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Abstract 28 

Environmental DNA (eDNA) metabarcoding is emerging as a novel, objective tool for monitoring 29 

marine metazoan biodiversity. Zooplankton biodiversity in the vast open ocean is currently monitored 30 

through continuous plankton recorder (CPR) surveys, using ship-based bulk plankton sampling and 31 

morphological identification. We assessed whether eDNA metabarcoding (2 L filtered seawater) could 32 

capture similar Southern Ocean zooplankton biodiversity as conventional CPR bulk sampling (~1500 L 33 

filtered seawater per CPR sample). We directly compared eDNA metabarcoding with (i) conventional 34 

morphological CPR sampling and (ii) bulk DNA metabarcoding of CPR collected plankton (two transects 35 

for each comparison, 40 and 44 paired samples respectively). A metazoan‐targeted cytochrome c 36 

oxidase I (COI) marker was used to characterize species-level diversity. In the 2 L seawater eDNA 37 

samples this marker amplified large amounts of non‐metazoan picoplanktonic algae, but eDNA 38 

metabarcoding still detected up to 1.6 times more zooplankton species than morphologically analysed 39 

bulk CPR samples. COI metabarcoding of bulk DNA samples mostly avoided non-metazoan 40 

amplifications and recovered more zooplankton species than eDNA metabarcoding. However, eDNA 41 

metabarcoding detected roughly two thirds of metazoan species and identified similar taxa 42 

contributing to community differentiation across the subtropical front separating transects. We 43 

observed a diurnal pattern in eDNA data for copepods which perform diel vertical migrations, 44 

indicating a surprisingly short temporal eDNA signal. Compared to COI, a eukaryote-targeted 18S 45 

ribosomal RNA marker detected a higher proportion, but lower diversity, of metazoans in eDNA. With 46 

refinement and standardization of methodology, eDNA metabarcoding could become an efficient tool 47 

for monitoring open ocean biodiversity. 48 

 49 
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1 Introduction 54 

Biodiversity surveying and long-term monitoring of the open ocean is crucial to capture the effect of 55 

rapidly changing climate on marine ecosystems (Constable et al., 2014; Hoegh-Guldberg & Bruno, 56 

2010). Plankton communities are particularly useful as an indicator of change in this environment, as 57 

they reflect a diversity of biological responses to climatic variation at a range of timescales (Beaugrand, 58 

2005; McQuatters-Gollop et al., 2019). These communities also form the base of the oceanic food web 59 

which supports global marine ecosystems and fisheries (Frederiksen, Edwards, Richardson, Halliday & 60 

Wanless, 2006). However, carrying out biological monitoring in the open ocean has always been 61 

challenging, particularly for metazoan (i.e. animal) species, as they range in size enormously and a 62 

variety of sampling techniques are required. Currently, most data on metazoans comes from either 63 

using indirect methods such as hydro-acoustics (Egerton et al., 2018; Kloser, Ryan, Sakov, Williams & 64 

Koslow, 2002), datasets from fisheries catch (Cheung, Watson & Pauly, 2013; Gordon, Beaumont, 65 

MacDiarmid, Robertson & Ahyong, 2010), using nets to sample the water column during dedicated 66 

marine science voyages (Hosie, Schultz, Kitchener, Cochran & Richards, 2000; Koubbi et al., 2010; 67 

O'Hara, Williams, Althaus, Ross & Bax, 2020), or using underway sampling methods such as the 68 

continuous plankton recorder (CPR) (Hosie, Fukuchi & Kawaguchi, 2003; Reid, Colebrook, Matthews, 69 

Aiken & Team, 2003). Recently, DNA metabarcoding has emerged as an important tool to characterize 70 

marine biodiversity and has provided new insights into life in the world’s oceans (Stat et al., 2019). 71 

DNA-based approaches promise to circumvent some challenges associated with traditional survey 72 

methods particularly the time-consuming microscopic identification of plankton (Deagle, Clarke, 73 

Kitchener, Polanowski & Davidson, 2018; Leduc et al., 2019) which is currently the foundation of many 74 

marine biology investigations. The other primary advantage of a DNA-based approach is the potential 75 

for a standardised taxonomy with less reliance on direct input from taxonomic experts (Ji et al., 2013; 76 

Ruppert, Kline & Rahman, 2019). This is especially relevant as the expertise required to identify species 77 

from such a diverse array of phyla is in decline (Hutchings, 2019; Kholia & Fraser-Jenkins, 2011). 78 
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There are two broad ways that DNA metabarcoding has been implemented in biodiversity surveys 79 

of metazoans. In the first, whole organisms are collected using standard sampling methods (e.g. 80 

plankton net sampling) and DNA is extracted from a bulk sample of organisms (e.g. Hirai, Kuriyama, 81 

Ichikawa, Hidaka & Tsuda, 2015). The bulk sampling approach is generally applied to smaller 82 

planktonic organisms, but can also be applied to large species by pooling tissue samples (Ratcliffe et 83 

al., 2020) or extracting DNA from sample preservative (Hajibabaei, Spall, Shokralla & van 84 

Konynenburg, 2012). The second approach is to focus on trace amounts of environmental DNA (eDNA) 85 

generally collected by filtering small volumes of water through fine filters (< 1 µm pore size; Rees, 86 

Maddison, Middleditch, Patmore & Gough, 2014). The sources of eDNA in the ocean include: excreted 87 

faeces, mucous, and gametes; shed cells and scales; degrading tissue (e.g. moults and carcasses) and 88 

whole live organisms (Taberlet, Bonin, Zinger & Coissac, 2018). In reality these two approaches, ‘bulk 89 

DNA metabarcoding’ (Taberlet, Coissac, Pompanon, Brochmann & Willerslev, 2012) and ‘eDNA 90 

metabarcoding’, are part of a continuum of DNA sampling strategies – from coarse filters with large 91 

volumes of water to very fine filters and small water volumes, but for practical purposes we consider 92 

them separately here. 93 

One of the main benefits of using eDNA metabarcoding rather than bulk DNA metabarcoding 94 

(henceforth called ‘bulk metabarcoding’) in biomonitoring applications is the relative ease of sample 95 

collection and ability to standardise sample processing. However, the eDNA metabarcoding 96 

methodology still needs to be optimised and evaluated against other approaches before it can be 97 

considered as a viable alternative (Goldberg et al., 2016; Macher et al., 2018). In marine environments, 98 

it remains unclear how effective eDNA metabarcoding is in detecting species and community 99 

compositions, to what extent this depends on sampled water volume, and for how long eDNA signals 100 

remain detectable in the open ocean (Sepulveda et al., 2019; Thomsen et al., 2012). These initial 101 

validation steps are particularly important for applications to long-term monitoring because of the 102 

effort required to collect these large datasets and the critical need to maintain a methodology that 103 

ensures comparability of data (Pawlowski et al., 2018). To date much of the eDNA metabarcoding 104 
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validation work for metazoan communities has focussed on freshwater lakes and streams (Blackman 105 

et al., 2019; Deiner, Walser, Mächler & Altermatt, 2015). In the marine environment, studies are most 106 

common in biologically rich estuaries (Brown, Chain, Zhan, MacIsaac & Cristescu, 2016) and the coastal 107 

neritic zone (< 200 m) above the drop-off of the continental shelf (Bucklin et al., 2019). Less research 108 

has been done in the largest marine biome, the open ocean zone beyond the continental shelf.  109 

To validate open ocean eDNA metabarcoding, we compared eDNA sampling to bulk plankton 110 

sampling of the continuous plankton recorder (CPR). The CPR survey is a large, long-term 111 

biomonitoring effort that samples open ocean plankton communities (Hosie et al., 2003; Reid et al., 112 

