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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 () PCR replication was important to accurately resolve alpha diversity and that physical subsampling can
decrease sensitivity to rare taxa; () 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 () 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.
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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.
Bednaršek et al., 2017). Ammonium hydroxide has been used as a
neutralizing agent for ethanol-preserved samples, successfully pre-
serving pteropod shells for morphological analysis (Bednaršek 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 m2 mouth area, 202 μm 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

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 μl–1

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 c 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 Uni18S and Uni18SR (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 18S, 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).
ASVs were not clustered in operational taxonomic units (OTUs) for
18S, 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 ASVs 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 μm 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 μm 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 COI.
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, ρ = 0.411, two-sided Spearman’s
rank), and negatively correlated at 18S (Figure 1d, p = 7.4e-12, ρ

= −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    
Arthropoda    
Brachiopoda – –  
Bryozoa    
Chaetognatha   – –
Chordata (Tunicata)    
Cnidaria    
Ctenophora  –  
Echinodermata    
Hemichordata – –  
Mollusca    
Nematoda   – –
Nemertea    
Phoronida  –  –
Platyhelminthes    
Porifera – –  –
Sipuncula  –  

taxa between PCR replicates. Taxa that did not appear in all three
PCR replicates tended to be lower rank order OTUs and ASVs that
were less abundant based on sequence counts, but more abundant
taxa were also often absent from one or more of the PCR replicates

(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, ρ = 0.124; 18S: p = 0.213, ρ =
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-

Figure 1. Rarefaction curves for (a) COI OTUs and (b) S 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) S.
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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  and  reads for COI and S, respectively.

Figure 3. Observed richness at (left-hand panel) COI and (right-hand panel) S (in relation to the percentage of the zooplankton sample
analyzed). For both markers, richness across all samples approached saturation at ∼.% analyzed. Colour scale represents the total volume of
seawater filtered at collection. Curves show the LOESS fit and shading represents % confidence intervals.

liolids, and pyrosomes only resolved at 18S and chaetognaths only
resolved by COI. 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 (R2 = 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

COI 18S COI 18S
Taxon R R R R

Crustaceans Eucalanids . ∗∗∗ . ∗∗∗ . ∗∗∗ . ∗∗∗

Calanoids . ∗∗∗ . ∗∗∗ . ∗∗∗ . ∗∗∗

Oithonids – – . ∗∗∗ – – . ∗∗∗

Poecilostomatoids . ∗∗∗ . ∗∗∗ . NS − . NS
Malacostracans . ∗∗∗ . ∗∗∗ . ∗∗∗ . ∗∗∗

Ostracods . ∗∗∗ . NS . ∗∗∗ . ∗∗∗

Tunicates Doliolids – – . ∗∗∗ – – . ∗∗∗

Pyrosomes – – . ∗∗∗ – – . ∗∗∗

Salps . NS . ∗∗∗ . NS . NS
Thaliaceans − . NS . ∗∗∗ − . NS . ∗∗∗

Appendicularians . NS . ∗∗∗ . NS . NS

Other Cnidarians &
Ctenophores

. ∗∗∗ . ∗∗∗ . ∗∗∗ . NS

Bryozoans . ∗∗∗ . ∗∗∗ . ∗∗∗ . ∗∗∗

Polychaetes . ∗∗∗ . ∗∗∗ . ∗∗∗ . ∗∗∗

Pteropods . ∗∗∗ . ∗∗∗ . ∗∗∗ .. ∗∗∗

Chaetognaths − . NS – – . NS – –

NS - not significant; ∗p < .; ∗∗p < .; ∗∗∗p < .; Bonferroni corrected significance levels.

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 COI marker, but the relationship at S was not significant (p < ., 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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Recommendations for interpreting zooplankton metabarcoding and integrating molecular methods with morphological analyses 

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 ROIs. There is a strong positive relationship at both
markers for the two copepod groups, and for thaliaceans at S and ostracods at COI. 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 S and S. (ns = p > ., ∗p < ., ∗∗p < ., ∗∗∗p < .).

that do not appear in all replicates (Loos and Nijland, 2020, but
see also Lahoz-Monfort et 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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 S.A. Matthews et al.

Figure 6. Comparison of number of COI OTUs from paired samples preserved in ethanol neutralized with ammonium hydroxide with those in
unamended ethanol. The diagonal is the : line. Colours indicate zooplankton taxa; symbols indicate the three sets of samples compared. Inset
shows OTUs at low counts. There was no difference in overall richness and no taxonomic bias between neutralized and untreated samples.

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 (Bednaršek 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
OTU 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>
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