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Metabarcoding of zooplankton communities is becoming more common, but molecular results must be interpreted carefully and validated with
morphology-based analyses, where possible. To evaluate our metabarcoding approach within the California Current Ecosystem, we tested whether
physical subsampling and PCR replication affects observed community composition; whether community composition resolved by metabar-
coding is comparable to morphological analyses by digital imaging; and whether pH neutralization of ethanol with ammonium hydroxide affects
molecular diversity. We found that (1) PCR replication was important to accurately resolve alpha diversity and that physical subsampling can
decrease sensitivity to rare taxa; (2) there were significant correlations between relative read abundance and proportions of carbon biomass
for most taxonomic groups analyzed, but such relationships showed better agreement for the more dominant taxonomic groups; and (3) am-
monium hydroxide in ethanol had no effect on molecular diversity. Together, these results indicate that with appropriate replication, paired
metabarcoding and morphological analyses can characterize zooplankton community structure and biomass, and that metabarcoding methods

are to some extent indicative of relative community composition when absolute measures of abundance or biomass are not available.

Keywords: California Current Ecosystem, community structure, metabarcoding, zooplankton, ZooScan

Introduction

The field of zooplankton ecology is beginning to embrace metabar-
coding as an approach for describing spatial patterns in diversity
and community composition, but there are some notable chal-
lenges in data interpretation. It remains difficult to link molecu-
lar estimates of diversity and community structure with morpho-
logical richness and abundance (Laakmann et al., 2020), and the
lack of standardization in metabarcoding methods makes it difficult
to compare molecular richness across studies (Santoferrara, 2019).
A better understanding of the relationship between metabarcod-
ing and morphological analyses can help optimize methodologi-
cal choices for studying zooplankton ecology (Bucklin et al., 2019;
Brisbin et al., 2020). Here, we provide recommendations for best
practices regarding subsampling, replication, and ethanol preserva-

tion. In addition, we test whether metabarcoding read counts are a
suitable representation of relative biomass within the zooplankton
community.

One of the strengths of metabarcoding is the ability to rapidly
characterize community richness. Estimates of zooplankton rich-
ness using molecular markers can be up to an order of magnitude
greater than morphological species richness (Laakmann et al,
2020). The increased richness captured by metabarcoding may
be due to detection of morphologically cryptic species, increased
sensitivity to rare species, detection of intraspecific genetic vari-
ability (Brown et al., 2015), or presence of pseudogenes or PCR
chimeras. In contrast, many zooplankton metabarcoding pipelines
require subsampling prior to DNA extraction which can potentially
decrease observed richness (Loos and Nijland, 2020). Quantitative
subsampling of bulk-fixed samples is a common procedure for
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zooplankton analyses (Frolander, 1968; van Guelpen et al., 1982),
but the effects of subsampling on molecular diversity have not yet
been tested.

A recurring challenge for metabarcoding is characterizing com-
munity structure from read counts (Laakmann et al., 2020). While
species richness is an important aspect of diversity, abundance
and demographic structure are also important for understanding
ecosystem dynamics (Elbrecht and Leese, 2015). PCR and sequenc-
ing biases can be normalized by including mock communities. This
approach has been used for some studies of zooplankton commu-
nities (e.g. Hirai et al., 2017) but remains relatively rare, and the ef-
fects of body composition, life history stage, cell count, copy num-
ber, and primer bias across diverse taxonomic groups are greater
in metazoan than in microbial communities (Braukmann et al.,
2019). Despite these potential sources of bias, read counts have been
positively correlated with morphologically identified abundance or
biomass for some zooplankton taxa and in some ecosystems (Lin-
deque et al., 2013; Hirai et al., 2015; Harvey et al., 2017; Bucklin et
al., 2019).

Preservation of field-collected zooplankton samples requires ad-
vance selection of a fixation protocol that is optimized for the tar-
get organisms and methods. The most common fixative for molec-
ular analyses is 95-100% non-denatured ethanol (Loos and Nij-
land, 2020). However, ethanol is acidic and long-term storage of
zooplankton tissue in ethanol can further increase acidity, result-
ing in dissolution of calcareous structures (Oakes et al., 2019). This
effect is particularly important for long-term preservation of calci-
fying organisms, when shell dissolution and changes in shell mor-
phology may be interpreted as indicators of ocean acidification (e.g.
Bednarsek et al., 2017). Ammonium hydroxide has been used as a
neutralizing agent for ethanol-preserved samples, successfully pre-
serving pteropod shells for morphological analysis (Bednarsek and
Ohman, 2015; Oakes et al., 2019). However, the effect of ammo-
nium hydroxide neuralization on molecular analyses is unknown.

In this study, we test the effects of subsampling, PCR replication,
and preservation method on metabarcoding analysis of zooplank-
ton community richness. We also directly compare paired metabar-
coding and imaging analyses to test whether there is a relationship
between read counts and morphology-based community compo-
sition at coarse taxonomic levels. We expected PCR replication to
be a useful method for determining whether rare sequence variants
are real or artifacts, and we expected minimal effects of physical
subsampling on observed diversity. We also expected to find no re-
lationship between normalized read counts and zooplankton abun-
dance or biomass, given the many methodological steps at which
biases could be introduced. We tested these questions using two
molecular markers and ZooScan digital imaging of net-collected
zooplankton samples from a range of environments across the Cal-
ifornia Current upwelling biome.

Methods

Zooplankton collection

Samples were collected between 29 April-8 May 2016 on cruise
P1604 of the California Current Ecosystem LTER program us-
ing a depth-stratified 1 m? mouth area, 202 um mesh MOCNESS
with paired day and night tows (Table S1). Sampling locations
(designated “Cycles”; see Ohman et al., 2013) ranged from the
high-biomass nearshore upwelling environment to the offshore
mesotrophic California Current. Zooplankton were sampled in 25
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or 50 m vertical strata between the surface and 400 m. Each net-
collected sample was quantitatively split with a Folsom splitter,
then 50% fixed in 95% non-denatured ethanol neutralized with
5 mM ammonium hydroxide and 50% fixed in 1.7% formaldehyde
buffered with sodium tetraborate. A total of 64 sets of paired ethanol
and formaldehyde fixed samples were included in this analysis.

ZooScan Imaging

Zooplankton samples preserved in formaldehyde were imaged us-
ing a ZooScan (Gorsky et al., 2010; Ohman et al., 2012). Samples
were size fractioned into 0.2-1.0-, 1.0-5.0-, and > 5-mm fractions.
Quantitative subsamples of each were manually dispersed on the
scanning surface, then digitally scanned. Images were segmented
into regions of interest (ROIs) in ImageJ, and ROIs classified us-
ing machine-learning algorithms trained on manually sorted im-
ages of preserved zooplankton from the CCE (Ellen et al., 2015). In
addition, 100% of taxonomic assignments of ROIs were validated
manually. Carbon biomass for each ROI was calculated from feret
diameter using taxon-specific relationships between length and car-
bon (Lavaniegos and Ohman, 2007). Taxon abundance and carbon
biomass were standardized for aliquot volumes and the volume of
seawater filtered for each sample.

DNA extraction and amplification

Ethanol-fixed zooplankton samples were quantitatively split to a
subsample small enough for DNA extraction with OMEGA EZNA
Blood and Tissue Maxi kits (<5 g, typically 1/8-1/16th of the sam-
ple). Three to six subsamples were analyzed for four high biomass
samples (subsequently termed “subsample replicates”; see Table S1).
Subsample replicates were treated independently throughout ex-
traction and amplification. DNA extractions were modified as pre-
viously described (Sommer et al., 2017). Extraction negative con-
trols were performed on a blank Nitex filter and included in all PCR
steps. Eluent DNA concentrations were normalized to 20 ng ul™
prior to PCR amplification.

To more broadly resolve the zooplankton community, two
marker regions were amplified and sequenced. A 313-bp region
of the mitochondrial cytochrome ¢ oxidase subunit I gene (COI)
was amplified with jgLCO1490 and jgHCO2198 (Leray et al., 2013),
and a 400-bp fragment in the V4 region of 18S was amplified us-
ing Unil8S and Unil8SR (Zhan et al., 2013). Each subsample was
amplified and sequenced in triplicate (subsequently termed “PCR
replicates”). We used two-step PCR amplification and library prepa-
ration with duplicate dual indexing to mitigate index hopping,
with unique indexes for PCR replicates to test for index biases and
stochastic variability (Table S1 and S2; Costello et al., 2018). The
first reaction for each PCR replicate was duplicated, then the two re-
actions pooled and diluted as template for the indexing PCR (Table
S2). All PCRs used high-fidelity “MyFi” polymerase (Bioline). Am-
plified DNA was bead-cleaned and final DNA concentrations quan-
tified by Qubit or PicoGreen. Negative controls were included in
sequencing runs if DNA was detected in the bead-cleaned product.
Samples were pooled in equimolar concentrations and sequenced
on two Illumina MiSeq runs (300bp paired-end V3).