2003). The survey uses a device that is towed behind a ship to capture plankton from surface water at 113 

a continuous rate over large areas of the ocean and is often deployed from merchant ships. In a 114 

previous study we compared metazoan DNA metabarcoding of bulk CPR samples with conventional 115 

morphological analysis of CPR samples (Deagle et al., 2018). The DNA-based approach identified more 116 

taxa, but the CPR unit is not an ideal genetic sampler, as there is potential for cross-contamination 117 

and the protocol we used to preserve samples was quite time consuming – a critical consideration 118 

when sampling from ships of opportunity. Here we examine whether eDNA has a similar capacity to 119 

detect species and community composition as the CPR survey by comparing metabarcoding of eDNA 120 

samples to metabarcoding of CPR samples as well as to traditional morphologic analysis of CPR 121 

samples.  122 

One of the most important decisions in the design of eDNA metabarcoding studies is the choice 123 

of metabarcoding marker, as this both determines which taxa can be detected as well as the 124 

taxonomic resolution (Bucklin, Lindeque, Rodriguez-Ezpeleta, Albaina & Lehtiniemi, 2016; Leray & 125 

Knowlton, 2016; Tang et al., 2012). Different metabarcoding markers are used in studies of the full 126 

diversity of marine eukaryotic organisms (e.g. De Vargas et al., 2015; López-Escardó et al., 2018) than 127 

in focussed surveys into the distribution of large taxa (e.g. sharks or fish; Boussarie et al., 2018; 128 

Thomsen et al., 2016). In the open ocean, bacterial communities have been extensively characterized 129 
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using 16S ribosomal RNA (rRNA) markers (e.g. Raes et al., 2018), surveys of eukaryotes have been 130 

conducted using 18S rRNA markers (De Vargas et al., 2015), and bulk metabarcoding of plankton and 131 

eDNA barcoding analysis targeting specific taxa using species-specific assays have also been done 132 

(Sigsgaard et al., 2017; Yamahara et al., 2019). Here, we chose a cytochrome c oxidase I (COI) assay, 133 

designed to resolve a large variety of metazoan taxa to species level (Leray et al., 2013). The high 134 

taxonomic resolution, combined with an extensive reference database, provides the best direct 135 

comparison of eDNA metabarcoding to conventional morphological CPR. We also characterised 136 

overall eukaryotic diversity in our eDNA samples using an 18S rRNA marker to gain a broader 137 

perspective of taxa present in the eDNA. 138 

We collected eDNA and CPR samples in parallel along four open ocean transects between 139 

Tasmania, Australia and the subantarctic Macquarie Island, spanning the subtropical front. For eDNA 140 

sampling, two litres of surface seawater were collected from the ship’s underway seawater line at 141 

roughly 5 nautical mile intervals. For the CPR sampling, plankton material continuously collected over 142 

each 5 nautical mile interval (filtering approximately 1 500 L of seawater (Hunt & Hosie, 2006)) was 143 

considered as a single sample. Each CPR sample therefore had a corresponding eDNA sample that was 144 

collected in parallel. The CPR sampling was divided into either morphological or genetic transects, as 145 

the sample storage requirements for genetic and morphological analyses are different and mutually 146 

exclusive (see methods). Therefore, two transects were analysed using conventional morphological 147 

methods, while the remaining two transects were analysed by bulk metabarcoding. eDNA samples 148 

from all four transects were characterized using high throughput amplicon sequencing of a COI and 149 

an 18S marker. The bulk metabarcoding CPR samples were characterised with the same COI marker 150 

as used for the eDNA metabarcoding. The COI marker was also used to examine two additional large-151 

volume eDNA samples (> 2000 L of seawater) collected by continuously filtering water over the full 152 

length of two transects.  153 
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We specifically address the following questions: i) Can eDNA metabarcoding capture a similar 154 

number of metazoan species as bulk metabarcoding or morphological analysis of CPR samples within 155 

transects? ii) Can eDNA metabarcoding detect similar metazoan community composition as bulk 156 

metabarcoding or morphological analysis of CPR samples across transects? iii) How long does the 157 

eDNA of a targeted taxon remain detectable in the open ocean? iv) How does metabarcoding of large 158 

volume eDNA samples compare to small volume eDNA metabarcoding? 159 

  160 
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2 Material and Methods 161 

 162 

2.1 CPR sampling for morphological and genetic analysis 163 

Samples were collected on board the RSV Aurora Australis in the Southern Ocean south of Tasmania, 164 

Australia (Figure 1A) in March 2018 (9 – 24 March). A CPR unit (Type II, Mark V) fitted with 270 µm 165 

nylon mesh was towed 100 m behind the ship at about 10 m depth. A total of four CPR tows were 166 

conducted (Figure 1A); two conventional tows (“Morph-A” and “Morph-B”) and two genetic tows 167 

(“Gen-A” and “Gen-B”). Transects Morph-A (46° 52' 30'' S to 48° 18' 43'' S) and Morph-B (47° 52' 05'' 168 

S to 46° 51' 24'' S) followed standard CPR methods (Hosie et al., 2003) and the CPR silk spools were 169 

fixed in 10% buffered formalin for morphological identification of metazoan species. For the two 170 

genetic transects, Gen-A (43° 26' 31'' S to 45° 30' 41'' S) and Gen-B (53° 05' 43'' S to 51° 34' 51'' S), a 171 

sheet of plastic was added between the mesh layers on the spool to minimize cross-contamination 172 

from eDNA potentially seeping through the spool layers (see Deagle et al., 2018) and no formalin was 173 

added, as formalin is not a suitable preservative for downstream genetic analyses. For genetic analysis 174 

the mesh was unrolled once on board, cut into 5.5 cm segments (each representing approximately 5 175 

nautical miles of a tow and approximately 1 500 L of filtered seawater) and frozen at -80°C on board. 176 

Gen-A was sampled north of the subtropical front (Sikes et al., 2009) in relatively warm waters (17.4 177 

– 19.1 °C), while the other three transects were sampled south of the subtropical front in much cooler 178 

waters of the Southern Ocean (Morph-A: 12.0 – 14.3 °C ; Morph-B: 10.9 -13.0 °C; Gen-B: 7.4 – 8.6 °C).  179 

 180 

2.2 eDNA sampling 181 

eDNA was collected in parallel to the CPR plankton samples during each of the four transects. Two 182 

litre of seawater were collected approximately every 30 minutes directly from the ship’s 183 

uncontaminated seawater line (4 ± 2 m depth). Each eDNA sample provides a snapshot sample which 184 

corresponds to one of the CPR segments we collected in parallel (i.e. plankton collected on mesh by 185 
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CPR unit over 5 nautical miles from 1 500 L of seawater). The eDNA water samples were vacuum 186 

filtered through 47 mm, 0.45 μm polyethersulfone filters (Pall Life Sciences, New York, NY, USA) using 187 

a Sentino microbiology pump (Pall Life Sciences). The membrane discs were cut in half and frozen 188 

immediately at −80 °C. One half of the disk was used for genetic analysis, while the other half was kept 189 

in storage at -80 °C as a backup and for potential long-term biomonitoring studies in the future. This 190 

‘eDNA biobanking’ of samples is crucial to allow for future changes in eDNA processing methods 191 

(Jarman, Berry & Bunce, 2018). During sampling, a total of eight blank samples were taken by filtering 192 

500 mL of the freshwater used in the laboratory. The 2 L Nalgene bottles and filtration equipment 193 

were rinsed with freshwater between filtrations and sterilised by soaking in 10% bleach after every 194 

fourth sample.  195 

 196 

2.3 Large-volume eDNA sampling 197 

We investigated the characteristics of eDNA in larger sample volumes and coarser filters (large-volume 198 

eDNA), by continuously filtering seawater from the underway seawater line through a piece of 270 199 

