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Abstract 
Biodiversity of zooplankton is central to the functioning of ocean ecosystems, yet morphological 
taxonomic analysis requires teams of experts and detailed examination of many samples. 
Metabarcoding (DNA sequencing of short amplified regions of one or a few genes from 
environmental samples) is a powerful tool for analysis of the composition and diversity of 
natural communities. Metabarcoding of the marine zooplankton assemblage may allow rapid 
detection of ecosystem reorganizations and regime shifts. The 18S rRNA V9 hypervariable 
region was sequenced for 26 zooplankton samples collected from the Gulf of Maine, Georges 
Bank, and Mid-Atlantic Bight during Ecosystem Monitoring Surveys by the US Northeast 
Fisheries Science Center during 2002-2012. A total of 7,648,033 sequences and 22,072 
operational taxonomic units (OTUs) were identified and classified into 28 taxonomic groups of 
plankton. Comparative analysis of molecular (V9 sequence numbers) and morphological 
(abundance counts) focused on 7 taxonomic groups and revealed similar patterns of variation 
among years and regions. Sequence numbers and abundance counts showed positive correlation 
for all groups, with significant correlations (p<0.05) for Calanoida, Gastropoda, and 
Chaetognatha. Shannon diversity index values calculated using sequence numbers and 
abundance counts showed highly significant correlation (r=0.625; p=0.0008) across all regions 
during 2002-2012. This study demonstrates the potential of metabarcoding for time-series 
analysis of zooplankton biodiversity, ocean ecosystem assessment, and fisheries management. 
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Introduction 

Time-series monitoring of the NW Atlantic continental shelf 

The NW Atlantic continental shelf has been the focus of decades-long time-series 

monitoring by the US National Marine Fisheries Service (NMFS) Northeast Fisheries Science 

Center (NEFSC; Kane, 2007; Hare and Kane, 2012) and intensive studies of population 

dynamics processes during the US Global Ocean Ecosystem Dynamics (GLOBEC) Georges 

Bank Study (Wiebe et al., 2006). From 2001 to the present, samples have been collected and 

preserved for genetic analysis at 20 stations randomly-selected among the 120 stations sampled 

during each quarterly survey of the the NEFSC Ecosystem Monitoring (EcoMon) program 

Northwest Atlantic continental shelf. These efforts have allowed examination of temporal 

variation on a range of scales (seasonal, interannual, decadal) in zooplankton diversity, 

distribution, and abundance (O'Brien et al., 2013). 

As a whole, the continental shelf ecosystem of the NW Atlantic is influenced by water 

flowing towards the equator from the Arctic via the Labrador Sea/Shelf and Scotian Shelf (Loder 

et al., 1998). The ecosystem can be separated into distinct regions based on physical and 

biological oceanographic features (Figure 1A), and the changing composition of the water along 

the shelf is reflected in changes in the zooplankton species composition, with boreal species most 

abundant in the north and temperate species more prevalent in the south (Cox and Wiebe, 1979; 

Head and Sameoto, 2007). The Gulf of Maine / Georges Bank region represents a southern 

boundary for many boreal species, as well as a northern limit for some temperate and subtropical 

coastal species. However, this pattern is changing with the warming trend that is becoming 

evident in the area. 
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The zooplankton community of the NW Atlantic continental shelf has undergone periodic 

regime shifts or large, persistent changes in the structure and function of the ecosystem, with 

marked changes in pelagic community structure (Pershing et al., 2005; Kane, 2007), zooplankton 

diversity (Record et al., 2010; Johnson et al., 2011), and biomass (O’Brien et al., 2013), as well 

as a suite of ecosystem services (Biggs et al., 2009). On Georges Bank, a shift in community 

structure and biodiversity level occurred in ~1990, evidenced by increased zooplankton 

displacement volume (Kane, 2007; O'Brien et al., 2013). Another regime shift was evident in 

~2000, when some - but not all - of the earlier changes on Georges Bank were partially reversed. 

In the Gulf of Maine, levels of zooplankton diversity increased markedly during the early 1990s 

and decreased rapidly about 2000 (Record et al., 2010; Johnson et al., 2011). 

Based on time-series analyses in several regions of the NW Atlantic continental shelf, it 

appears that zooplankton diversity may serve as a "leading indicator" of environmental change 

(Johnson et al., 2011). Questions remain about whether and how total biodiversity levels 

(including all taxonomic groups of zooplankton, discrimination of cryptic species, and detection 

of rare species) may change over time and in association with the observed regime shifts. It is 

also unclear to what extent temporal changes, including regime shifts, may vary among the four 

regions of the NW Atlantic continental shelf (see Figure 1A). Regular, standardized, and 

sustained monitoring, with time-series analysis of diverse environmental and ecosystem 

parameters, may provide early-warning indicators of ecosystem regime shifts (Borja, 2014; Stern 

et al., 2018). 