Bioinformatic processing
Sequences were demultiplexed using cutadapt, and only sequences
with exact matches to all four indexes retained (Martin, 2011).
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Subsequent bioinformatic filtering in QIIME2 v. 2020.6.0 (Bolyen
et al., 2018) used marker-specific criteria as follows. For 188, for-
ward and reverse reads were truncated at 290bp and 275bp. Am-
plicon sequence variants (ASVs) were denoised independently for
each sequencing run using DADA2 within QIIME2 with consen-
sus chimera detection and pseudo-pooling (Callahan et al., 2016).
ASVswere not clustered in operational taxonomic units (OTUs) for
188, as this gene region is highly conserved and even 99% OTUs can
fail to resolve species-level differences (Clarke et al., 2017). ASVs
were aligned using MAFFT and taxonomy assigned using the 99%
SILVA132 database, and by determining the lowest common ances-
tor (LCA) of up to five top blastn hits from GenBank (Pedregosa et
al., 2011; Yilmaz et al., 2014; Clark et al., 2016).

Sequences from COI were analyzed similarly. Forward and re-
verse reads were truncated at 280 and 250 bp. Denoised ASV's from
DADA2 from each sequencing run were merged and clustered
into de novo OTUs at 97% similarity using VSEARCH in QIIME2
(Rognes et al., 2016). The 97% clustering threshold was selected so
as not to overestimate alpha diversity, as intraspecific dissimilarity
at this region of COI can reach 3-9% (Leray et al., 2013). Repre-
sentative sequences for each OTU were assigned taxonomy using
the MIDORI “unique” database, and by LCA of GenBank blastn
matches (Pedregosa et al., 2011; Clark et al., 2016; Machida et al.,
2017). All subsequent analyses were carried out in R 4.0.0 (R De-
velopment Core Team, 2009).

Statistical analyses

Statistical tests in R used “phyloseq,” “vegan,” and the tidyverse
(Dixon, 2003; McMurdie and Holmes, 2013; Wickham et al., 2019).
Contaminant sequences were identified from negative controls with
the combined method in “decontam,” with independent detection
for each marker and sequencing run (Davis et al., 2018). Contam-
inants were removed from all samples and negative controls were
excluded from subsequent analyses. Sequences identified as non-
metazoans, fishes, or mammals also were removed.

Samples were rarefied to 20,000 reads and 25,000 reads for 18S
and COI, respectively, with samples falling below these thresholds
removed. The relationship between rarified observed richness, de-
fined as OTU/ASV counts, and sequencing depth was tested with
Spearman’s rank-order correlation. Appearance in PCR replicates
was tested with a Kruskal-Wallis 1-way ANOVA, including only
samples retaining at least three PCR replicates. Observed richness
was plotted against the fraction of the plankton sample analyzed,
illustrated with the nonparametric LOESS best fit.

To test whether relative read counts were correlated with inde-
pendent ZooScan-based measures of biomass and abundance, zoo-
plankton sequences were compared to numerical abundance and
carbon biomass for taxonomic groups resolved using both digital
imaging and at least one metabarcoding marker. Taxonomic groups
were combined as necessary so that comparison groups were the
same for both methods, including collapsing the fine taxonomic
resolution that is present in metabarcoding data. Cnidarians and
ctenophores were combined into a single category. Malacostracan
sequences were compared against ZooScan-identified euphausiids
and shrimp-like decapods. Comparisons were made for all thali-
aceans together, and for salps, doliolids, and pyrosomes where iden-
tifiable. Separate comparisons were made for eucalanid copepods
and for calanoid copepods excluding eucalanids. All data were con-
verted to proportions and arcsine square root transformed, and

Pearson’s product-moment correlations were computed for each
comparison, with Bonferroni correction.

Ethanol neutralization

To test the effects of ethanol neutralization with ammonium hy-
droxide on molecular diversity, three samples were collected near
La Jolla Canyon using a 1 m diameter, 333 .um mesh ring-net sur-
face tow on 18 December 2017 and near the CCE2 mooring (ht
tp://mooring.ucsd.edu/dev/cce2/cce2_12/) using a 0.71 m diame-
ter, 202 um mesh Bongo net towed obliquely to 180 m on 13-14
March 2018. Each sample was split quantitatively, and 50% pre-
served in unamended 95% non-denatured ethanol (pH 6.5) and
50% in 95% non-denatured ethanol neutralized with 5-mM am-
monium hydroxide (final pH 8.0). These samples were analyzed
using metabarcoding as described above, except were sequenced
only at the COI marker. These samples were processed in their
entirety, using multiple DNA extractions as necessary. Amplified
samples were sequenced on two Illumina MiSeq runs, with each
sample included in both runs (300bp paired-end V3). Sequences
from replicate extractions and MiSeq runs were combined within
each sample, and samples were rarefied to the lowest sequencing
depth. Observed richness in the paired samples was compared us-
ing a Wilcoxon Matched Pairs Signed Rank test. Non-rarefied data
were converted to relative abundances, samples clustered using av-
erage neighbor clustering based on Bray—Curtis distance and clus-
ters tested for significance with a SIMPROF test. A PERMANOVA
was subsequently used to test whether sampling event or preserva-
tion method affected observed community composition (Oksanen
et al., 2009).

Results

Bioinformatics

On average, 95% of reads demultiplexed by dual 8-mer index-
ing had the appropriate 6-mer indexes. A total of 12,923,747 se-
quences were recovered at the 18S marker, 6,882,057 of which
passed quality and chimera filtering and were denoised into ASVs.
After removal of 16 ASVs identified as contaminants and 280 non-
metazoan, mammal, and fish ASVs, 966 ASVs were recovered at
18S. Of the 13,014,170 total COI sequences, 8,751,265 passed qual-
ity and chimera filtering. Removal of 19 contaminants and 105 non-
metazoan, mammal, and fish OTUs resulted in 1943 OTUs at COL
Observed taxa spanned 17 phyla and included some meroplank-
tonic and parasitic species (Table 1). OTU rarefaction curves be-
gin to reach saturation at 25,000 reads at COI, and 20,000 reads at
18S (Figure 1a and b). Despite rarefaction curves approaching sat-
uration, richness was positively correlated with sequencing depth
at COI (Figure 1c, p = 2.7e-09, p = 0.411, two-sided Spearman’s
rank), and negatively correlated at 18S (Figure 1d, p = 7.4e-12, p
= —0.483, two-sided Spearman’s rank). Analyses with non-rarified
data were similarly significant.

Sub-sampling and PCR replication

Each plankton subsample was analyzed with three independent
PCR replicates with unique multiplexing indexes. There was no
significant difference in community structure between PCR repli-
cates, (p > 0.05, SIMPROF analysis of Bray-Curtis distance, not
shown). However, there was some variability in the appearance of
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Table 1. The number of OTUs or ASVs resolved by each marker for all
taxa classified at least to phylum. OTU or ASV counts for each group
are reported for both taxonomic assignment methods used and for
both marker regions, such that a species can appear in each of the four
columns independently. Taxa not classified to phylum are absent from
this table.

COI OTUs 18S ASVs
NCBI MIDORI NCBI SILVA

Annelida 47 18 54 49
Arthropoda 995 742 478 502
Brachiopoda - - 5 2
Bryozoa 12 8 1 1
Chaetognatha 19 5 - -
Chordata (Tunicata) 9 1 53 50
Cnidaria 80 64 mn7 112
Ctenophora 4 - 9 6
Echinodermata 39 25 20 20
Hemichordata - - 2 2
Mollusca 142 30 38 35
Nematoda 2 1 - -
Nemertea 6 2 3 3
Phoronida 1 - 2 -
Platyhelminthes 9 2 2 2
Porifera - - 3 -
Sipuncula 1 - 5 5

taxa between PCR replicates. Taxa that did not appear in all three
PCR replicates tended to be lower rank order OTUs and ASV's that
were less abundant based on sequence counts, but more abundant
taxa were also often absent from one or more of the PCR replicates
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(Figure 2, p < 2.2e-16, Kruskal-Wallis one-way ANOVA). Replicate
analyses with non-rarefied data showed similar results.