µm silk mesh over two entire transects. One sample was taken at the same time as transect Gen-B 200 

(filtering approximately 2160 L of seawater over 9 hours), overlapping with eDNA and CPR samples of 201 

that transect (51° 29' 52'' S to 53° 15' 09'' S). The other sample was taken at the end of the voyage 202 

(filtering approximately 2880 L of seawater over 12 hours), with a near-perfect overlap (42° 56' 203 

52.6236'' S to 45° 9' 38.7036'' S) to samples of transect Gen-A, which was taken 13 days earlier. The 204 

mesh from large-volume eDNA sampling were placed in falcon tubes and frozen at -80 °C on board. 205 

 206 

2.4 Morphological analysis 207 

Samples from the morphological transects were processed following standard methods of the 208 

Southern Ocean CPR survey (see Hosie et al., 2003; McLeod, Hosie, Kitchener, Takahashi & Hunt, 209 

2010). Briefly, silks were unrolled and cut into segments representing 5 nautical miles. All 210 
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zooplankton on each segment were identified and counted under a dissecting microscope. 211 

Identification was to the lowest taxonomic level possible, based on the Register of Antarctic Marine 212 

Species (de Broyer & Danis, 2014). Euphausiids and copepods were also identified to developmental 213 

stage where possible. Taxa within some broad lineages were not differentiated (e.g. hydrozoans and 214 

larval echinoderms) and damaged specimens were grouped at coarser taxonomic levels where 215 

necessary (e.g. indeterminate euphausiid). 216 

 217 

2.5 DNA extraction 218 

2.5.5 Bulk DNA 219 

To extract bulk DNA from CPR segments, 50 mL of 80% ethanol was added to the storage tube 220 

containing the CPR silk (n = 40). The tubes were shaken vigorously several times and then left 221 

overnight. Using a wide bore pipette tip, 1.2 mL of settled sediment was transferred into a tube, 222 

centrifuged at 3000 rpm for 1 min and the ethanol was poured off to provide material for extraction. 223 

This sample processing method has previously been shown to be optimal to capture metazoan 224 

diversity in CPR samples (Deagle et al., 2018). DNA extraction was carried out using the QIAGEN 225 

DNeasy Blood & Tissue kit (QIAGEN) following the manufacturer’s instructions (including the 226 

Proteinase K digestion step). Extracts were eluted in 150 μL buffer EB and stored at -20 °C 227 

 228 

2.5.2 Large-volume eDNA 229 

The large-volume eDNA samples (n = 2) followed the same protocol as the CPR segments, with the 230 

exception that three technical replicates, consisting of 1.2 mL of settled sediment, were taken from 231 

each sample. 232 

 233 
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2.5.3 eDNA 234 

DNA was extracted from one half of each filter membrane (n = 84) using the NucleoSpin Tissue system 235 

(Macherey-Nagel, Düren, Germany) at the Australian Genome Research Facility (AGRF, Adelaide, 236 

Australia; http://www.agrf.org.au).  237 

 238 

2.6 PCR and sequencing 239 

2.6.1 COI  240 

A mitochondrial cytochrome c oxidase subunit I (COI) marker (approximately 310 bp) was amplified 241 

using highly degenerate metazoan primers (forward primer: mlCOIintF, reverse primer: jgHCO2198; 242 

Leray et al., 2013). PCR amplifications were performed in two rounds, the first to amplify the target 243 

locus and add sample-specific 6 bp multiplex-identifier (MID) tags (forward and reverse primer) and 244 

Illumina sequencing primers, the second to add sequencing adapters and additional 10 bp MIDs 245 

(Clarke, Beard, Swadling & Deagle, 2017). All pre-PCR preparations were carried out in a separate clean 246 

room designed for eDNA work, which was physically separated from the main laboratory. For first-247 

round PCR, the 10 μL reaction mixes contained 1 μL DNA (diluted to 5 ng μL-1), 0.5 μM of each primer, 248 

2 μg BSA, 5 μL AmpliTaq Gold™ 360 Master Mix (Life Technologies) and nuclease free water (QIAGEN). 249 

Thermal cycling conditions were 95°C for 10 min; followed by 35 cycles for bulk DNA and large-volume 250 

eDNA sampels and 40 cycles for eDNA samples of 95°C for 30 s, 46°C for 30 s and 72°C for 45 s; and 251 

then a final extension at 72°C for 5 min. For the second round, samples were diluted 1:10 and 1 μL of 252 

this used as template in a 10 cycle PCR. Conditions were as in the first round except for 55°C annealing 253 

temperature. PCR products were pooled, purified using Agencourt AMPure XP beads (Beckman 254 

Coulter) and sequenced in both directions using a Miseq V2 Reagent Kit (500 cycles). 255 

All eDNA and bulk DNA samples were sequenced in a first sequencing run. As five eDNA samples had 256 

failed during this first run, they were sequenced again in a second sequencing run, together with 12 257 

repeated eDNA samples and the two large-volume eDNA samples. Sequencing depth in the second 258 

http://www.agrf.org.au/
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sequencing run was higher than in the first one (average number of sequences of repeated samples: 259 

first round sequencing: 30 995; second round sequencing: 106 337). Negative controls included 8 260 

water blanks (500 mL of tap water filtered on board between eDNA sampling, see above), 2 extraction 261 

blanks (DNA extraction without a sample) and 3 PCR blanks (no DNA added to the PCR amplification).  262 

 263 

2.6.2 18S 264 

The V4 region of the 18S rRNA gene (Piredda et al., 2017) was amplified following the protocol for the 265 

BPA-Marine Microbiome Projects (Brown et al., 2018) at the Ramaciotti Centre of Genomics (UNSW, 266 

Australia). In brief, the 25 μL PCR mastermix contained 1 x KAPA HiFi Hot Start Readymix, 0.5 μM 267 

forward primer (V4_18SNext.For with indexed adapter sequences for sequencing on MiSeq platform), 268 

0.5 μM reverse primer (V4_18SNext.Rev with indexed adapter sequences) and 1 μL of undiluted 269 

template DNA. Thermal cycling conditions were 98°C for 30 s; followed by 10 cycles of 98°C for 10 s, 270 

44°C for 30 s and 72°C for 15 s; 20 cycles of 98°C for 10 s, 62°C for 30 s and 72°C for 15 s and then a 271 

final extension at 72°C for 7 min. PCR products were cleaned and normalized using SequalPrep 272 

Normalization plates according to manufacturer’s instructions. Normalized amplicons were pooled, 273 

the pool was diluted to 4 nM and sequenced in both directions using a Miseq V2 Reagent Kit (500 274 

cycles). 275 

 276 

2.7 Data processing 277 

2.7.1 COI 278 

The 10 bp MIDs were used initially to assign sequences to sample-specific fastq files on the MiSeq. 279 

The command “fastq_mergepairs” in USEARCH v10.0.240 (Edgar, 2010) was used to merge paired 280 

reads. We identified and kept reads flanked by exact matches of the first round 6 bp MID tags and COI 281 

primer sequences using the R package “ShortRead” (Morgan et al., 2009). These processed sequences 282 

were then pooled into one fasta file and unique sequences were identified (dereplication) using the 283 
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“fastx_uniques” command in USEARCH. From the resulting dereplicated fasta file, sequencing errors 284 

and chimaerae were removed using the USEARCH command “unoise3” to create an OTU (operational 285 

taxonomic unit) table of unique sequences (no clustering of sequences was applied). To assign read 286 

numbers of individual samples to this OTU table, sample sequences were firstly given sample-specific 287 

labels using the USEARCH command “fastx_relabel” and these sequences were then pooled into one 288 

fasta file. The command “fastx_uniques_persample” was used to identify unique sequences per 289 

sample and from the resulting fasta file the sequences per sample were assigned to the OTU table 290 

using the USEARCH command “otutab”. The raw sequencing data and processing pipeline described 291 

here are available on the data repository Dryad (Suter, Polanowski, Clarke, Kitchener & Deagle, 2020).  292 