Metabarcoding analysis of zooplankton diversity 

Metabarcoding (i.e., high throughput DNA sequencing of complex environmental 

samples for one or more barcode gene regions) shows considerable promise as a novel approach 
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for detailed and accurate biodiversity assessments of marine communities (Fonseca et al. 2010; 

Bourlat et al., 2013; Ji et al., 2013; Mohrbeck et al., 2015). The taxonomic complexity of marine 

zooplankton assemblages makes such approaches particularly useful, since metabarcoding may 

detect the hidden diversity of zooplankton assemblages (Lindeque et al., 2013) and allow 

accurate, high-resolution, rapid characterization of temporal and spatial patterns of variation. A 

number of different gene regions have  been used to characterize zooplankton diversity across a 

range of systematic levels, including several hypervariable regions of the nuclear 18S ribosomal 

RNA (rRNA) gene: V1-V2 (Lindeque et al., 2013); V4 (Sun et al., 2015); and V9 (Pearman et 

al., 2014; De Vargas et al., 2015; Pearman and Irigoien, 2015; Albaina et al., 2016). Among 

these, the V9 region is shortest and usually most  conserved, with the possible advantage of 

improved detection across the taxonomic spectrum, but generally lower levels of taxonomic 

resolution (with the possible exception of Copepoda; see Wu et al., 2015) and consequent 

underestimation of the true diversity in a community (Tang et al., 2012). A number of 

metabarcoding studies of zooplankton have used target regions of the mitochondrial cytochrome 

oxidase I (COI) gene, which allows detailed assessment of biodiversity at the species level 

(Leray et al., 2013). Several studies (Djurhuus et al., 2018; Steffani et al., 2018; Zhang et al., 

2018) have compared metabarcoding results using 18S rRNA and COI gene regions, allowing 

detailed investigation of the impacts of marker choice on biodiversity estimates for zooplankton 

There are a number of remaining challenges for interpretation of metabarcoding data to 

provide accurate and reliable estimates of biodiversity of zooplankton assemblages. Some 

challenges are a consequence of the molecular protocols, including variation in PCR and 

sequencing primer efficiencies and match/mis-match differences among taxonomic groups and 

among barcode gene regions; other challenges are due to impacts of bioinformatics parameters 
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and protocols on calculated biodiversity levels (Bucklin et al., 2016). A critically important 

approach to groundtruthing and evaluating accuracy of metabarcoding analysis is direct 

comparison with results of morphological taxonomic analysis of the same samples. 

Another challenge is to examine the potential for quantitative interpretation (abundance 

and/or biomass) of metabarcoding results. Several studies have compared molecular and 

morphological quantitative analyses (Lindeque et al., 2013), including use of ‘mock’ samples 

constructed with known numbers or biomass of target taxa (Sun et al., 2015; Hirai et al., 2017b). 

Such direct comparisons between metabarcoding and traditional morphological taxonomic 

analysis are critically needed to evaluate the potential power of molecular approaches for 

describing variation across time and space in ocean ecosystems and detecting impacts of climate 

change on the zooplankton assemblage (Kelly, 2016). 

Integrative molecular – morphological taxonomic analysis of zooplankton biodiversity 

The EcoMon Survey has yielded invaluable archives of environmental and biological 

samples that have allowed characterization of patterns of temporal and spatial variation over 

several decades, including detection of responses to climate variability and ecosystem regime 

shifts (Kane, 2007; O’Brien et al., 2013). Detailed examination and analysis of these archives, 

including morphological taxonomic examination of zooplankton samples, have resulted in a 

comprehensive understanding of zooplankton diversity of the NW Atlantic continental shelf. 

This study analyzed archived time-series samples collected during EcoMon survey cruises 

during 2002-2012 to directly compare molecular (metabarcoding using the 18S rRNA V9 

hypervariable region) and morphological taxonomic (abundance counts) analysis of zooplankton 

diversity. Bioinformatic and statistical analysis was designed to address important issues and 

challenges for use of metabarcoding for characterization of zooplankton diversity, including 
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taxonomic resolution and coverage of the V9 metabarcode region, quantitative analysis of taxa, 

relationship of biodiversity to environmental conditions, and characterization of temporal and 

spatial patterns of variation. Our goal is to evaluate prospects for zooplankton metabarcoding for 

applications for ocean monitoring and assessment, including detection of ecosystem shifts and 

impacts of climate change. 

Materials and Methods 

Collection of samples 

Zooplankton samples were collected by the NOAA Northeast Fisheries Science Center 

(NEFSC) Oceanography Branch during surveys by the Ecosystem Monitoring Program 

(EcoMon) of the NW Atlantic continental shelf (Kane, 2007, 2011; Hare and Kane, 2012). 

Surveys are designed to allow sampling from all four regions of the shelf ecosystem (Figure 1A). 

Samples for morphological taxonomic analysis were collected following a standard protocol 

(Richardson et al., 2010), with both day and night sampling using a 61-cm bongo net fitted with 

a 333-μm mesh net; oblique tows were a minimum of 5-min in duration and sampled from the 

surface to within 5 m of the seabed or to a maximum depth of 200 m. A mechanical flowmeter 

was fitted in the mouth of each net to record the volume sampled. Samples were preserved in 5% 

formalin and archived at the NEFSC. 

Zooplankton samples for genetic analysis were collected during EcoMon survey cruises 

at 5 randomly-selected locations in each region. Sampling was done using a 20-cm bongo net 

with 165-μm mesh nets, which was attached to the same cable and deployed with the 61-cm 

bongo nets. Samples were preserved immediately in 95% undenatured ethanol; ethanol was 

changed 24 hr after collection. Samples were transported to and archived at the University of 

Connecticut. 

Time-series metabarcoding analysis of zooplankton diversity (Bucklin et al.) Page 6 



        

Morphological taxonomic analysis 

Sample sorting and identification was done at the Morski Instytut Rybacki (Szczecin, 

Poland). Zooplankton samples were split to an aliquot containing approximately 500 specimens; 

individuals were sorted, counted, and identified to the lowest possible taxon (Kane, 2007, 2011). 