Each zooplankton sample was subsampled to the maximum
biomass possible for a single DNA extraction, resulting in different
fractions of the parent sample being analyzed. Observed richness
within subsamples increased with the fraction of parent sample an-
alyzed, with richness appearing to saturate around 6.25%, or 1/16th
of the initial bulk sample (Figure 3), for both markers. Richness was
not correlated with the volume of seawater filtered (Figure 3, colour,
Spearman’s rank; COI: p = 0.085, p = 0.124; 18S: p = 0.213, p =
0.094). Replicate analyses with non-rarefied data found similar cor-
relations and significance values.

Comparisons between imaging and sequencing

To test whether relative read abundance reflects community struc-
ture, read counts were compared with numerical abundance and
carbon biomass from ZooScan analyses. Comparisons were made
using proportions, as metabarcoding data are proportional (Lind-
eque et al., 2013; Hirai et al., 2015), and were possible for 16 tax-
onomic groups of zooplankton, 12 of which were resolved at both
metabarcoding markers. Of the 16 taxa analyzed, 15 groups showed
a significant correlation (P < 0.05) between proportion of biomass
and proportion of sequences at either COI, 18S, or both (Table 2),
although the strength of the correlation was variable. More abun-
dant taxa showed a stronger relationship between carbon biomass
and sequences (Table 2, Figure 4). At COI, the strength of the rela-
tionship was significantly correlated with average proportion of se-
quences, but this relationship was not significant at 18S (Figure 4).
There was some variability between markers, with oithonids, do-

(b) 18S Rarefaction Curves
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Figure 1. Rarefaction curves for (a) COl OTUs and (b) 18S ASVs, based on sequencing depth. Dashed lines represent the rarefaction depth for
each marker. Richness, measured as observed OTUs/ASVs, increased with increasing sequencing depth at (c) COI, but not at (D) 18S.
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Figure 2. The number of PCR replicates in which each OTU/ASV occurs in relation to rank order of taxa. Rank order is based on summed
abundance across PCR replicates. Higher rank order taxa (rarer) were less likely to occur in all three replicates, while low rank order taxa
(dominants) tended to occur in more replicates. Data have been rarefied to 25000 and 20000 reads for COl and 18S, respectively.
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Figure 3. Observed richness at (left-hand panel) COI and (right-hand panel) 18S (in relation to the percentage of the zooplankton sample
analyzed). For both markers, richness across all samples approached saturation at ~6.25% analyzed. Colour scale represents the total volume of
seawater filtered at collection. Curves show the LOESS fit and shading represents 95% confidence intervals.

liolids, and pyrosomes only resolved at 18S and chaetognaths only
resolved by COL. For most groups, the relationship between carbon
biomass and sequence counts was equal to or stronger than the rela-
tionship between numerical abundance and sequence counts, with
the exception of oithonids (Table 2, Figures S1 and S2). Chaetog-
nath sequences did not show a significant relationship against ei-
ther abundance or carbon biomass. Contrary to our expectation
that crustaceans would show a better relationship than gelatinous
organisms, there was not a close correspondence between tissue
composition and strength of correlation between proportions of se-
quences and carbon biomass (Table 2).

A closer examination showed that there was wide scatter under-
lying even strong correlations. Figure 5 illustrates relationships for
four representative taxa, showing two abundant copepod groups
with stronger relationships and two other taxonomic groups (thali-
aceans, ostracods) with weaker relationships and greater variability
between markers, while Figures S1 and S2 include all taxa. Notably,
there were some data points that were outliers in multiple correla-
tions, such as those from Cycle 3, 250-400 m and Cycle 2, 200-250
and 350-400 m, which were found in the upper left quartile of the
eucalanid correlation for both markers, and the lower right quartile
for the calanoid correlation at COI (Figure 5). In addition to the taxa
absent from one marker, there were taxa found at both markers that

showed stronger relationships at one. Ostracods showed a stronger
relationship between COI reads and biomass, while thaliaceans had
a strong relationship only at 18S (Figure 5).

Ethanol neutralization

For our test of ammonium hydroxide as a neutralizing agent, 494
COI OTUs were found. Total richness and richness within taxo-
nomic groups were not significantly different between neutralized
and untreated samples (p = 0.22, Wilcoxon, Figure 6) and there was
no taxonomic bias, which would appear as a directional shift within
points of a given color in Figure 5. Clustering of samples identified
two significant groups separating by collection location (Figure S3,
SIMPROF alpha = 0.05). A PERMANOVA revealed that preserva-
tion method had no effect on community structure, but that collec-
tion event was a significant predictor of observed community struc-
ture (R* = 0.79, p = 0.002). Parallel analyses with non-rarefied OTU
tables and presence-absence data showed similar results.

Discussion

Our results provide a framework for interpreting metabarcoding re-
sults of zooplankton community composition. We found that tech-
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Table 2. Pearson’s correlation coefficient (R) and the significance level for all comparisons between proportion of sequences and proportion of
biomass or numerical abundance (ZooScan-based measures). All proportions have been arcsine square root transformed.

Proportion carbon biomass vs.
proportion sequences

Proportion abundance vs.
proportion sequences

col 18S col 18S
Taxon R R R R

Crustaceans Eucalanids 0.77 ok 0.72 o 0.67 o 0.66 e

Calanoids 0.81 o 0.74 o 0.72 ok 0.69 ok

Oithonids - - 0.46 o - - 0.64 ok

Poecilostomatoids 0.37 o 0.1 o 0.1 NS —0.17 NS

Malacostracans 0.58 ok 0.38 e 0.64 e 0.29 e

Ostracods 0.57 . 0.19 NS 0.58 ok 0.36 ok

Tunicates Doliolids - - 0.66 o - - 0.65 e

Pyrosomes - - 0.9 ok - - 0.88 ok

Salps 0.05 NS 0.09 e 0.03 NS 0.09 NS

Thaliaceans —0.03 NS 0.88 o —0.01 NS 0.42 ok

Appendicularians 0.22 NS 0.37 o 0.19 NS 0.27 NS

Other Cnidarians & 0.48 o 0.36 o 0.48 ok 0.18 NS
Ctenophores

Bryozoans 0.87 o 0.72 o 0.77 ek 0.62 o

Polychaetes 0.5 . 0.58 o 0.45 ok 0.55 o

Pteropods 0.39 ok 0.46 ok 0.62 o 0.0.49 ok

Chaetognaths —0.12 NS - - 0.03 NS - -

NS - not significant; *p < 0.05; **p < 0.01; **p < 0.007; Bonferroni corrected significance levels.
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Figure 4. For each taxonomic group, Pearson’s correlation coefficient (R) for the relationship between the proportion of sequences and
proportion of carbon biomass is plotted against the average proportion of sequences across all samples. The strength of the correlation was
stronger for more abundant groups at the COl marker, but the relationship at 18S was not significant (p < 0.05, Spearman’s rank).

nical replication increases the detection of rare taxa and that sub-
sampling has the potential to depress observed richness. In com-
parisons of relative read counts with morphological analyses, read
abundance was positively correlated with the proportion of zoo-
plankton biomass for all but one of the taxonomic groups ana-
lyzed, with considerable variability in the strength of the correla-
tion among taxonomic groups. Thus, metabarcoding can be a viable
approach for representing relative biomass of several major taxo-
nomic groups but should be interpreted cautiously for less abundant
taxa. In an important point for field fixation protocols, we found
that neutralized ethanol provides unbiased measures of community
composition.

Sub-sampling and PCR replication

We found a positive relationship between sequencing depth and
richness at COI and a negative relationship at 18S. As sequencing
depth is determined by sample pooling and library size (Herbold et
al., 2015), the observed relationships were primarily an artefact of
library pooling. Parallel analyses with non-rarefied data were simi-
lar, indicating that the relationship was not an artefact of rarefaction
(McMurdie and Holmes, 2014; Willis, 2019).