The OTU sequences were searched against the NCBI nucleotide database using the command 293 

blastn (Madden, 2013) (settings: -num_descriptions 50 -num_alignments 50 -num_threads 16 -294 

perc_identity 80; environmental samples, metagenomes and unidentified organisms were excluded 295 

using the command -negative_seqidlist). We used MEGAN to assign taxonomy (Huson et al., 2016; 296 

LCA parameters “min score”: 300; “top percent”: 5; “min support”: 1), and then manually curated all 297 

metazoan assignments, including double-checking metazoan sequences using the online BOLD 298 

identification engine for additional entries 299 

(http://www.barcodinglife.com/index.php/IDS_OpenIdEngine; Ratnasingham & Hebert, 2007), 300 

verifying that the identified species occurred in the sampled range and checking whether closely 301 

related species existing in the range were present or absent in the genetic reference databases. If two 302 

species could not be separated based on their COI sequence, the respective OTU sequences were 303 

called e.g. “Pleuromamma gracilis/piseki”. If a closely related species was missing in the reference 304 

databases, the name was added in brackets, e.g. “Euphausia similis/(spinifera)”. Additionally, 305 

taxonomic assignments were verified by aligning all OTU sequences of metazoan groups (e.g. all OTU 306 

assigned to the phylum Cnidaria) and calculating a phylogenetic tree using MEGA version 10.0.5 307 

(Kumar, Stecher, Li, Knyaz & Tamura, 2018). If OTU sequences that were only resolved to a high 308 

taxonomic level (e.g. Hydrozoa) formed a closely related monophyletic group of at least two 309 
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sequences resembling a species, these sequences were renamed to e.g. “Hydrozoa sp. A” (see Figure 310 

S1).  311 

Extraction blanks and PCR blanks from the first round of sequencing contained no metazoan OTUs, 312 

indicating that there was no cross-contamination of samples from laboratory work. The PCR blank 313 

from the second round of sequencing as well as all other samples from the second round of sequencing 314 

contained very low levels of cross-contamination from other samples. Consequently, read numbers < 315 

10 per OTU per sample were set to 0 in the second round sequencing data. Water blanks taken 316 

between eDNA samples contained 1 – 4 metazoan species each, but detected species did not 317 

correspond to species detected in eDNA samples taken immediately before the water blank, and 318 

species composition of water blank samples did not correspond to eDNA samples of the same transect 319 

(see results).  320 

OTUs that were annotated to likely contaminant species were removed from the data set. Species 321 

included Homo sapiens (human), Canis lupus (dog), Demodex brevis (human face mite) and Bactrocera 322 

tryoni/aquilonis (Queensland fruit fly). 323 

Samples with low sequencing coverage (less than 7 500 total reads excluding contaminants) were 324 

removed from the data set. Only a dataset of matched sample pairs was retained (i.e. eDNA sample 325 

matched to a CPR sample collected at the same time). Negative controls were kept in the data set 326 

regardless of sequencing depth. 327 

Five eDNA samples from transect Morph-B had failed in the first sequencing round and were re-328 

sequenced at higher sequencing depth in a second round of sequencing (see above). These five 329 

samples were rarefied to the average sequencing depth of all other eDNA samples of transect Morph-330 

B (35’850 reads) using the function “rrarefy” of the R package “vegan” (Oksanen et al., 2007) to make 331 

them comparable to the other samples. They were then included in all further analyses.  332 

 333 
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2.7.2 18S 334 

18S sequences were processed following the Australian Marine Microbial Biodiversity Initiative 335 

protocol described in Brown et al. (2018). In brief, sequences were merged using FLASH (Magoč & 336 

Salzberg, 2011), then sequences were de-replicated and an OTU table was generated using USEARCH. 337 

The taxonomy of OTUs was identified using SILVA (Quast et al., 2012) and classified using MOTHUR’s 338 

implementation of the Wang classifier (Schloss et al., 2009; Wang, Garrity, Tiedje & Cole, 2007). 339 

 340 

2.8 Data analysis 341 

Most data analyses were performed in R (R Core Team, 2018) and the R markdown code for all 342 

analyses as well as all processed data is available on Dryad (Suter et al., 2020). Most figures were 343 

visualized using the R package “ggplot2” (Wickham, 2016).  344 

To get an initial overview of the genetic data, OTUs were classified as ‘metazoa’, ‘non-metazoa’ or 345 

‘not classified’ and read numbers of each category were plotted per transect and sampling method. 346 

To establish whether eDNA metabarcoding could detect similar alpha and beta diversities as bulk 347 

metabarcoding, we did not rarefy sequence counts to standardise metazoan read numbers. The 348 

overall read numbers were similar between eDNA samples and bulk DNA samples, so the sequencing 349 

effort was equivalent between the sample types, even though eDNA samples had much lower 350 

metazoan read numbers (see results). Rarefying bulk DNA metazoan read numbers to a similar level 351 

as eDNA metazoan read numbers would have drastically reduced the number of species detected in 352 

bulk DNA samples, which would impede the purpose of verifying how much diversity can be detected 353 

in eDNA samples compared to traditional bulk sampling methods. 354 

To compare alpha diversity, Hill numbers were calculated for each sample (Alberdi & Gilbert, 355 

2019a). For q = 0, Hill numbers are equivalent to species richness, i.e. the number of species that were 356 

detected. For q = 1 (equivalent to Shannon diversity) and q = 2 (equivalent to Simpson diversity), more 357 

abundant species have an increasing weight, or species with low abundance are increasingly 358 
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neglected. When eDNA metabarcoding was compared to bulk metabarcoding, Hill numbers were 359 

calculated with q = 0, q = 1 and q = 2, whereas when eDNA metabarcoding was compared to 360 

morphological analysis of CPR samples, Hill numbers were only calculated with q = 0 (species richness), 361 

as sampling methods were too different to compare species abundance. Hill numbers and diversity 362 

profiles were calculated using the R package “hilldiv” (Alberdi & Gilbert, 2019b), and pairwise t-tests 363 

were calculated to test for statistical difference between groups. 364 

To characterize species composition between transects (Gen-A vs Gen-B; Morph-A vs Morph-B) 365 

and sampling methods (eDNA vs bulk metabarcoding vs large-volume eDNA metabarcoding; eDNA 366 

metabarcoding vs morphological CPR analysis), principal coordinates analyses (PCoA) were calculated 367 

based on binary Jaccard distances (all transects) and Bray-Curtis distances (genetic transects only). 368 

PERMANOVAs were calculated to assess the separation of these groups, and a SIMPER analysis (Clarke, 369 

1993) was performed to establish which species contribute most to the separation of the two genetic 370 

transects for eDNA metabarcoding and bulk metabarcoding, respectively. PCoAs, PERMANOVAs and 371 