Data recorded include abundance measured by area (Conc/10m2) and volume (Conc/100m3) for 

each taxon. The data file (EcoMon_Plankton_Data_v3_1.xlsx) was downloaded from: 

ftp://ftp.nefsc.noaa.gov/pub/hydro/zooplankton_data/. Statistical analysis focused on 7 

ecologically-important taxonomic groups of zooplankton for which data were available for both 

metabarcoding (sequence numbers categorized in relation to the SILVA database; Quast et al., 

2013) and morphological abundance counts (from the NEFSC taxonomic database). 

Metabarcoding analysis 

A total of 26 samples was selected for metabarcoding analysis, including one sample 

collected in each of three regions, Georges Bank (GB), Gulf of Maine (GoM), and Mid-Atlantic 

Bight (MAB), during May/June of 2002 – 2012 (Figure 1B; Table 1). There were a number of 

sampling gaps due to cancelled cruises, bad weather, and other causes: no samples were analyzed 

from MAB during 2003 or GoM in 2006; no samples were analysed for 2008; and only a single 

GB sample was analysed for 2012 (Table 1). One sample, AL0605-53 #13; Table 1) was 

collected from the Southern New England (SNE) region, but was grouped with GB samples for 

analysis. 

Extraction and quantification of genomic DNA: Samples were quantitatively sub-divided 

using a box splitter to reduce zooplankton volume to ~25 mL. The sample was then washed with 

distilled water; inserted into a 50 mL Falcon tube above 35 µm Nitex mesh, which served to 

suspend the material and dry the pellet; and centrifuged at 3500 g for 4 min. The pellet was 
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moved to a new 50 mL Falcon tube, and SDS buffer (Tris-HCl, 10 mM; EDTA, pH 8.0, 100mM; 

NaCl, 200mM; SDS 1%) 3 mL or equal to pellet volume, whichever was smaller) was added. 

The sample was homogenized using a hand-held homogenizer (D1000, Thomas Scientific, New 

Jersey, USA) with saw tooth blade for 4 min at level 5. Proteinase K (MP Biomedicals) was 

added (0.2 mg/mL of sample) and tubes were incubated overnight in a water bath at 55-56 ˚C. 

After centrifugation (3500 g for 15 min), 400 uL of the supernatant was transferred to individual 

sterile 2 mL Eppendorf tubes for storage as necessary at -20 or -80 ˚C. Total genomic DNA was 

extracted using the E.Z.N.A Mollusc DNA kit (Omega Bio-tek) following manufacturer 

instructions. Total genomic DNA was quantified on a Thermo-Fisher NanoDrop 2000 and 

normalized to a final concentration of 5 ng/ul. 

PCR amplification: The PCR master mix (per sample) consisted of: 2.5 µl genomic DNA 

(5ng/µl); 5 µl forward PCR primer (1 µM); 5 µl reverse PCR primer (1 µM); 12.5 µl 2x KAPA 

HiFi HotStart ReadyMix; for a total volume per sample of 25 µl. The PCR primers used were 

1380F and 1510R from Amaral-Zettler et al. (2009), with added Illumina adapter sequences at 

the 5’ end (shown in bold): 

- 1380F_EU 5’ -TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCCTGCCHTTTGTACACAC- 3’ 

- 1510R_EU 5’ -GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTTCYGCAGGTTCACCTAC- 3’ 

The PCR protocol was: 98 °C for 30 s; 10 cycles of: 98 °C for 10 s, 56 °C for 30 s, 72 °C 

for 15 s; 15 cycles of: 98 °C for 10 s, 62 °C for 30 s 72 °C for 15 s; and 1 cycle of 72 °C for 7 

min. Amplification was verified using an Agilent 2200 TapeStation automated electrophoresis 

system. The PCR products were purified using AMPure XP beads (Agencourt), with an elution 

volume of 50 ul. 

Library preparation: Index primers were added in a second PCR amplification of the 

purified amplicon (PCR product), with a master mix composed of (per sample): 5.0 µl purified 
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PCR product; 5 µl Nextera XT Index 1 Primer; 5 µl Nextera XT Index 2 Primer; 25 µl 2x KAPA 

HiFi HotStart ReadyMix; 10 µl PCR-grade water; for a total volume of 50 µl. The PCR protocol 

was: 95 °C for 3 min; 8 cycles of: 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s; and 1 cycle of 

72 °C for 5 min. The indexed PCR product was purified using AMPure XP beads, with a final 

elution volume of 25 ul. Successful library attachment was verified using an Agilent 2200 

TapeStation automated electrophoresis system. Libraries were quantified using a Qubit 3.0 

fluorometer, normalized according to amplicon size, pooled, and denatured with 0.2 N NaOH. 

Samples were spiked with a minimum of 5% PhiX (Illumina). 

High-throughput DNA sequencing: Sequencing was done on an Illumina MiSeq NextGen 

platform using a MiSeq Reagent Nano Kit (Ver. 2) with 500 cycles. Paired-end sequencing was 

done to produce bi-directional reads, with determination of consensus sequences (contigs). 

Bioinformatics and statistical analysis 

All bioinformatics steps were conducted on the Xanadu cluster of the University of 

Connecticut Health Center using a custom script for the Mothur (Ver. 1.39.5; Schloss et al., 

2009). From the bi-directional sequences, contigs with a minimum length of 112 bp and no 

ambiguities were retained for analysis. Unique sequences were identified and aligned to the V9 

region of a reference database customized from the SILVA database (Release 132; Quast et al., 

2013; https://www.arb-silva.de/documentation/release-132/) by inclusion of additional sequences 

for eukaryotic marine organisms obtained from the NCBI GenBank. Following alignment to the 

reference database, reads with homopolymers longer than 8 bp were removed from the analysis. 