Good overall correspondence was observed between PCR repli-
cates, although some taxa were absent from one or more PCR repli-
cates. These taxa could be interpreted as spurious sequences arising
from PCR errors, and some studies recommend removing OTUs
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Figure 5. The proportion of metabarcoding sequences classified as calanoid, eucalanid, thaliacean, and ostracod in relation to the proportion
of carbon biomass within the full zooplankton community, calculated from ZooScan ROlIs. There is a strong positive relationship at both
markers for the two copepod groups, and for thaliaceans at 18S and ostracods at COIl. Note the different scales for each panel. All data have
been arcsine square root transformed. Collection locations (Cycle, Net) are shown to enable comparison between taxa. Additional taxa and all
abundance relationships are shown in Figures S1and S2. (ns = p > 0.05, xp < 0.05, *xp < 0.01, **xp < 0.001).

that do not appear in all replicates (Loos and Nijland, 2020, but
see also Lahoz-Monfort ef al., 2016). However, many of these taxa
were found in higher abundance in nearby samples, indicating they
represented rare individuals or fragments of animals. Multiple PCR
replicates are widely recommended to minimize false negatives in
environmental DNA studies (Ficetola et al., 2016; Ruppert et al.,
2019). Stochastic variability in the detection of rare species has
been observed in tissue-based metabarcoding analyses (Leray and
Knowlton, 2017), and our results indicate that in a natural commu-
nity this stochasticity can affect both rare and more abundant taxa.
For our study site, at least three PCR replicates were necessary to

fully capture the diversity of the zooplankton community, and we
recommend this for other regions as well.

Richness increased as a function of the fraction of the sample
analyzed and appeared to saturate at around 6.25% of the sam-
ple. This comparison was made across ocean environments from
nearshore upwelling dominated by a few taxa to higher diversity,
offshore mesotrophic waters, and at depths ranging from the sur-
face to 400 m. Addition of replicate subsamples resulted in species
accumulation curves closely matching that of the full sample set,
indicating that the low richness is an artefact of subsampling. Our
results indicate that in addition to technical replication, a minimum
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fraction of the initial bulk sample should be analyzed. For zooplank-
ton assemblages in our region, this threshold was > 6.25% of the
sample, but this value should be estimated for other ocean ecosys-
tems with distinct rank abundance profiles.

The importance of replicate field samples, subsampling, PCR
replication, and sequencing depth are likely to vary between ecosys-
tems and study designs, with greater replication at all stages nec-
essary for more diverse systems and increased field sampling ef-
fort in systems with high spatial variability. Metabarcoding anal-
yses should be designed with careful consideration of the goals of
the study and the types of variability present in the ecosystem of
interest (Kelly et al., 2019).

Comparisons between imaging and sequencing

The relationships between carbon biomass and read abundance
were stronger for more abundant groups. We found strong rela-
tionships at one or both markers for eucalanid and calanoid cope-
pods, malacostracans, ostracods, bryozoans, and polychaetes. Sev-
eral previous analyses have reported positive relationships between
read counts and abundance or biomass within the zooplankton
community, for a range of taxonomic groups and marker regions
(Harvey et al., 2017; Bucklin et al., 2019; Schroeder et al., 2020).
The strong positive relationships we observed for more abundant
taxa corroborate these studies, and we similarly found that such re-
lationships are not always significant.

The poor or non-significant relationships observed for some
groups are also important, as they help inform the limitations
of estimating biomass or abundance from read counts. Because
metabarcoding data are proportional, biases introduced by vari-
ability in gene copy number, amplification efficiency or primer

bias propagate to all taxa within a sample (McLaren et al., 2019).
In our analysis, some of these biases can be seen in the absence of
oithonid copepods, doliolids, and salps at COI, of chaetognaths at
18S, and in the better relationships for ostracods and thaliaceans
at COI and 18S, respectively. Approaches to account for bias in
amplicon data sets, including the use of taxon: taxon proportions
or estimation of amplification efficiency from known community
composition, often require mock communities or independent
data on community composition or primer bias which are less
available for zooplankton than for microbial communities (Kelly
et al., 2019; McLaren et al., 2019). Our analyses indicate that these
normalization procedures could be particularly important for less
abundant taxonomic groups.

There was a notable difference between the strengths of rela-
tionships observed at different taxonomic levels within a group.
For thaliaceans as a whole, there was a strong correlation between
proportion biomass and proportion sequences at 18S. However,
this relationship was due to good correspondence for doliolids
and pyrosomes, while that for salps was quite low. Chaetognath
COI sequences and biomass or abundance were not correlated,
but chaetognath sequences were only recovered from mesopelagic
species while chaetognaths were identifiable from ZooScan images
throughout the water column. Similarly, ostracods at 18S were only
detected in mesopelagic samples, while ostracods were found in all
samples using COI or using ZooScan imaging. These mismatches
may be due to poor representation in the NCBI, MIDORI, and
SILVA databases used to assign taxonomy, or due to variability in
amplification efficiency between species present in different depth
zones. Previous work has found that agreement between meth-
ods increases as species are grouped at coarser taxonomic levels
(Leray and Knowlton, 2015; Harvey et al., 2017). In contrast, our
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data indicate that relationships can be either strengthened or weak-
ened at coarser taxonomic resolution, depending on the variance in
marker performance between closely related taxa. We recommend
that marker biases be accounted for and that estimates of relative
abundance and comparisons between survey methods be limited
to taxa that are well resolved.

Some outlying samples were clearly visible in the scatterplots
of eucalanid and calanoid relationships (Figure 5). These samples
were outliers for both marker regions, and incorrect classification
with independent reference databases is unlikely. Further verifica-
tions of image classifications did not detect misidentifications. It is
most likely that these samples reflect a true mismatch in the detec-
tion capabilities of the molecular and imaging methods compared.
The outliers in question were collected from the upper mesopelagic
(200-400 m) and likely included eucalanid copepodites that were
not easily identifiable to genus by digital imaging (hence only
assigned to calanoid copepods) but were classifiable as eucalanids
by metabarcoding. Digital imaging lacks the morphological
detail necessary to identify most species, especially for young
developmental stages, hence comparisons must be made at more
aggregated taxonomic levels. However, ZooScanning accurately
reflects body sizes (Gorsky et al., 2010) and numerical abundances
(Whitmore et al., 2019) when compared to other methods. Con-
versions from body length to carbon biomass introduce another
source of uncertainty, but were optimized for the zooplankton taxa
of our study region (Lavaniegos and Ohman, 2007) and are un-
likely to bias the biomass proportions calculated here. These outlier
samples illustrate the strengths of combining multiple observation
methods. While metabarcoding lacks information such as body
size, sex, or life history stage, it can increase detection sensitivity to
rarer species or taxa that are undetected by visual surveys or other
collection methods (Stat et al., 2019). Because metabarcoding does
not yield measurements of absolute abundance, we recommend
that metabarcoding and morphological or imaging methods be
used in combination.

Ethanol neutralization

For our comparison of paired samples preserved in either una-
mended ethanol or ethanol neutralized with ammonium hydroxide,
we recovered fewer OTUs than were found in the full data set, likely
due to limited sampling. However, the observed OTUs included a
similar taxonomic range. We did not detect any effect of ammo-
nium hydroxide on community structure, composition, or richness
between the two sets of samples. These results indicate that ammo-
nium hydroxide addition to ethanol (Bednar$ek and Ohman, 2015)
permits a single fixative to be used for both molecular and mor-
phological analyses, including calcareous zooplankton. This result
bears confirmation with other DNA extraction protocols.

Supplementary data

Supplementary material is available at the ICESJMS online version
of the manuscript.

Data availability

OTWU tables, fasta files, and sample metadata are available through
CCE-LTER DataZoo. Raw sequence are under NCBI SRA PR-
JNA679794. Code is available at < https://github.com/samatthews/
Matthews_etal_IJMS_2021>

Acknowledgements

Thanks to the California Current Ecosystem LTER program, the
R/V Sikuliaq, and P. Zerofski for sample collections. E. Tovar
and H. Zheng assisted with laboratory work. The SIO Pelagic
Invertebrate Collection provided access to zooplankton samples.
We thank L. Hauser and two anonymous reviewers for constructive
comments on this manuscript. Support was provided by a US
NSF Graduate Research Fellowship to S. Matthews, NSF to the
California Current Ecosystem LTER site, and by Gordon and Betty
Moore Foundation support to MDO. This study is a contribution
to the Scientific Committee on Oceanic Research (SCOR) working
group 157 (MetaZooGene).