SIMPER analyses were calculated using the R package “vegan” (Oksanen et al., 2007). Additionally, we 372 

determined whether species detection within metazoan phyla was shared between methods or 373 

limited to one sampling method only, separately for each transect. 374 

To determine whether taxonomic levels or taxonomic group impacted the comparison of the 375 

sampling methods, proportion of sequence reads of metazoan phyla, calanoid copepod genera and 376 

chordate species were compared per transect and sampling method.  377 

To investigate how long the eDNA from zooplankton lasted in the water column, we examined 378 

data from copepods known to make diel vertical migrations, i.e. they forage in surface waters at night 379 

and move to deeper layers during the day to avoid predation (Lo, Shih & Hwang, 2004). We assessed 380 

whether the abundance of species belonging to the copepod genus Clausocalanus corresponded to 381 

day or night sampling, both for morphological CPR samples and eDNA samples. 382 
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To establish whether in the non-metazoan reads amplified with the COI marker in eDNA samples 383 

represented the non-metazoan diversity accurately, we compared the COI reads to 18S reads at class 384 

level resolution in all eDNA samples. 385 

To assess whether there was a bias in metazoan group detection of the COI marker, we compared 386 

metazoan COI reads to metazoan 18S reads at phylum level resolution in all eDNA samples.  387 

To visualise taxonomic diversity in the samples, neighbour-joining trees were calculated in MEGA 388 

version 10.0.5 (Kumar et al., 2018), and trees were drawn using the online tool ‘interactive tree of life 389 

(iTOL)’ (Letunic & Bork, 2006), adding species presence, abundance (normalized against metazoan 390 

reads and square-root-transformed) and OTU numbers as additional datasets. 391 

To determine whether sequencing depth affected the number of metazoan species detected in 392 

eDNA samples, rarefaction plots were calculated and drawn for original and repeated eDNA sample 393 

pairs using the R package “iNEXT” (Chao et al., 2014). Additionally, we compared proportion of 394 

metazoan reads as well as detected metazoan species between sequencing depth sample pairs.  395 

  396 
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3 Results 397 

3.1 Data overview and taxa detected 398 

For the COI marker, a total of 6.74 million Illumina paired-end reads were retained after filtering and 399 

quality control. These were allocated to 12 339 OTUs, of which 1 292 were assigned to metazoan taxa. 400 

While overall read numbers of eDNA, bulk DNA and large-volume eDNA samples were comparable 401 

(mean read number per transect, eDNA: 660 535; bulk DNA: 482 419; large volume eDNA: 611 408; 402 

Table S1), the proportion of metazoan reads in eDNA samples was much lower than in bulk DNA and 403 

large-volume eDNA samples (eDNA: 1.4 – 9.7 % of total reads; bulk DNA: 70.1 and 83.8 %; large-404 

volume eDNA: 89.7 and 97.0 %; Figure 1B, Figure S2, Table S1).  405 

Of the 1 292 metazoan COI OTUs, 1 055 could be taxonomically resolved to species level and were 406 

assigned to 198 species (115 in eDNA, 168 in bulk DNA, 87 in large-volume eDNA, Figure S3 A, Table 407 

S1, however, most species had very low abundance (Figure S3 B). The number of OTUs per species 408 

varied greatly (probably reflecting differences in intraspecific variation), ranging from 102 OTUs for 409 

the krill species Nyctiphanes australis to only 1 OTU for many other species (Figure S3 C). 410 

Morphological analysis of CPR samples detected 20 species (Table S1). At phylum level, eDNA 411 

metabarcoding detected 13 phyla (4 transects), bulk metabarcoding 12 phyla (2 transects), large-412 

volume eDNA metabarcoding 7 phyla (2 transects) and morphological CPR 5 phyla (2 transects). 413 

 414 

3.2 Alpha diversity 415 

We compared metazoan alpha diversity detected with eDNA metabarcoding to bulk metabarcoding 416 

in two transects (Gen-A and Gen-B; Figure 1). When comparing species richness (Hill numbers 417 

calculated with q = 0), the northern transect Gen-A detected about four times more species than the 418 

southern transect Gen-B, both for eDNA metabarcoding and bulk metabarcoding. Within each 419 

transect, bulk metabarcoding detected about 1.5 times more species than eDNA metabarcoding 420 
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(Figure 2A, Table S1). With increasing q values, the difference between eDNA metabarcoding and bulk 421 

metabarcoding decreased for Gen-A, until with q = 2 the methods became comparable (Figure 2A, 422 

Table S2), suggesting that bulk metabarcoding detected more rare species, but similar numbers of 423 

abundant species as eDNA metabarcoding. In contrast, in transect Gen-B, bulk metabarcoding always 424 

detected higher Hill numbers than eDNA metabarcoding, irrespective of q values (Figure 2A, Table S2). 425 

Large-volume eDNA metabarcoding detected less species than both other methods over the transects 426 

(samples within methods and transects merged), and for increasing q values Hill numbers became 427 

comparable to both eDNA metabarcoding and bulk metabarcoding (Gen-A) or eDNA metabarcoding 428 

only (Gen-B; Figure 2C).  429 

Species richness detected with eDNA metabarcoding was compared to conventional 430 

morphological analysis of CPR samples in transects Morph-A and Morph-B. In both transects, eDNA 431 

metabarcoding detected more species than CPR (Morph-A: 1.3 times more; Morph-B: 1.6 times more; 432 

Figure 2B, Table S2).  433 

 434 

3.4 Beta diversity 435 

3.4.1 eDNA metabarcoding vs bulk metabarcoding 436 

To characterize species composition between genetic transects (Gen-A vs Gen-B, separated by 812 437 

km) and sampling methods (eDNA vs bulk DNA vs large-volume eDNA), a PCoA was calculated based 438 

on binary Jaccard distances (Figure 3A). Transects separated strongly along the first axis, whereas 439 

eDNA sampling and bulk DNA sampling methods separated along the second axis, indicating that the 440 

geographic differences were larger than the differences introduced by sampling methodology. 441 

PERMANOVA also revealed strong separation between these groups (Table S3). Large-volume eDNA 442 

samples grouped closely with bulk DNA samples. In an additional PCoA based on Bray-Curtis distances 443 

taking species abundance into account, transects and sampling methods were not as strongly 444 
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separated as in the binary Jaccard PCoA, but there was still no overlap between the groups (Figure S4, 445 

Table S3).  446 

To determine statistically which species contribute most to the separation of the two transects 447 

within sampling methods, a SIMPER analysis was performed. The 20 species with the strongest 448 

contribution to separation of transects accounted for 90 % (eDNA samples) and 81 % (bulk DNA 449 

samples) of total contribution. Among these 20 species, 10 were shared between the sampling 450 

methods, indicating that both methods detected similar species contributing strongly to community 451 

differentiation (Figure S5). 452 

While more species were detected with bulk metabarcoding than with eDNA metabarcoding, the 453 

overlap between the two methods was large, in particular in transect Gen-A (87 of 149 species (58%) 454 

were detected with both methods in Gen-A, 17 of 41 species (41%) in Gen-B, Figure 3D). The species 455 

detected with large-volume eDNA metabarcoding had a larger overlap to the species detected with 456 

bulk metabarcoding than eDNA metabarcoding in transect Gen-A(Figure S6 A), whereas in Gen-B, the 457 

overlap of species detection with the other two methods was identical, i.e. most species detected with 458 

large-volume eDNA metabarcoding were also detected with both other methods, while the few 459 

remaining detections were exclusive to large-volume eDNA metabarcoding (Figure S6 B).  460 

 461 

3.4.2 eDNA metabarcoding vs morphological CPR analysis 462 

To compare eDNA metabarcoding to morphologically analysed CPR samples in transects Morph-A and 463 

Morph-B, a PCoA based on binary Jaccard distances was calculated (Figure 3B). The sampling methods 464 

separated along the first axis, while within sampling methods there was a complete overlap of Morph-465 

A and Morph-B samples, indicating that re-sampling the same transect 13 days later resulted in highly 466 

repeatable data within sampling methods. PERMANOVA results also indicated a dominant effect of 467 

sampling method (Table S3). The overlap of species detection between eDNA metabarcoding and 468 
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morphologically analysed CPR samples was low and limited to the phylum Arthropoda (5 of 27 species 469 

