 2.050 0.044 0.289 0.020 * 
Molluscs

Lagoon 0.185 1.945 0.079 0.369 0.008 **

Lagoon 0.129 3.453 0.182 0.182 0.000 ***

Latitude 0.176 2.754 0.069 0.251 0.020 *

Depth 0.189 1.478 0.036 0.287 0.210  

Longitude 0.200 1.418 0.034 0.322 0.232

Echinoderms

Habitat 0.235 1.313 0.122 0.443 0.186
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1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053 Table 4. Overview of bony fish, elasmobranch and crustacean taxonomic surveys 

1054 conducted at the CKI, ordered by decreasing year. The results from this survey are in bold. 

1055 The percentage of taxa detected over total diversity is calculated based on the updated diversity 

1056 count of 644 taxa for bony fish and elasmobranchs, and 236 taxa for crustaceans (221 Decapoda, 

1057 14 Stomatopoda and 1 Euphausiacea). New records refer to either new occurrence records at the 

1058 CKI, or new species descriptions. Harvey et al. (unpublished) recorded species list for BRUV 

1059 surveys in 2016 and 2017 are provided in SI Tables 30 and 31.

1060

Year Trips Method
Taxa 

detected

Taxa detected/ 

total diversity 
New records Reference

Bony Fish & Elasmobranchs

2017 1 eDNA metabarcoding 240 37.3% 18 new occurrence This study

2017 1
Baited remote underwater 

video (BRUV)
245 38.0% 21 new occurrence

Harvey et al. 

(unpublished)

2016 1
Baited remote underwater 

video (BRUV)
267 41.5% 3 new occurrence

Harvey et al. 

(unpublished)

2014 11 Underwater visual observations N/A N/A 67 new occurrence Hobbs, 
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1061

–2001 and line-fishing Newman, et 

al., 2014 

2004 1
Underwater visual observations

(large >30 TL cm fish only)
58 9.0% 0

Bennett et al., 

2018

2001 1

Underwater visual observations

(commercial and recreational 

target species only)

74 11.5% 0
Hender et al., 

2001

1989 1 Rotenone, spear and dipnets 448 69.6% N/A
Allen & Smith-

Vaniz, 1994 

1973 1

Rotenone, explosives, 

quinaldine, angling and 

spearing

425 65.9% 12 new species
Allen & Smith-

Vaniz, 1994

Crustaceans

2017 1 eDNA metabarcoding 88 37.3% 25 new occurrence This study

1994 1
Above and underwater 

observations (Decapoda only)
198 89.6% 78 new occurrence Morgan, 1994
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