References

Bednarsek, N., Klinger, T., Harvey, C. J., Weisberg, S., McCabe, R. M.,
Feely, R. A., Newton, J. et al. 2017. New ocean, new needs: applica-
tion of pteropod shell dissolution as a biological indicator for marine
resource management. Ecological Indicators, 76: 240-244.

Bednarsek, N., and Ohman, M. D. 2015. Changes in pteropod distribu-
tions and shell dissolution across a frontal system in the California
Current System. Marine Ecology Progress Series, 523: 93-103.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C., Al-
Ghalith, G. A., Alexander, H. et al. 2018. QIIME 2: reproducible,
interactive, scalable, and extensible microbiome data science. Peer |
Inc, 1: €27295v2.

Braukmann, T. W. A., Ivanova, N. V., Prosser, S. W. J., Elbrecht, V.,
Steinke, D., Ratnasingham, S., de Waard, J. R. ef al. 2019. Metabar-
coding a diverse arthropod mock community. Molecular Ecology
Resources, 19: 711-727.

Brisbin, M. M., Brunner, O. D., Grossmann, M. M., and Mitarai, S.
2020. Paired high-throughput, in situ imaging and high-throughput
sequencing illuminate acantharian abundance and vertical distribu-
tion. Limnology and Oceanography. 65 : 2954-2965 .

Brown, E. A., Chain, E. J. ], Crease, T. J., Maclsaac, H. J., and Cristescu,
M. E. 2015. Divergence thresholds and divergent biodiversity esti-
mates: can metabarcoding reliably describe zooplankton communi-
ties? Ecology and Evolution, 5: 2234-2251.

Bucklin, A., Yeh, H. D., Questel, J. M., Richardson, D. E., Reese, B., Cop-
ley, N.J., and Wiebe, P. H. 2019. Time-series metabarcoding analysis
of zooplankton diversity of the NW Atlantic continental shelf. ICES
Journal of Marine Science, 76: 1162-1176.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W,, Johnson, A.J.
A., and Holmes, S. P. 2016. DADA2: high-resolution sample infer-
ence from Illumina amplicon data. Nature Methods, 13: 581-583.

Clark, K., Karsch-Mizrachi, I, Lipman, D. J., Ostell, J., and Sayers, E. W.
2016. Nucleic Acids Research, 44: D67-D72.

Clarke, L. J., Beard, J. M., Swadling, K. M., and Deagle, B. E. 2017. Ef-
fect of marker choice and thermal cycling protocol on zooplankton
DNA metabarcoding studies. Ecology and Evolution, 7: 873-883.

Costello, M., Fleharty, M., Abreu, J., Farjoun, Y., Ferriera, S., Holmes, L.,
Granger, B. et al. 2018. Characterization and remediation of sample
index swaps by non-redundant dual indexing on massively paral-
lel sequencing platforms. Bmc Genomics [Electronic Resource], 19:
332.

Davis, N. M., Proctor, D. M., Holmes, S. P,, Relman, D. A., and Calla-
han, B. J. 2018. Simple statistical identification and removal of con-
taminant sequences in marker-gene and metagenomics data. Micro-
biome, 6: 226. .

Dixon, P. 2003. VEGAN, a package of R functions for community ecol-
ogy. Journal of Vegetation Science, 14: 927-930.

Elbrecht, V., and Leese, F. 2015. Can DNA-based ecosystem assessments
quantify species abundance? Testing primer bias and Biomass—
Sequence relationships with an innovative metabarcoding protocol
M. Hajibabaei [ed.]. Plos One, 10: e0130324.

Ellen, J, Li, H, and Ohman, M. 2015. Quantifying California
current plankton samples with efficient machine learning tech-
niques. OCEANS 2015 - MTSIEEE Washington.Institute of Elec-
trial and Electroics Engineers Inc: Washington, United States .

1202 dunr g} uo 1sanb Aq 0255629/201qes)/swisaol/e601 "0 1/10p/[oIe-20UBAPE/SWIS30l/WO09"dNO"01WSPED.//:SA)Y WOy PAPEOjUMOd


https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsab0107#supplementary-data
https://github.com/samatthews/Matthews_etal_IJMS_2021

10

Ficetola, G. E, Taberlet, P, and Coissac, E. 2016. How to limit false pos-
itives in environmental DNA and metabarcoding? Molecular Ecol-
ogy Resources, 16: 604-607.

Frolander, H. E 1968. Statistical variation in zooplankton numbers from
subsampling with a stempel pipette. Water Pollution Control Fed-
eration, 40: R82-R88.

Gorsky, G., Ohman, M. D., Picheral, M., Gasparini, S., Stemmann, L.,
Romagnan, J. - B., Cawood, A. et al. 2010. Digital zooplankton image
analysis using the ZooScan integrated system. Journal of Plankton
Research, 32: 285-303.

Harvey, J. B. ], Johnson, S. B., Fisher, J. L., Peterson, W. T., and Vri-
jenhoek, R. C. 2017. Comparison of morphological and next gener-
ation DNA sequencing methods for assessing zooplankton assem-
blages. Journal of Experimental Marine Biology and Ecology, 487:
113-126.

Herbold, C. W,, Pelikan, C., Kuzyk, O., Hausmann, B., Angel, R., Berry,
D., and Loy, A. 2015. A flexible and economical barcoding ap-
proach for highly multiplexed amplicon sequencing of diverse target
genes. Frontiers in Microbiology, 6: p731.

Hirai, J., Kuriyama, M., Ichikawa, T., Hidaka, K., and Tsuda, A. 2015.
A metagenetic approach for revealing community structure of
marine planktonic copepods. Molecular Ecology Resources, 15:
68-80.

Hirai, J., Nagai, S., and Hidaka, K. 2017. Evaluation of metagenetic com-
munity analysis of planktonic copepods using Illumina MiSeq: com-
parisons with morphological classification and metagenetic analysis
using Roche 454. Plos One, 12: €0181452.

Kelly, R. P, Shelton, A. O., and Gallego, R. 2019. Understanding
PCR processes to draw meaningful conclusions from environmen-
tal DNA studies. Scientific Reports, 9: 12133.

Laakmann, S., Blanco-Bercial, L., and Cornils, A. 2020. The crossover
from microscopy to genes in marine diversity: from species to as-
semblages in marine pelagic copepods. Philosophical Transactions
of the Royal Society B: Biological Sciences, 375: 20190446.

Lahoz-Monfort, J. J., Guillera-Arroita, G., and Tingley, R. 2016. Statisti-
cal approaches to account for false-positive errors in environmental
DNA samples. Molecular Ecology Resources, 16: 673-685.

Lavaniegos, B. E., and Ohman, M. D. 2007. Coherence of long-term
variations of zooplankton in two sectors of the California Current
System. Progress in Oceanography, 75: 42-69.

Leray, M., and Knowlton, N. 2015. DNA barcoding and metabarcoding
of standardized samples reveal patterns of marine benthic diversity.
Proceedings of the National Academy of Sciences, 112: 2076-2081.

Leray, M., and Knowlton, N. 2017. Random sampling causes the low
reproducibility of rare eukaryotic OTUs in Illumina COI metabar-
coding. Peer J, 5: €3006.

Leray, M., Yang, J. Y., Meyer, C. P, Mills, S. C., Agudelo, N., Ranwez,
V., Boehm, J. T. et al. 2013. A new versatile primer set targeting a
short fragment of the mitochondrial COI region for metabarcoding
metazoan diversity: application for characterizing coral reef fish gut
contents. Frontiers in Zoology, 10: 34.

Lindeque, P. K., Parry, H. E., Harmer, R. A., Somerfield, P.]., and Atkin-
son, A. 2013. Next generation sequencing reveals the hidden diver-
sity of zooplankton assemblages. Plos One, 8: 81327.

Machida, R. ], Leray, M., Ho, S. - L., and Knowlton, N. 2017. Metazoan
mitochondrial gene sequence reference datasets for taxonomic as-
signment of environmental samples. Scientific Data, 4: 170027.

Martin, M. 2011. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.journal, 17: 10-12.

McLaren, M. R., Willis, A. D., and Callahan, B. J. 2019. Con-
sistent and correctable bias in metagenomic sequencing experi-
ments. eLife, 8: 46923.

McMurdie, P. J., and Holmes, S. 2013. phyloseq: an R package for re-
producible interactive analysis and graphics of microbiome census
data. Plos One, 8: e61217.