(19%) were detected with both methods in Morph-A, 5 of 40 species (13%) in Morph-B; Figure 3E). 470 

 471 

3.4.3 eDNA only 472 

When comparing eDNA samples of all four transects to each other using a PCoA based on binary 473 

Jaccard distances, three groups clearly separated following the geographic pattern of sampling: Gen-474 

A samples and Gen-B samples from the north and south respectively formed separate groups (Figure 475 

3C). The third group included all eDNA samples of the Morph-A and Morph-B transects (Figure 3C). 476 

Samples of these two transects were collected in the same open ocean area (half way between Gen-477 

A and Gen-B, see Figure 1A), but 13 days apart. When negative water controls (tap water filtered 478 

between eDNA samples) were added to this analysis, seven out of eight water controls did not group 479 

with eDNA samples of the same transect (Figure S7), indicating negligible cross-contamination 480 

between eDNA samples.  481 

 482 

3.5 Taxonomic biases 483 

The comparability of sampling methods depended on the taxonomic level and taxonomic group of 484 

comparison. At phylum level, bulk metabarcoding detected more phyla overall than eDNA 485 

metabarcoding or large-volume eDNA metabarcoding, and larger proportions of Cnidaria reads than 486 

both other sampling methods, while eDNA metabarcoding and large-volume eDNA metabarcoding 487 

detected larger proportions of Arthropoda reads than bulk metabarcoding (Figure 4A). At lower 488 

taxonomic levels, sampling methods were more comparable in small, more uniformly distributed 489 

organisms. For example, the calanoid copepod genera detected with different sampling methods 490 

largely overlapped within transects (Figure 4B), whereas there was virtually no overlap in detection of 491 

the less uniformly distributed chordate species between sampling methods (Figure 4C).  492 
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 493 

3.5 Effect of sequencing depth 494 

To determine whether sequencing depth affected the number of metazoan species detected with 495 

eDNA metabarcoding, a subset of samples was re-sequenced at a higher sequencing depth (see 496 

methods). Repeated samples (eDNA rep) did not detect more species (Figure S8 A, top (q = 0)). 497 

However, the repeated samples were sequenced in a separate sequencing run that suffered from low 498 

levels of cross contamination between samples, and consequently OTUs with less than 10 reads within 499 

a sample were set to 0 in repeated samples (see methods), potentially generating some false 500 

negatives. The proportion of metazoan vs non metazoan reads did not change with increased 501 

sequencing depth (both ‘eDNA rep’ (repeated) and ‘eDNA rep rar’ (repeated rarefied), Figure S8 B). 502 

Species composition between repeated samples (including rarefied data) was remarkably similar, 503 

further indicating that relatively low sequencing depth (~30 000 reads per eDNA sample) may be 504 

sufficient to capture the metazoan diversity present in a sample (Figure S8 C). To fully explore the 505 

effect of sequencing depth, technical duplicates of samples should be added to the same sequencing 506 

run at different DNA concentrations.  507 

 508 

3.6 Persistence of eDNA signal 509 

To investigate how long the eDNA from metazoan organisms may last in the water column, we 510 

examined data from copepods known to make diel vertical migrations. As expected, species of the 511 

genus Clausocalanus (C. brevipes and C. laticeps) were mainly detected during the night in the 512 

morphologically analysed CPR samples of transects Morph-A and Morph-B, (Figure 5), reflecting their 513 

diel vertical migration patterns. Two of the three Clausocalanus species in the eDNA samples of the 514 

same transects showed the same pattern (C. brevipes and C. pergens), while a third detected species 515 

(C. ingens) was mainly detected during the day, potentially suggesting a reversed diel vertical 516 
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migration pattern for this species (Ohman, Frost & Cohen, 1983) (Figure 5). Detected diel vertical 517 

migration patterns did not correspond to overall or metazoan sequencing depth in the eDNA samples 518 

(Figure S2 B).  519 

 520 

3.7 Comparison of COI and 18S datasets 521 

In the eDNA samples, the proportion of metazoan reads detected with COI was much lower than in 522 

the other genetic samples (bulk DNA, large-volume eDNA; Figure 1B, Figure S2). To establish what 523 

component of the non-metazoan community was detected with COI in the eDNA samples , we 524 

compared the COI reads to 18S reads at class-level resolution (Figure 6). Interestingly, the proportion 525 

of metazoan reads was larger for 18S than COI, even though the COI primers were specifically designed 526 

to capture metazoan diversity (Leray et al., 2013). Large proportions of the non-metazoan COI reads 527 

could not be classified to class level, likely due to missing information on databases for non-metazoan 528 

species (Bakker et al., 2019). Of the reads resolved to class-level with COI, the majority belonged to 529 

Mamiellophyceae, a class of green algae. Most reads within this group were assigned to two globally 530 

abundant picophytoplankton species (Bathycoccus prasinos and Micromonas pusilla), which both 531 

have near perfect matches to both forward and reverse primers of the COI marker used (Table S4), In 532 

contrast to COI, the 18S marker detected more diverse groups, with the most common ones belonging 533 

to Dinophyceae (a class of dinoflagellates), Syndiniales (a group of parasitic dinoflagellates) and 534 

Maxillopoda (a class of crustaceans).  535 

To assess if particular taxonomic groups of metazoan were differentially represented in the COI 536 

and 18S data, all eDNA samples were compared at phylum level. In the metazoan reads, 18S 537 

metabarcoding generally detected a larger proportion of Arthropoda reads than COI metabarcoding, 538 

as well as small proportions of Xenacoelomorpha reads, which were largely absent in COI 539 

metabarcoding results (Figure S9). The non-Arthropoda phyla detected in larger proportions by COI 540 
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metabarcoding were primarily from Chordata, Cnidaria and Gastrotrichia. Within the phylum 541 

Arthropoda, 18S metabarcoding detected two classes, Maxillopoda and Malacostraca, at similar 542 

relative abundances as COI metabarcoding. COI metabarcoding again detected more diversity and 543 

further arthropod classes, such as Branchiopoda and Ostracoda. This indicates that COI metabarcoding 544 

may overall detect more metazoan diversity in eDNA than 18S metabarcoding. 545 

  546 
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4 Discussion 547 

4.1 Overview 548 

Our evaluation of metabarcoding approaches to characterize zooplankton biodiversity directly 549 

compared eDNA samples taken at a single time point from half of a 2 L water sample (filter split for 550 

biobanking) with bulk zooplankton samples filtered continuously over 30 minutes from approximately 551 

1500 L of seawater. The number of species detected with small volume eDNA metabarcoding was 552 

roughly two thirds of the species detected through bulk metabarcoding, with a large overlap of 553 

detected species. This was the case both for the species-rich northern transect as well as the less 554 

diverse southern transect, suggesting that the methods have a consistent rate of species detection 555 

across these open ocean environments. Furthermore, eDNA metabarcoding identified similar species 556 

contributing strongly to community differentiation between the two transects as bulk metabarcoding, 557 

and the three sampled transect regions showed clearly different species compositions in the eDNA 558 

samples. When we consider that eDNA was sampled from a tiny fraction of the water, and that eDNA 559 

metazoan read numbers were 6 – 30 times smaller than metazoan read numbers from bulk samples 560 