Chimeras were identified and removed using the UCHIME function (Edgar et al., 2011; 

http://drive5.com/usearch/manual/uchime_algo.html). Uncorrected pairwise distances were 

calculated between aligned DNA sequences, and distances up to 0.016 dissimilarity (equivalent 
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to 1 bp for the analyzed length) were used for clustering sequences. Clustering was performed 

using the Opti-clust method (Westcott and Schloss, 2017). . Taxonomic assignment of sequences 

and OTUs was done using a reference database customized from SILVA Release 132 (Quast et 

al., 2013). Sequences with bootstrap values of at least 80% were classified. 

The reference sequences for 600 of the most frequent OTUs from the DE1105-25 sample 

were aligned using Clustal-W and analyzed by the Neighbor Joining algorithm using the 

Molecular Evolutionary Genetics Analysis software (MEGA, Ver. 6; Tamura et al., 2013). 

Statistical analysis of the gene tree was by bootstrapping with 1,000 subreplicates. 

Multivariate statistical analysis focused on molecular and morphological results for 7 

taxonomic groups defined in the NEFSC EcoMon Survey database for which there were 

non-zero total numbers for both V9 sequences and abundance counts. The 7 groups are: 

Eucarida, Calanoida, Cyclopoida, Chaetognatha, Gastropoda, Hydrozoa, and Peracarida. No 

abundance counts were available for one sample from the Gulf of Maine (DE0305-38). Numbers 

of sequences and abundance counts for each group for all 25 samples was examined by 

functional regression analysis (Ricker, 1973). Data were transformed by log10 (value +1) prior to 

analysis. Further statistical analysis of sequence numbers and abundance counts for the 7 groups 

across all samples was done using a paired t-test of the means carried out in MatLab (Ver. 

2015B). 

Patterns of variation across time and space were statistically evaluated for numbers of 

sequences and abundance counts in relation to environmental conditions (temperature and 

salinity at the sample collection sites) in MatLab (Ver. 2015B). All environmental data used were 

based on sampling at the same stations where samples used for metabarcoding were collected 

during each of the EcoMon Surveys from 2002 to 2012 (Table 1; data available at 
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ftp://ftp.nefsc.noaa.gov/pub/hydro/). For the taxonomic data, the distance measure used was 

Bray-Curtis dissimilarity coefficient (Ricker, 1973). Differentiation among the 3 regions over 11 

years was evaluated by Non-Metric Multidimensional Scaling (NMDS) using the FATHOM 

Toolbox for MatLab (Jones, 2015; http://www.marine.usf.edu/user/djones/matlab/matlab.html). 

Patterns of latitudinal variation for numbers of sequences and abundance counts for each group 

were examined by functional regression analysis (Ricker, 1973), with associated significance 

levels (p values). The Shannon and Simpson Diversity Indices (H and D; Pielou, 1977) were 

calculated using numbers of sequences and morphological taxonomic abundance counts for the 7 

groups. 

Results 

Molecular and morphological taxonomic analysis of zooplankton diversity was carried 

out for samples collected from three regions of the NW Atlantic continental shelf (GB, GoM, 

and MAB) over 11 years from 2002 to 2012 (Figure 1B). A total of 26 samples was analyzed, 

with some sampling gaps (Table 1). Metabarcoding using the V9 hypervariable region of 18S 

rRNA yielded a total of 7,648,033 sequences (Suppl. Table 1) and 22,072 Operational 

Taxonomic Units (OTUs; Suppl. Table 2) that were identified and classified into 28 taxonomic 

groups of plankton based on the SILVA database (Quast et al., 2013; Release 132). Considering 

all samples together, numbers of sequences and OTUs were highly significantly correlated across 

all 28 taxonomic groups considered together (r=0.967, p=0.000), as well as for each of the 

groups considered individually. Definitive analysis focused on sequence numbers. 

The impact of environmental conditions, including temperature and salinity 

measurements at the sample collection sites (Table 1), on patterns of metabarcode variability, 

measured as both sequence and OTU numbers per taxonomic group per sample, was evaluated 
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by functional regression analysis, which revealed no significant relationship (p<0.05) between 

the metabarcode data and any environmental parameter (results not shown). 

Initial analysis of metabarcoding results included 28 taxonomic groups of plankton to 

which sequences (Suppl. Table 1) and OTUs (Suppl. Table 2) were assigned. Morphological 

taxonomic analysis of samples from EcoMon Surveys used 18 of these same 28 groups for 

identification and categorization of zooplankton, which are reported as counts per 10m2 (Suppl. 

Table 3). Some of these groups (Annelida, Anthozoa, Bivalvia, Echinoidea, Teleostei and 

Thecostraca) were excluded from detailed analysis, since they include few – or no – 

representatives of the holozooplankton. Several additional groups were observed either rarely or 

never in samples collected at the same sites as those analyzed for metabarcoding; these included 

Scyphozoa and Bryozoa (0 stations); Ctenophora (1), Ostracoda (2); and Salpida (4). 