S.A. Matthews et al.

McMurdie, P. J., and Holmes, S. 2014. Waste Not, Want Not: why rar-
efying microbiome data is inadmissible. PLoS Computational Biol-
ogy, 10: €1003531.

Oakes, R. L., Peck, V. L., Manno, C., and Bralower, T. J. 2019. Impact of
preservation techniques on pteropod shell condition. Polar Biology,
42:257-269.

Ohman, M. D., Powell, J. R., Picheral, M., and Jensen, D. W. 2012.
Mesozooplankton and particulate matter responses to a deep-water
frontal system in the southern California Current System. Journal
of Plankton Research, 34: 815-827.

Ohman, M., Barbeau, K., Franks, P, Goericke, R., Landry, M., and
Miller, A. 2013. Ecological transitions in a coastal upwelling ecosys-
tem. Oceanography, 26: 210-219.

Oksanen, J., Blanchet, . G., Kindt, R., Legendre, P., Minchin, P.
R., O’hara, R. B,, Simpson, G. L., et al. 2009. The vegan Package.
Pedregosa, E, Varoquaux, G., Gramfort, A., Michel, V., Thirion,
B., Grisel, O., Blondel, M., et al., 2011. Scikit-learn: machine Learn-

ing in Python. Mach Learn Python, 6: pp. 2825-2830.

R Development Core Team. 2009. R: A Language and Environment
for Statistical Computing, R Foundation for Statistical Computing.
https://www.r-project.org/ (last accessed 24 April 2020).

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, E
2016. VSEARCH: a versatile open source tool for metage-
nomics. Peer J, 4: e2584.

Ruppert, K. M., Kline, R. J., and Rahman, M. S. 2019. Past, present,
and future perspectives of environmental DNA (eDNA) metabar-
coding: a systematic review in methods, monitoring, and applica-
tions of global eDNA. Global Ecology and Conservation, 17: €00547.

Santoferrara, L. F. 2019. Current practice in plankton metabarcoding:
optimization and error management. Journal of Plankton Research,
41: 571-582.

Schroeder, A., Stankovié, D., Pallavicini, A., Gionechetti, F., Pansera,
M., and Camatti, E. 2020. DNA metabarcoding and morphologi-
cal analysis—assessment of zooplankton biodiversity in transitional
waters. Marine Environmental Research, 160: 104946.

Sommer, S. A., Woudenberg, L. V., Lenz, P. H,, Cepeda, G., and Goetze,
E.2017. Vertical gradients in species richness and community com-
position across the twilight zone in the North Pacific Subtropical
Gyre. Molecular Ecology, 26: 6136-6156.

Stat, M., John, J., DiBattista, J. D., Newman, S. J., Bunce, M., and Har-
vey, E. S. 2019. Combined use of eDNA metabarcoding and video
surveillance for the assessment of fish biodiversity. Conservation Bi-
ology, 33: 196-205.

van der Loos, L. M., and Nijland, R. 2020. Biases in bulk: DNA
metabarcoding of marine communities and the methodology in-
volved. Molecular Ecology.

van Guelpen, L., Markle, D. E,, and Duggan, D. ]. 1982. An evaluation of
accuracy, precision, and speed of several zooplankton subsampling
techniques. ICES Journal of Marine Science, 40: 226-236.

Whitmore, B. M., Nickels, C. F, and Ohman, M. D. 2019. A comparison
between Zooglider and shipboard net and acoustic mesozooplank-
ton sensing systems. Journal of Plankton Research, 41: 521-533.

Wickham, H., Averick, M., Bryan, ]., Chang, W., D’Agostino McGowan,
L., Frangois, R., Grolemund, G. et al. 2019. Welcome to the Tidy-
verse. Journal of Open Source Software, 4: 1686.

Willis, A. D. 2019. Rarefaction, Alpha Diversity, and Statistics. Frontiers
in Microbiology, 10: p. 2407 .

Yilmaz, P, Parfrey, L. W,, Yarza, P., Gerken, J., Pruesse, E., Quast, C,,
Schweer, T. et al. 2014. The SILVA and “All-species Living Tree
Project (LTP)” taxonomic frameworks. Nucleic Acids Research, 42:
D643-D648.

Zhan, A., Hulak, M., Sylvester, E.,, Huang, X., Adebayo, A. A., Abbott, C.
L., Adamowicz, S.J. et al. 2013. High sensitivity of 454 pyrosequenc-
ing for detection of rare species in aquatic communities. Methods in
Ecology and Evolution, 4: 558-565.

Handling editor: Lorenz Hauser

1202 dunr g} uo 1sanb Aq 0255629/201qes)/swisaol/e601 "0 1/10p/[oIe-20UBAPE/SWIS30l/WO09"dNO"01WSPED.//:SA)Y WOy PAPEOjUMOd


https://www.r-project.org/

All Taxa: Proportion Read Counts vs. Proportion Biomass

COlI Appendicularians 18S Appendicularians COlI Bryozoans 18S Bryozoans
o o B=0.87 " ., 0.121 gog7o+ A
36-02 R=0.22ns 9e-02 R=0.37 020 0.10
2e-02 6e-02 0.08
+ o 0.05
1e-02 3e-02 ‘ 010 L 0.02 faam ’
e o, n " oaep A m - . A A °
06+00{ &2Esuiimst sdosdoamto 1o 4 (p+00{ Stgdlusma=an 24 a0se 4 000{fl? 0.00 a5 .
00 01 02 03 04 00 01 02 03 04 0.00 004 008 0.2 0.00 004 008 0.2
COlI Chaetognaths 18S Chaetognaths COlI Cnidarians & Ctenoph. 18S Cnidarians & Ctenoph.
. A 1.00 " 1.20 R=0.36**" "
0.601m 7S 0.60 : F20.48 =2
0.75 : + 0.90
0.40 N R=-0.12ns 0.40 . ®
: . .
. L 0.50 A _— 0.60 . A
020 0.20 0.25 } . "i—F:t .. o030 I
] A IS
0001z + 4% T te o 000 0.00 « 0.00 Fpditoa s Byt ™ 4y
00 01 02 03 04 00 01 02 03 04 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
COl Calanoids 18S Calanoids COlI Eucalanids 18S Eucalanids
1501 poogr = % 1501 g=o74~ + R=0.77** q_ s ° 1201 R=072* 4 .
0.90 ot o o7
1.00 L 1.00 o o . A S gl ‘.."“
"HE A ¢+ ° . 060 . ° " + 4 L . A & 4 m
n ar
0.50 i ‘ﬁ 4 0.50 * A 0s0fs . 7 + 0401 . gt Cycle
|
2 i
g o000 000l 4 o 0.00 {47 % 0.00 41" * o 1
o 0.0 0.5 1.0 0.0 0.5 1.0 00 03 06 09 00 03 06 09
S
q|) COI Oithonids 18S Oithonids COlI Poecilostomatoids 18S Poecilostomatoids
a 0.50 0.50091 R=0.46*" A R-037 nt 0.05 Ae011 ° = 3
S 040 0.400 oq0d T e 0.04] TTUIAE e
o ) A + 4
»  0.30 0.300 ] 0.03 A o
GCJ 0.20 0.200 0.05 +‘1 0.02 A °
‘» 0.10 0.100 P s, o 0.01 Net
P T T + of £g it e
S ool i i ~ 0.000{ "FFE #, A 44 opo00ld ﬁ.g-u, . . 0.00 L Loshimmnapertet ==
\(P, 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3 0-50m
% COI Doliolids 18S Doliolids COl Thaliaceans 18S Thaliaceans e  50-100m
O
< R=0.66""" R=-0.026ns R=0.88 " .
(0] 0.6 0.60 6e-02 1.00 e  100-150m
> . .
8 0.4 0.40 4e-02 . I e 150-200m
»n . 0.50
S 0.2 0.20 H: 2e-02 o o 200-250m
= 0.0, i i i i 000 %" . . _ Oe+00{pstm 4 e t e 0.00 "—"’ = i i
) 00 02 04 06 08 00 02 04 06 08 000 025 050 0.75 000 025 050 0.75 250-300m
o
o COIl Malacostracans 18S Malacostracans COl Ostracods 18S Ostracods ®  300-350m
o I R=058" + " A R=038"" 0301 4_g57 3e-02 4.
0.75 0.75 a R=0.19ns 350-400m
+ " A ° A ks +
o R 0.20 + A 2e-02 .
0.50 AR ° 0.50 a .
. M ) s +* 010 “apfon’ = fe-02
A . —|
025 4 0.251 4 ‘1;! I . b N e
:h’l A [ | 4.i A Ao
0.00 0.00 0.0014= + 0e+00 {11 ddm< o tasa
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.1 0.2 0.0 0.1 0.2
COI Polychaetes 18S Polychaetes COl Pteropods 18S Pteropods
A 0.30 R=0.58*** 0.20 4. B
0.301 R=05*" o5l 4, A=030™ 0.10{ , A=046%
A . L[]
0.20 . 0.20 - 010 " ". . N
[ ] A . L]
Lt 0.10 - - - 0.05 Nl
0101y Jgta * : vt 13 005) . Lo - ‘A' ]
0.00{E 2 4 4% 0.00 -#* - 0.00 imfie W& o ooolMt i .
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 00 01 02 03 04 05 00 01 02 03 04 05
COlI Pyrosomes 18S Pyrosomes COl Salps 18S Salps
R=0.9** 4 R=0.02ns
R=0.093
1.0 1.00 6e-02 0.301 HEREENS
4e-02 0.20
0.5 0.504* . .
. 2e—02 A 0.10 ] .:
0.0 0.00 {5 0e+00 {4 mum 0.001% ®am
0.00 025 050 0.75 0.00 025 050 0.75 0.0 0.2 0.4 0.0 0.2 0.4