(due to increase of non-target COI amplification from eDNA), small volume eDNA metabarcoding was 561 

remarkably effective at detecting metazoan species.  562 

We found collecting multiple small-volume (2L) eDNA samples detected more species along a 563 

transect than a single large-volume (> 2000 L) eDNA sample filtered through a coarse filter. This is 564 

despite the fact that large-volume eDNA samples were sequenced at a sequencing depth similar to 565 

the combined reads from all the small volume eDNA samples from a transect and had a much larger 566 

proportion of metazoan reads than small volume eDNA samples. Collecting multiple large-volume 567 

eDNA samples in parallel might improve species detection rates, however, collecting multiple small 568 

volume eDNA samples along a transect gives both higher diversity and higher spatial resolution, so 569 

may be more suitable to measure biodiversity than large samples spanning the whole transect.  570 
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When comparing eDNA metabarcoding to traditional morphological surveys, eDNA 571 

metabarcoding detected 1.3 – 1.6 times more species than morphologically analysed CPR samples and 572 

the overlap of species detected between methods was small. The small overlap may partially be 573 

explained by missing data in the reference sequence databases. Additionally, while traditional 574 

morphological analyses have the strength of being able to identify larval stages of certain taxa (e.g. 575 

krill) to species level, there are many other juvenile forms that are only classified broadly (e.g. fish 576 

larvae, and eggs). In contrast, taxonomic identification through eDNA metabarcoding can identify 577 

organism regardless of developmental stage and does not even require intact specimens, as long as 578 

DNA can be recovered and a reference sequence exists. However, eDNA metabarcoding cannot 579 

provide information on developmental stages of detected organisms. While species detection differed 580 

between sampling methods, the two transects that compared conventional morphological versus 581 

eDNA sampling detected very similar species compositions within methods, showcasing that sampling 582 

the same transects within short time frames (13 days apart) can deliver repeatable results in open 583 

ocean environments. 584 

 585 

4.2 Persistence of eDNA signal 586 

One surprising finding was that eDNA data for two copepods (Clausocalanus species) showed a diel 587 

vertical migration pattern (i.e. the species were only detected at night) which mirrors expected 588 

movement of these crustaceans. This suggests that eDNA signals were primarily detected when the 589 

organism was present in the water column. This is contrary to findings of marine experimental studies, 590 

where eDNA signals were detected days after the organism was removed from the water column 591 

(Sassoubre, Yamahara, Gardner, Block & Boehm, 2016; Thomsen et al., 2012). However, recent eDNA 592 

studies from ocean environments have found that transfer of eDNA between sampling sites is 593 

negligible even on small geographic scales, either due to rapid degradation of eDNA in marine 594 

environments, or due to dilution effects resulting in a rapid drop of eDNA concentrations below 595 
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detection thresholds (Jeunen et al., 2019a; Jeunen et al., 2019b; Stat et al., 2019). Our observation 596 

might also indicate that the eDNA we are detecting from these small copepods is from the whole 597 

organism, or faecal pellets that may sink from the surface relatively soon after the organism 598 

disappears, rather than from free DNA molecules. Here, we used a relatively long metabarcoding 599 

marker to characterize eDNA, which may not be very effective at detecting degraded or extremely 600 

diluted eDNA targets. As a result, the quick disappearance of detectable eDNA signals after an 601 

organism has passed through provides a snapshot of the immediate composition of the sampled 602 

environment. If a more complete picture of the community is desired, multiple samples at different 603 

times of the day should be considered to account for diel vertical migration patterns of many species 604 

(Brierley, 2014). Furthermore, future studies could examine whether more sensitive, shorter and/or 605 

group-specific primers could detect eDNA signals for a longer period in open ocean environments 606 

(Rees et al., 2014; Thomsen & Willerslev, 2015).  607 

 608 

4.3 Considerations for open ocean eDNA sampling and monitoring  609 

For COI, the proportion of metazoan reads in eDNA samples was much smaller than in bulk DNA or 610 

large-volume eDNA samples. The non-specific amplification using COI markers with eDNA template is 611 

similar to findings of Collins et al. (2019), and our data from bulk samples show that sampling methods 612 

can strongly influence the performance of metabarcoding markers. Several factors may have 613 

contributed to the small proportion of metazoan reads in eDNA samples: firstly, the volume of open 614 

ocean seawater sampled was very small (2 L), therefore the amount of metazoan DNA per sample was 615 

likely minuscule. Secondly, we used 0.45 μm filter, which likely captured a large amount of non-target 616 

material that would have passed through the coarse mesh used with the bulk sampling. In eDNA 617 

samples the presence of picoplanktonic algae (Mamiellophyceae, 1 – 2 μm diameter) accounted for 618 

much of the non-target signal as two Mamiellophyceae species were amplified with the chosen COI 619 

marker particularly well, possibly as a result of homoplasy in the primer binding region between very 620 
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distantly related taxa (Deagle, Jarman, Coissac, Pompanon & Taberlet 2014). Thirdly, we used a 621 

comparatively long COI marker, reducing the potential to detect eDNA from degraded metazoan 622 

tissues and preferentially detecting intact cells..  623 

While eDNA metabarcoding was generally remarkably efficient in detecting metazoan species in 624 

small water volumes, some taxonomic groups were more readily detected than others and this 625 

appears to be related to the size of the organism. The detection of small, relatively evenly distributed 626 

organisms such as copepods was comparable between eDNA metabarcoding and bulk metabarcoding. 627 

Larger species such as fish, with a less uniform distribution, were often missed in the eDNA samples. 628 

Based on the very limited number of fish species we detected with the broad metazoan COI 629 

metabarcoding marker, this marker is unlikely to be suitable for open ocean eDNA fish surveys. This 630 

seems to be in contrast with studies conducted in species rich, coastal environments such as reefs or 631 

bays, where small volume eDNA metabarcoding assays have been effective at detecting fish species 632 

(Stat et al., 2019; Yamamoto et al., 2017). However, these studies usually use group-specific primers. 633 

Using targeted group-specific assays with higher specificity and sensitivity could clarify whether fish 634 

species can be reliably detected in open ocean eDNA samples such as the ones we examined, but it is 635 

possible that the eDNA from fish in the open ocean surface water may be so dilute that reliable 636 

detection is not feasible for routine monitoring. While there is room to improve eDNA sampling and 637 

processing (see below), gaps in detecting certain taxa will likely remain. However, even with a 638 

somewhat incomplete picture, eDNA metabarcoding did detect similar species contributing strongly 639 

to community differentiation as bulk metabarcoding across open ocean environments. We suggest 640 

that a simple, repeatable and cost-effective eDNA sampling and processing approach could become a 641 

highly useful and practical monitoring tool to detect major shifts in community compositions across 642 

geographic scales and time. 643 

Several steps could be investigated to improve eDNA detection rates for pelagic metazoan species. 644 

Firstly, slightly larger water volumes (e.g. ~20 L) could be sampled at each location to increase 645 
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metazoan DNA per sample, and several biological replica could be taken in parallel. Secondly, coarser 646 

filters (e.g. ~5 µm) could be trialled to filter the seawater, reducing capture of non-target organisms 647 

such as picoplankton and bacteria, and preventing filters from clogging when filtering larger water 648 

volumes (Robson et al., 2016). Thirdly, shorter metabarcoding markers that are more efficient in 649 

detecting low concentration, partially degraded DNA, or group specific primers could be used 650 

(Bylemans, Gleeson, Hardy & Furlan, 2018; Jarman, Deagle & Gales, 2004; Miya et al., 2015; Thomsen 651 

& Willerslev, 2015). Alternatively, multiple metabarcoding assays could be combined to get more 652 

comprehensive results (Berry et al., 2019; Djurhuus et al., 2020; Lacoursière-Roussel et al., 2018; Stat 653 

et al., 2017). However, as this substantially increases laboratory work, data analysis and costs, a multi-654 

assay approach has to be carefully weighed up against a more simple, cost-effective protocol, possibly 655 

only involving one or two COI markers, particularly in studies processing large numbers of samples. 656 