The 18S rRNA V9 hypervariable region showed good resolution of 

ecologically-important groups of marine plankton (Figure 2). Comparative statistical analysis of 

molecular (metabarcode) and morphological (abundance counts) data focused on 7 taxonomic 

groups of holozooplankton for which counts were available from the NEFSC EcoMon Database. 

Numbers of sequences and abundance counts based on morphological taxonomic identifications 

showed significant correlations for the 7 taxonomic groups considered together (r=0.551; 

p<0.001; Figure 3). Functional regression lines for all of the groups analyzed separately revealed 

positive correlation between sequence numbers and abundance counts, with significant 

correlation (p < 0.05) for 3 groups: Calanoida, Chaetognatha, and Gastropoda (Figure 3). 

Comparison of sequence numbers and abundance counts by group for all 25 samples 

revealed overall similarities of temporal and spatial patterns (Figure 4). Statistical analysis across 

all samples and regions by paired t-test of the means revealed significant differences (p < 0.05) 
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between sequence numbers and abundance counts for several groups, including Calanoida, 

Cyclopoida, and Peracarida(Table 2). Comparisons by region yielded significant differences for 

samples from Georges Bank for Calanoida and Peracarida; from the Gulf of Maine for Eucarida, 

Calanoida, and Gastropoda; and from the Mid-Atlantic Bight for the Peracarida (see Table 2 for 

t-test results). 

Both the V9 metabarcode data and the morphological abundance counts for the 7 groups 

revealed evidence of variation among the 3 regions based on two-dimensional NMDS analysis. 

Abundance counts showed a clear pattern (stress value = 0.164; Figure 5A), but requires cautious 

interpretation. Sequence numbers for the 7 groups revealed a useful pattern of regional variation 

(stress value = 0.143), with distinctiveness of the MAB region (Figure 5B). As stated in the 

analytical software guidelines provided by Jones (2015), NMDS stress values <0.1 indicate a 

good ordination, whereas values <0.2 indicate a useful picture, but caution is needed to avoid 

putting too much emphasis on the details of the plot. 

Correlation analysis of sequence numbers and total abundance counts by group (with zero 

values removed) with latitude revealed similarities in the slopes of the regression lines for some 

groups: both positive for Eucarida and Calanoida and both negative for Cyclopoida, 

Chaetognatha and Gastropoda (Figure 6). The correlations for between abundance counts and 

latitude were statistically significant (p < 0.05) for Eucarida and Gastropoda (Figure 6A); and 

between sequence numbers and latitude for Calanoida, Cyclopoida, and Gastropoda (Figure 6B). 

Biodiversity of EcoMon samples collected from 2002-2012 based on sequence numbers 

and abundance counts for the 7 taxonomic groups showed statistically significant correlation 

based on both the Shannon Diversity Index (H; r=0.620 p<0.001; Figure 7) and the Simpson 

Diversity Index (D; r=0.613 p= 0.001; data not shown). 
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Discussion 

Comparative and integrative molecular and morphological taxonomic approaches to 

characterizing marine zooplankton diversity are based in the emergent science of integrative 

taxonomy, which seeks to promote use of diverse data types to understand complex biological 

communities and diverse assemblages (Dayrat, 2005). DNA barcoding has been widely used for 

discriminating and identifying marine zooplankton species (Bucklin et al., 2010a, 2010b, 2011). 

More recently, advances in high throughput DNA sequencing have allowed metabarcoding 

analysis of unsorted zooplankton samples from a variety of marine environments (Pearman and 

Irigoien, 2015; Bucklin et al., 2016; Hirai et al., 2017a; Sommer et al., 2017). Direct comparison 

of metabarcoding results and morphological taxonomic analysis has been carried out by analysis 

of the same samples or sample aliquots (Lindeque et al., 2013; Hirai et al., 2017b; Yang et al., 

2017) and by use of constructed samples with known abundance counts (Hirai and Tsuda, 2015). 

A number of studies have specifically addressed the application of metabarcoding for use 

in ocean ecosystem monitoring and assessment (Kelly et al., 2014; Casas et al., 2017; Deagle et 

al., 2017; Goodwin et al., 2017; Aylagas et al., 2018; Zhang et al, 2018). In particular, time-series 

analysis of integrative morphological and molecular taxonomic results of zooplankton diversity 

can provide rapid detection of complex ecosystem responses to environmental variation and 

climate change (Abad et al., 2016; Stern et al., 2018). 

This study seeks to explore and demonstrate the usefulness of metabarcoding of 

zooplankton biodiversity for time-series monitoring of ocean ecosystems. Regular sampling as 

part of the decades-long time-series monitoring of the NW Atlantic continental shelf by NMFS 

NEFSC has allowed detailed examination of patterns of variation across time and space in the 

zooplankton assemblage (Kane, 2007; Hare and Kane, 2012; O'Brien et al., 2013). Direct 
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comparison with metabarcoding results is possible by analysis of archived samples collected and 

preserved for genetic analysis at 20 randomly-selected stations during surveys of the NEFSC 

Ecosystem Monitoring (EcoMon) program since 2001. Statistical comparison of temporal and 

spatial patterns of variation based on molecular metabarcoding and morphological taxonomic 

analysis is an important step toward integration and application of metabarcoding results for 

ocean ecosystem assessment and management. 