Proportion biomass (arcsine square-root)

Figure S1. The proportion of metabarcoding sequences for each taxonomic group is plotted against the proportion of carbon biomass
of the group within the full zooplankton community, calculated from Zooscan ROls. Collection location (Cycle, Net) is shown to enable
comparison between taxa. Blank panels are due to the absence of data at that marker. Note the different scales for each panel. (ns = p
>0.05, * p<0.05, ** p<0.01, ** p<0.001).
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Figure S2. The proportion of metabarcoding sequences for each taxonomic group is plotted against the proportion of numerical
abundance of the group within the full zooplankton community, calculated from Zooscan ROls. Collection location (Cycle, Net) is
shown to enable comparison between taxa. Blank panels are due to the absence of data at that marker. Note the different scales for
each panel. (ns=p >0.05, * p<0.05, ** p<0.01, ** p <0.001).
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Figure S3. A SIMPROF test with average-neighbor clustering based on Bray Curtis distances. Clusters
with non-significant structure are highlighted in blue and red boxes, respectively. Samples collected
from two different locations were significantly different, but there was no difference between paired
samples preserved in either neutralized or untreated ethanol.
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il 107313 2May20ls W9 Gced KUl Towl N 10050 0003 2am 1740 srase 15836 Sample 75 1 2
A6 120743 TMG06 259 Ofled  Kail2 Tl N7 10050 000ss som 1034 S35 45,116 Sample 77 1 2
MAME 1073 M0l 10SOmed K12 Towl  Nets 250 oooszs 35767 1601 o 35391 Sample 78 1 2
MiSME 10733 M 016  105Ceed b2 Towd oomszs s 21 35771 samp 1 ;

Eut. ontol £ Conto Ext. Contr £, Contol £, Conte o o 129 3139 25322 Sample 80 1 B

Soma amers0 2 6 Ceel W2 Towl ooszs som 1558 s0519 23529 sumple s 1 2
212671 Swaa0ls B2 Geles  Wwld  Tewl N 500 ooisss e 60 s 1093 sample 25 1 2

Sisss 1073 Myl 1227 Ged KU1 Towl Nl 200w ous sass 10 ey S1571 sample 29 1 2
o w 0 Neg.Conrol 2

sovas mosso 2w 00 Gcel Kl Towl  Nel 4030 ous a8 a5 st 20879 Sample 43 256, 2
Soses o0 2w 1S Geel Rl Towl e 3030 ous 270 65 P 20910 sample 44 2 2
Joda o0 2aw  n Geel Wl Tael N 0250 ous 28615 545 35658 16,116 Sampl 45 2 ;
Boda o0 2AwaE s Ceel Wl Tawl  Nes 250200 ous o ns0 35110 17588 Sample 46 2 B
sona R0 ZAwaE 16 Ceel Wil Tawl  Nes 200150 ous 17505 597 sse0s 51578 sample 47 2 H
sona o0 2Awae e Geel Ml Tewl N 150100 ous 1300 fred s 25276 Sample 18 2 2
sosas oo 2awae 12 Odel Kl Tewl  Nes 1050 ous 2150 1008 s02e2 20119 Sample 19 2 2
SN oo 2w 01 Geel Rl Towl  Ned 500 ous ssait e P 15,263 Sample 50 2 2
sass 207 29Ap0le 25 k2 K3 Towl el 400350 o5 osers frred sz 21,06 Sample 51 2 2
sss 20 9Ap0l s Ge2 K3 Towl M2 5030 ous 2a1s 945 Py 15713 sample 52 2 2
BsSEe 20 A0 105 Cele2 b3 Towl  Ned 3030 ous 25957 5o w15 2733 Sample 53 2 ;
BsSEs 22 AW 1 Cele2 M3 Towl  Nes 25020 ous a6 B0 e 13066 Sample 34 2 B
DSl 22 AW 10 Cele2 M3 Towl  Nes 2010 ous o381 nm 5352 23509 sumple 53 2 H
sl 22 Aol G2 k2 M3 Towl  Nes 150100 ous oz a1 se157 16975 Sample 55 2 2
sssl 202 29Mw0ls G G2 fu3  Towl N7 10050 ous sam2 1535 sassa 57302 Sample 57 2 2
Sassai 213 29Ap0I 35 Ode2 b3 Towl  Nes 500 ous 12503 1595 55157 20576 Somple 58 2 2
STt 121201 30015 s Ock3  KuS  Towl Nl 400350 o5 17395 171 o0 26,225 sample 1. 2 2
WTESS 26 IMay01 1% Oed  bewd  Towl N2 35030 ous a0 a5 a1 7923 simple &2 2 2
ATHSA 226N IMy016 WS Gpled M9 Towl  Ned 030 ous 20 1236 036 2523 sample 63 2 ;
ATHSA 21267 IMey016 1S5 Geled  Mus  Towl  Nes 25020 ous vanaa 00 as2s5 32218 Sumple 64 2 B
TSN 1267 M0l 100 Gele3  Meus  Towl  Nes 200150 ous 3523 sa 628 17578 sample 65 2 H
ATHN 212671 SMay0ls 100 Gek3  Mus  Towl  Nes 15010 ous ooz 250 mam 11969 Sample 55 2 2
ST 12201 SMeya0ls 105 Odes  Keus  Towl N7 10050 o5 259 ey ssi17 26150 Sample 57 2 2
ST 121201 3May201s B2 Gck3  KUs  Towl  Nes 500 ooises sons 1o sasss 54518 Sample 68 2 2
ST 121201 302015 B2 O3 KuS  Towl s 500 o056 esiss a5 st 19518 Sample 69 2 2
MAME 107 M0l 127 Onled K12 Towl Nl 200475 o5 a3 a1 s 23,453 sample 0 2 2
MiME 1073 M0l LM GRed M2 Towl N2 15150 ous a2 1608 v 20172 sample 71 2 ;
MISM 10733 TMay2016  10Ceed M2 Towl N3 15013 ous ey 022 sz 18334 Sumple 72 2 B
SiSME 10733 M0l WaGeed Ml Towl  Nes  usio ous 2853 13359 e 171 sample 73 2 H
i 10733 Mey0ls 207 Geed KWl Towl  Nes 10 ous sounn 1526 sso17 20162 samal 78 2 2
sy 0733 70l WS Ged bl Towl  Nets 7550 o125 sasn 10 so7s1 27421 sampl 75 2 2
il 107313 2May20ls W9 Gced Kl Towl N 10050 0003 2am 1018 soms 2,770 sample 75 2 2
MMM 107343 TMay0ls 159 Oded Kl Towl N7 10050 00036 som 936 sa6et 45852 Sample 77 2 2
MAME 10733 M0l 10SOmed k12 Towl  Nets 250 ooozs 35767 an 2375 35,605 Sample 78 2 2
MMME 10733 TMay2016  10SCmed M2 Towl  Nes 250 oomszs s s 955 15,108 Sampie 79 2 ;