Lastly, PCR parameters could be optimized. Here we used a comparatively low annealing temperature 657 

(46 °C) for COI amplifications, as these settings have previously been shown to increase the number 658 

of species detected for COI in bulk plankton samples (Clarke et al., 2017). However, in our eDNA 659 

samples with very low metazoan template DNA, these relatively unspecific annealing conditions may 660 

have contributed to large amounts of off-target amplifications, highlighting that optimal PCR protocols 661 

may vary depending on sample types.  662 

The metazoan-targeted COI approach used in this study focussed on taxonomically described 663 

species, which allows comparison with existing Southern Ocean morphological datasets. Even with the 664 

large COI DNA barcoding database that is available, missing reference sequences limited our ability to 665 

identify many sequences we recovered. Other markers providing species-level identifications have 666 

considerably fewer reference sequences and would have provided only a fraction of the species 667 

matches. The 18S marker we also sequenced is not variable enough to provide species-level taxonomic 668 

information but is widely used for characterising marine eukaryotic microbes and a strong case can be 669 

made for using this marker in routine open ocean biomonitoring due to its broad coverage. Potential 670 

biomonitoring approaches could also rely on taxonomy-free or even function-based methods (Cordier 671 
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et al., 2020). While each of these approaches has strengths and weaknesses, the probably most 672 

important aspect for ecological monitoring is not which marker is used, but that the sampling 673 

methodology is consistent and can be done at appropriate temporal and spatial scales. One of the 674 

benefits of eDNA biomonitoring is that the DNA samples can be archived and interrogated using 675 

different strategies retrospectively if required (Jarman et al. 2018).  676 

 677 

5 Conclusions 678 

Oceanic ecosystems are projected to be strongly affected by climate change, likely leading to a shift 679 

in ecosystem compositions (Constable et al., 2014; Poloczanska et al., 2016). To provide a clear view 680 

of the impacts on biodiversity and species composition, it is of paramount importance to have a 681 

robust, comparable, yet relatively simple biomonitoring system in place that can easily be used by 682 

many research groups. Our eDNA assay using a single COI metabarcoding marker and 2 litre water 683 

samples detected more zooplankton biodiversity than conventional morphological methods and 684 

identified similar species driving community differentiation as bulk plankton metabarcoding. There 685 

are many adjustments to eDNA methodology that could be made to fine tune the information 686 

obtained from an eDNA monitoring program. If high taxonomic resolution metazoan data (such as that 687 

obtainable with the COI marker) is required, sampling with slightly coarser filters might help decrease 688 

the amount of non-target single-celled eukaryote signal. Larger water volumes or targeted assays 689 

using shorter and more sensitive markers, may increase species detection rates for larger or elusive 690 

taxa such as fish. The use of very broad eukaryotic-targeted makers such as the 18S provides a 691 

different picture of biodiversity and this may be preferable depending on the ultimate application of 692 

the data. With a refinement of eDNA sampling and processing methods and standardization between 693 

studies, eDNA sampling has the potential to create an unprecedented biodiversity monitoring capacity 694 

for the open ocean. 695 

  696 
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Figure legends 977 

 978 

Figure 1: A) Map of the transects sampled between Tasmania and Macquarie island in this study. B) 979 
Number of sequencing reads from the COI marker classified as “metazoan”, “non-metazoan” and 980 
“not classified”, separately for transects and sampling methods (eDNA: metabarcoding of 981 
environmental DNA samples; bulk DNA: DNA metabarcoding of bulk continuous plankton recorder 982 
samples; LV-eDNA: metabarcoding of large-volume eDNA samples). The map was drawn using the R 983 
package “SOmap” (Maschette, Sumner & Raymond, 2019) and the R package “orsifronts” to add the 984 
subtropical front (STF) (Orsi, Whitworth III & Nowlin Jr, 1995). 985 

 986 

Figure 2: Comparison of metazoan alpha-diversity detected in transects with different sampling 987 
methods. A) Alpha-diversity detected in genetic transects (Gen-A and Gen-B) with metabarcoding of 988 
environmental DNA (“eDNA”) samples and DNA metabarcoding of bulk  continuous plankton 989 
recorder samples (“bulk DNA”), both characterised with the COI marker. Hill numbers were 990 
calculated for q = 0 (equivalent to species richness), q = 1 (equivalent to Shannon diversity) and q = 2 991 
(equivalent to Simpson diversity), taking species abundance increasingly into account. B) 992 
Comparison of species richness (Hill numbers calculated with q = 0) detected in morphological 993 
transects (Morph-A and Morph-B) with metabarcoding of eDNA samples and morphologically 994 
analysed continuous plankton recorder samples (“morph. CPR”). C) Diversity profiles for genetic 995 
transects, summarising alpha diversity detected across all eDNA and bulk DNA samples of one 996 
transect with increasing q values, as well as showing the diversity of the single large-volume eDNA 997 
(“LV-eDNA”) sample spanning the whole transect.  998 

 999 

Figure 3: Comparison of metazoan beta-diversity detected across transects with different sampling 1000 
methods; all genetic data come from metabarcoding using the COI marker. A) Principal coordinate 1001 
analysis (PCoA) for genetic transects (Gen-A and Gen-B) based on binary Jaccard distances for 1002 
environmental DNA samples (“eDNA”), genetically analysed bulk continuous plankton recorder 1003 
samples (“bulk DNA”) and large-volume eDNA samples (“LV-eDNA”). B) Binary Jaccard PCoA for 1004 
morphological transects (Morph-A and Morph-B), for eDNA samples and morphologically analysed 1005 
continuous plankton recorder samples (“morph. CPR”). C) Binary Jaccard PCoA of eDNA samples 1006 
across all four transects. D) Number of species detected per metazoan phyla for genetic transects 1007 
(Gen-A and Gen-B) with eDNA metabarcoding only, bulk metabarcoding only, or both methods. E) 1008 
Number of species detected per metazoan phyla for morphological transects (Morph-A and Morph-1009 
B) with eDNA only, morphologically analysed CPR samples only or both methods.  1010 

 1011 

Figure 4: Impact of taxonomic level and taxonomic group on the comparison of the sampling 1012 
methods; all genetic data come from metabarcoding using the COI marker. A) Proportion of 1013 
sequence reads of metazoan phyla, per transect (Gen-A, Gen-B, Morph-A, Morph-B) and sampling 1014 
method (eDNA: environmental DNA metabarcoding; bulk DNA: bulk metabarcoding; LV-eDNA: large-1015 
volume eDNA metabarcoding;morph. CPR: morphologically analysed continuous plankton recorder 1016 
samples. B) Proportion of sequence reads of calanoid copepod genera per transect and sampling 1017 
method. C) Proportion of sequence reads of chordate species per transect and sampling method.  1018 

Figure 5: Persistence of eDNA signal in the water column. Species of the copepod genus 1019 
Clausocalanus are known to make diel vertical migrations (DVM), i.e. they forage in surface waters at 1020 
night and move to deeper layers during the day to avoid predation. In transects Morph-A and 1021 
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Morph-B, Clausocalanus species in morphological continuous plankton recorder (mCPR) samples 1022 
were predominantly detected during the night (bottom), clearly expressing DVM. In paired 1023 
environmental DNA (eDNA) samples, two Clausocalanus species show the same DVM pattern, while 1024 
a third species (C. ingens) is mainly detected during the day, potentially expressing reverse DVM.  1025 

 1026 

Figure 6: Comparison of metazoan and non-metazoan diversity detected with the COI marker and 1027 
the 18S marker at class level resolution in eDNA samples of all four transects (Gen-A, Gen-B, Morph-1028 
A, Morph-B) to establish what components of non-metazoan diversity were captured using COI.  1029 

 1030 