Metabarcoding results have been shown to depend markedly on a number of factors, 

including molecular protocols, statistical analysis, and bioinformatics approaches. As described 

above, a key issue is the choice of barcode gene marker and metabarcoding studies of marine 

zooplankton have employed and evaluated results based on one or more of the usual barcode 

gene regions, including regions of the 18S rRNA gene and / or mitochondrial COI (Leray et al., 

2013; Lindeque et al., 2013; Clarke et al., 2017; Corell and Rodriquez-Ezpeleta, 2014; de Vargas 

et al., 2015; Elbrecht and Leese, 2015; Steffani et al., 2018; Zhang et al., 2018). The V9 

hypervariable region of the nuclear 18S rRNA gene has been used for assessment of diversity 

across many domains of life (Amaral-Zettler et al., 2009; de Vargas et al., 2015). Due to the 

exceptional taxonomic complexity of the marine zooplankton assemblage, the conservative 

nature of this barcode region may help maximize the likelihood of consistent detection of all 

represented groups (Gonzalez et al., 2012; de Vargas et al., 2015; Abad et al., 2016, 2017; 

Albaina etal., 2016). At the molecular level, protocols using V9 as the target gene region may 

exhibit improved success in amplification and sequencing, lower variation in priming 

efficiencies, and fewer “missed” taxa due to primer incompatibilities compared to more variable 

gene marker regions (Amaral-Zettler et al., 2009). The broad and reliable taxonomic coverage 

resulting from the conserved nature of the gene (and especially priming sites), may also result in 
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lower taxonomic resolution for identification and classification of sequences and OTUs (Tang et 

al., 2012; Zhan et al., 2014), albeit with some exceptions, including perhaps the Copepoda (Wu 

et al., 2015). 

Of the 28 groups for which sequence and OTUs numbers were summarized (Suppl. 

Tables 1, 2), 18 groups were also used for morphological taxonomic analysis of the EcoMon 

zooplankton samples (Suppl. Table 3). Detailed statistical analysis of the morphological and 

molecular results for 7 groups has been described above, but there are several noteworthy 

differences resulting from comparison of morphological taxonomic counts and metabarcoding 

analysis of the other 11 taxonomic groups. As has been observed in previous studies (Hirai et al., 

2017a; Stefanni et al., 2018), metabarcoding can improve detection of tiny and 

difficult-to-identify taxa. One example is the Ostracoda, an ecologically important and diverse 

group of holozooplankton that has routinely been overlooked by taxonomists (Nigro et al., 2016). 

V9 sequences classified as Ostracoda occurred at 4 stations, compared to 2 stations with 

Ostracoda found from the morphological analysis. Another advantage of metabarcoding is the 

detection of fragile species that are destroyed during collection by nets. In this study, the 

gelatinous zooplankton groups, Ctenophora and Scyphozoa, were found at all but 2 stations 

using metabarcoding, but reported at 0 and 2 stations, respectively, based on morphological 

counts. Another fragile gelatinous group, Salpida, was reported by morphological taxonomic 

counts at 4 stations versus 18 for metabarcoding. However, interpretation of metabarcoding data 

for analysis of biodiversity of the holozooplankton assemblage requires some caution and further 

consideration. Among the 26 samples analyzed, several meroplanktonic groups (Anthozoa, 

Bivalvia, Bryozoa, Echinoidea, and Theostraca) were detected in many – usually nearly all – 

samples based on metabarcode data, but were observed in either none or a few samples based on 
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morphological counts. This discrepancy may be best explained by the abundance of 

meroplanktonic larvae over the continental shelf regions. The larvae may have been overlooked 

by morphological taxonomists during the sample counts, but an important consideration is that 

the mesh size of nets (165 μm) used to collect samples for metabarcoding analysis was smaller 

than nets used to collect samples for morphological taxonomic counts (333 μm). This difference 

was a consequence of time constraints on ancillary sampling during the NOAA NEFSC EcoMon 

Surveys, but the differences in net mesh size very likely explain some of the differences between 

the metabarcoding results and morphological taxonomic counts. Net mesh size is known to 

impact both biomass and species composition of zooplankton samples: Skjoldal et al. (2013) 

reported a consistent relationship between retention or escapement and size of the organisms, 

with 50% of organisms escaping through nets of mesh size equal to their widths. The 

under-representation in morphological counts of taxonomic groups that are predominantly 

meroplanktonic may be best explained by the escapement of the larval forms through the larger 

mesh nets used for collection of these samples. 

Evaluation of spatial patterns of variation of zooplankton biodiversity revealed by both 

metabarcoding and morphological counts variation focused on comparisons among 3 regions, as 

defined by the NOAA NEFSC EcoMon Program. Comparisons based on functional regression 

(Figures 4, 6), NMDS (Figure 5), and the Shannon Diversity Index (Figure 7) all revealed 

variation among the regions, consistent with expectations from previous time-series analyses 

(Hare and Kane, 2012; O’Brien et al., 2013). In general, the variation among regions was clear – 

and in many instances statistically significant – but the marked variation within regions based on 

these same analyses suggested caution in the definition and discrimination among the regions. 

The challenge of quantification of taxa (either abundance or biomass) based on metabarcoding is 
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of central importance for applications for ocean monitoring and assessment (Elbrecht and Leese, 

2015). There are numerous factors that may influence sequence numbers resulting from 

metabarcoding analysis, many of which are exacerbated by the exceptional phylogenetic 

diversity of the zooplankton assemblage (Bucklin et al., 2016). Sequence numbers are impacted 

by the widely-varying sizes of organisms, variation in PCR amplification efficiency or primer 

bias, and differences in copy number of the target rRNA genes, among others (Elbrecht and 

Leese, 2015; Deagle et al., 2017). A number of studies have sought to further explain the 

determinants of sequence numbers and have explored analytical approaches to approximating 

abundance and / or biomass of invertebrate taxa from metabarcoding data (Lindeque et al., 2013; 

Thomas et al., 2016; Bista et al., 2018; Deagle et al., 2018; Lamb et al., 2018). 