B ontol £ Conto Ext. Contr £, Conts £, Conte o o 21 a6 30535 Sample 80 2 B

oM R0 2 6 Celel W2 Tawl  Nels 200150 ooszs som e s 19538 Samples 2 H

212671 Swaa0ls 312 Geles  Wwld  Tewl N 500 ooisss e 21 szess 51776 Sample 25 2 2
Suisss 1073 Myl 1227 Gded KU1 Towd Nl 200w ous sass 530 e 55635 Sample29 2 2
7 20 8 e, Carrl 2

sovas mosso 2w 00 Gcel Kl Towl  Nel 40350 ous 178 1114 e 15,389 Sample 43 s 2
Soses o0 2w s Geel Rl Towl N2 3030 ous 2717 1035 57066 24177 Sampl 34 H 2
Boda o0 2aw  n Geel Wl Tael e 0250 ous 28015 110 e 10219 Sampl 45 3 ;
Boda o0 2Aw2E s Ceel Wl Tawl  Nes 250200 ous o 1057 saois 72205 Sampl 46 3 B
sona R0 ZAwaE 16 Ceel Wil Towl  Nes 200150 ous 17505 1020 ey 27512 sumple 47 H H
Sona o0 2Awae s Geel Ml Tewl N 150100 ous 1300 1500 an0m0 13501 sample 18 H 2
sosas oo 2awae 2 Odel Kl Tewl  Nes 1050 ous 2150 1 25310 12507 Sample 19 s 2
sove oo zawae 01 Geel  Rall  Towl  Ned 500 ous ssait 1659 e 25,384 Sample 50 H 2
sss 20 29Ap0le 25 G2 K3 Towl el 400350 o5 osers 976 57550 23574 sample 51 H 2
DS 20 BAWOI 5 Ode2 K3 Towl N2 35030 ous 215 a5 ases 7768 sample 52 H 2
TS 20 AN 10 Cele2 b3 Towl N3 030 ous 25957 ns 61276 25302 Sample 53 3 ;
B 22 AW 1 Cele2 M3 Towl  Nes 25020 ous a6 156 s 20045 Sampl 34 3 B
DSl 22 AW 10 Cele2 M3 Towl  Nes 2010 ous o381 1031 65550 51352 Sample 55 H H
sl 22 Aol G k2 M3 Towl  Nes 15010 ous oz 1536 @0 27330 Sample 55 H 2
sssl 202 29Mw0ls 2 G2 fed3  Towl N7 10050 ous sam2 1577 ey 53564 Sample 57 H 2
Sassai 213 29Ap0l 35 k2 K3 Towl s 500 ous 12503 1574 sen 21510 Somple 58 Hs 2
STt 121201 30015 s Ock3  KuS  Towl Nl 400350 o5 17395 52 w12 50028 samples1. H 2
WTESS 2267 IMay01 1% Oed  Kwd  Towl N2 35030 ous a0 e 55723 3054 Sample 62 ars. 2
ATHSA 226 IMy016 WS Gpled M9 Towl N3 030 ous 20 e g 25755 Sample 63 3 ;
ATHSA 21267 IMy016 1S5 Geled  Mud  Towl  Nes 25020 ous vanaa 136 e 30177 Sample 64 3 B
TSN 2267 JMey01s 100 Gele3  Meus  Towl  Nes 200550 ous 3523 e sz 1128 Sample 55 H H
THN 1212671 SMay0ls 100 Gee3  Meus  Towl  Nes 15010 ous ooz 105 w0 26589 Sample 55 i 2
ST 12201 SMeya0ls 105 Odes  Keus  Towl N7 10050 o5 259 198 siozr 55513 Sample 67 H 2
ST 12201 3May201s B2 k3 KuS  Towl  Nes 500 ooises sons 1013 0t 15364 Sample 8 e 2

sost 21271 IMap20ls B2 Geles  Kals  Towl  Neis o056 esiss 170 @sie 35568 Sample 69 H 2
A 07 TNl 10 Oped K2 Towl el 17 o5 a3 71 @ms 27327 samp H 2
MMME 107 M0l L GRed M2 Towl N2 15150 ous sz 1521 s01e 24551 sample 3 ;
i 10733 M0l 1M0Ced Ml Tawd N3 30w ous ey 1661 52 22086 Sample 72 30 B

s 1 201 je4 ez Ted  Ned  2sio s 2853 1530 5189 26550 sample 73 H H
i 10733 Mey0ls 207 Geed KWl Towl  Nes 10 ous sounn 1012 some 51390 Samal 70 i 2
Sisae 120733 7y le4  filz  Toul  Nets 50 o125 sasn 1557 s10s0 25278 sample 75 H 2
il 107313 2May20ls W9 Gced Kl Towl N 10050 0003 251 156 P 57992 sample 76 s 2

A 07 TNyl LS9 OWed  feul Tl Ne7 10050 o som 072 asm ssa21 sample 77 H 2
MAME 10733 M0l 10SOmed K12 Towl  Nets 250 ooozs 35767 13 15565 11,608 Sample 78 H 2
MAME 0723 TMay2016  105Ceed b2 Towl  Nets oomszs s 1017 55 2283 sample 79 3 ;

Bt ontol £ Conts Ext. Contr £, Contol £, Conte o o 33 e 65512 Sample 80 3 B

somas ames0 2 A6 Ceel W2 Towl  Nets ooszs som 1506 552 2520051 H 2
To 212671 IMa0ls D12 Gek3 W9 Towl  Nes 500 ooisss e 181 e 59,730 sample 25 H 2
Sisss 1073 M0l 1227 Gded KU1 Towl Nl 200w ous sass 10 s 7963 sample 29 3 FIOTAGCIT A11_GATGGA £25 AGGTGCST R10_CAGCEICS. 2



Table S2. Primer sequences and PCR protocols for both PCR steps for 18S and COI. Red Xs represent variable indexing region, with per-sample

indexes found in Table S1.

18S PCR 1

Primer name

Primer Seqence

Primers |Unil8S

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGXXXXXXAGGGCAAKYCTGGTGCCAGC

Unil8SR GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGXXXXXXGRCGGTATCTRATCGYCTT
Reagent Volume
MiFi mix 10 pl
. |BSA 0.4 pl
52:::1‘:; dH20 6.6 ul
DNA template 1ul
Primer 1 1ul
Primer 2 1ul
Temperature (°) | Time (MM:SS) Cycles
95 3:00
PCR |95 0:15
Cycling |52 0:30 28x
72 0:15
72 5:00
18S PCR 2

Primer name

Primer Seqence

Primers |Tag F

AATGATACGGCGACCACCGAGATCTACACXXXXXXXXTCGTCGGCAGCGTCAGATGTG

Tag_R CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTCTCGTGGGCTCGGAGATGTGTA
Reagent Volume
MiFi mix 7.5 pl
. |BSA 0.3 pl
T —CETT
DNA template 1ul
Primer 1 1ul
Primer 2 1ul
Temperature (°) | Time (MM:SS) Cycles
95 3:00
PCR |95 0:30
Cycling |55 0:30 10x
72 0:45
72 5:00
COIPCR 1

Primer name

Primer Seqence

Primers |jgLCO1490

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGXXXXXXGGWACWGGWTGAACWGTWTAYCCYCC

jgHCO2198 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGXXXXXXTAIACYTCIGGRTGICCRAARAAYCA
Reagent Volume
MiFi mix 10 pl
. |BSA 0.4 pl
52:::1‘:; dH20 6.6 ul
DNA template 1ul
Primer 1 1ul
Primer 2 1ul
Temperature (°) | Time (MM:SS) Cycles
95 3:00
PCR |95 0:15
Cycling |48 0:30 28x
72 0:15
72 5:00
COI PCR2

Primer name

Primer Seqence

Primers |Tag F

AATGATACGGCGACCACCGAGATCTACACXXXXXXXXTCGTCGGCAGCGTCAGATGTG

Tag_R CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTCTCGTGGGCTCGGAGATGTGTA
Reagent Volume
MiFi mix 7.5 pl
. |BSA 0.3 pl
T — T
DNA template 1ul
Primer 1 1ul
Primer 2 1ul
Temperature (°) | Time (MM:SS) Cycles
95 3:00
PCR |95 0:30
Cycling |55 0:30 10x
72 0:45
72 5:00