This study did not examine the underlying causes of variation in sequence numbers or the 

reasons for differences in observed relationships among taxonomic groups. Our analyses 

revealed highly significant positive correlation between total abundance counts from 

morphological taxonomic identification and metabarcoding sequence numbers across all 7 

taxonomic groups; 3 of 7 group-specific comparisons yielded significant correlations (Figure 3). 

These findings indicate the power of metabarcoding using the V9 18S rRNA region for 

quantitative analysis of these ecologically-important taxonomic groups of zooplankton, and the 

promise of this approach for applications for fisheries management and ecosystem assessment. 

Estimation of biodiversity based on metabarcoding is both enormously promising and filled with 

remaining challenges, including accurate estimation of species-level diversity and questions of 

whether “cryptic” diversity is real (Bucklin et al., 2016; Creer et al., 2016). The analyses are 

markedly sensitive to variation among bioinformatics pipelines and parameters, and careful 

examination of detailed methodologies is needed to evaluate potential sources of error, including 

Time-series metabarcoding analysis of zooplankton diversity (Bucklin et al.) Page 18 



 

        

quality controls on sequence data, clustering thresholds for OTU classification, minimum 

number of replicate sequences, among others (Brown et al., 2015; Edgar and Flyvbjerg, 2015; 

Xiong and Zhan, 2018). One useful approach is direct comparison of molecular metabarcoding 

and morphological taxonomic analysis of biodiversity for well-studied ocean regions (e.g., Abad 

et al., 2016; Steffani et al., 2018). Such comparisons also allow consideration of errors associated 

with sample handling (e.g., inaccurate subsampling of samples) and morphological taxonomic 

analysis (e.g., misidentifying species and overlooking rare or cryptic taxa). 

This study used bioinformatics parameters and approaches for taxonomic assignment and 

classification of OTUs that are similar and comparable to those used for previous metabarcoding 

studies of zooplankton diversity (see review by Bucklin et al., 2016). Our direct comparison of 

metabarcoding data and morphological counts for 18 taxonomic groups of plankton in samples 

collected over 11 years and 3 regions allow us to state conclusively that OTU numbers – as 

calculated by us for the V9 18S rRNA region – cannot provide an accurate assessment of species 

diversity. The total of 22,072 OTUs clustered in 28 taxonomic groups included 273 OTUs 

classifed as fish and 2,481 classified into protistan groups (Ciliates, Dinoflagellates, Diatoms, 

and others), with all other OTUs classified as metazoan invertebrates, including 6,812 OTUs 

classified as calanoid copepods (Suppl. Table 2). Johnson et al. (2011) summarized zooplankton 

diversity of the Gulf of Maine based on database records from morphological taxonomic analysis 

of samples from time-series monitoring efforts; they reported 533 metazoan species, including 

195 species of calanoid copepods and 247 species of fish, and noted that 47% of all species were 

not found among 2,246 species listed in the Gulf of Maine Register of Marine Species 

(GoMRMS). Clearly, cryptic, rare and unknown species occur in zooplankton assemblages of 

well-studied marine ecosystems, such as the NW Atlantic continental shelf (Sherman et al., 
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2002; Pershing et al., 2005). However, it is not justifiable based on these results to conclude that 

numbers of OTUs reported in this study are equivalent to species or that actual levels of species 

diversity are 10-times – or more – than currently known. 

Standardization of metabarcoding pipelines (Tedersoo et al., 2015) for determination of 

marine zooplankton diversity may be an ideal solution for applications of ocean ecosystem 

assessment and monitoring, but this approach may be unrealistic for the near future. Instead, 

further study is critically needed to understand the impacts of many variables on metabarcoding 

results, including different molecular methods (e.g., barcode gene markers, primers, protocols, 

sequencing platforms), and statistical and bioinformatics approaches (e.g., pipelines, 

parameters). 

Conclusions 

The primary goal of this study was to examine the feasibility and value of adding 

metabarcoding analysis to ongoing time-series monitoring of ocean ecosystems, with the specific 

example of the NOAA NEFSC Ecosystem Monitoring (EcoMon) Program surveys of the NW 

Atlantic continental shelf. The design of the study was also guided by the broader goal of 

contributing to the climate-related information that is the basis of fisheries and ecosystem 

management in the region (see Link et al., 2015; Hare et al., 2016). Metabarcoding analysis of 

zooplankton diversity was carried out for samples collected during EcoMon Surveys over 11 

years (2002-2012). Patterns of temporal and spatial variation were analyzed based on sequence 

numbers for the V9 hypervariable region of 18S rRNA gene for 7 taxonomic groups for which 

counts from morphological taxonomic analysis were also available. Sequence numbers and 

abundance counts showed similar patterns of variation across all samples and among 3 sampled 

regions (Georges Bank, Gulf of Maine, and Mid-Atlantic Bight) based on diverse multivariate 
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statistical analyses. Numbers of sequences and abundance counts showed significant correlation 

for the 7 taxonomic groups considered together, and positive correlations for all groups 

individually. Shannon Diversity Index based on sequence numbers and abundance counts 

showed highly significant correlation. The overall similarities in patterns of variation across time 

and space of zooplankton biodiversity based on molecular (V9 sequence numbers) and 

morphological (abundance counts) for 7 taxonomic groups provide evidence of the potential 

usefulness of metabarcoding for accurate characterization of biodiversity of the pelagic 

assemblage and rapid detection of ecosystem reorganizations, with applications for monitoring, 

assessment, and management of marine ecosystems. 

Data Accessibility 

The V9 18S rRNA metabarcode sequence data have been deposited in the NCBI GenBank Short 

Read Archive (see https://www.ncbi.nlm.nih.gov/sra/). Sequence data files in FASTQ format are 

available for all 26 samples analyzed from EcoMon Program suveys and can be accessed using 

SRA BioProject ID PRJNA513188. 

Supplementary material 

The following supplementary material is available at ICESJMS online: 

Supplementary Table 1. Numbers of sequences for samples from each EcoMon station for the 28 

taxonomic groups resolved by 18S rRNA V9 metabarcodes. 

Supplementary Table 2. Numbers of operational taxonomic units (OTUs) for samples from each 

EcoMon station for 28 taxonomic groups resolved by V9 metabarcodes. 

Supplementary Table 3. Abundance counts for 18 taxonomic groups for which data are available 

from both molecular and morphological taxonomic analysis. 
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Tables and Figures with Legends (Rev. January 14, 2019) 

Table 1. Sampling locations and environmental data for EcoMon samples used for metabarcoding 
analysis. Regions are indicated by number: Middle Atlantic Bight (1); Georges Bank (2), and Gulf of 
Maine (3). See Figure 1 for maps of area and station locations. 
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Table 2. Results of statistical comparison between numbers of sequences and morphological counts for 
the 7 taxonomic groups in samples for each of the 3 regions (Mid-Atlantic Bight, Georges Bank, Gulf of 
Maine) and for all samples considered together. All data were log10 transformed before analysis. 
Abbreviations are t-statistic value (t-stat); significance level (p). 
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Figure 1. (A) Regions of the NW Atlantic continental shelf sampled during quarterly surveys of the 
NOAA Northeast Fisheries Science Center (NEFSC) Ecosystem Monitoring Program (EcoMon). (B) 
Locations of samples collected during EcoMon Surveys from 2002 to 2012 analyzed for this study. See 
Table 1 for collection metadata for each sample; stations are indicated by sequential numbering. 
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Figure 2. Neighbor Joining tree analysis of representative sequences for the 600 most abundant 
Operational Taxonomic Units (OTUs) resolved using the V9 hypervariable region 18S rRNA for one 
EcoMon sample, DE1105-25. Numbers are percentages of 1,000 bootstrap subreplicates supporting the 
cluster for each taxonomic group shown. 
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Figure 3. Functional regression lines for total abundances (Log10 transformed, numbers per 10m2) 
versus numbers of clustered sequences (Log10 transformed) for 7 taxonomic groups. Species counts are 
based on EcoMon taxonomic data. Zero values for species counts per sample for any taxonomic group 
were removed from the analysis. 
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Figure 4. Stacked bar graphs for each of the 3 sampled EcoMon regions showing total abundance counts 
(A) and total numbers of sequences (B) summed across the 7 taxonomic groups for each sample from 
2002 - 2012. Abundance counts and sequence numbers were Log10 transformed after adding 1 (to allow 
inclusion of zeros). 

Time-series metabarcoding analysis of zooplankton diversity (Bucklin et al.) Page 38 



        
            

           
              
                  

 

        

Figure 5. Two-dimensional non-metric multi-dimensional scaling (NMDS) analysis of regional variation 
for 7 taxonomic groups using Bray-Curtis dissimilarity coefficients based on total species abundances 
from morphological taxonomic abundance counts (A) and numbers of sequences from metabarcoding 
analysis (B). Two-dimensional resolution of variation for samples by year and region: MAB (red), GB 
(green), GoM (blue). NMDS stress values are: (A) stress = 0.164; (B) stress = 0.143. See Table 1 for 
collection metadata. 
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Figure 6. Functional regression analysis for 7 taxonomic groups for: A) morphological taxonomic 
abundance counts (log10 / 10m2) versus latitude; and B) numbers of sequences (log10) versus latitude. 
Latitude given is based on the collection location for each sample. Correlation coefficient ® and 
significance level (p) are shown for each graph. 
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Figure 7. Comparison of the Shannon Diversity Index (H) in Mid-Atlantic Bight (MAB), Georges Bank 
(GB), and Gulf of Maine (GoM), based on 7 taxonomic groups for which both morphological abundance 
counts (Abun) and numbers of sequences (SeqNum) were available. Data were log10 transformed before 
analysis. 
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Supplementary Table 1. Numbers of sequences for samples from each EcoMon station for the 28 taxonomic groups resolved by V9 metabarcodes 
based on analysis and alignment of sequence reads to a customized reference file based on the SILVA database (Release 132). 
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Supplementary Table 2. Numbers of operational taxonomic units (OTUs) for samples from each EcoMon station for 28 taxonomic groups 
resolved by V9 metabarcodes based on analysis and alignment to reference and taxonomy files based on the SILVA database (Release 132). 
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Supplementary Table 3. Abundance counts for 18 taxonomic groups for which data are available from both morphological taxonomic and 
metabarcoding analysis. Abundance counts by group are from the EcoMon Plankton Database 
(ftp://ftp.nefsc.noaa.gov/pub/hydro/zooplankton_data/). Counts are given as numbers per 10m2. 
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