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Abstract

For DNA metabarcoding to attain its potential as a community assessment tool, we need to better understand its performance versus
traditional morphological identification and work to address any remaining performance gaps in incorporating DNA metabarcoding
into community assessments. Using fragments of the 18S nuclear and 16S mitochondrial rRNA genes and two fragments of the mi-
tochondrial COI marker, we examined the use of DNA metabarcoding and traditional morphological identification for understand-
ing the diversity and composition of crustacean zooplankton at 42 sites across western Lake Superior. We identified 51 zooplankton
taxa (genus or species, depending on the finest resolution of the taxon across all identification methods), of which 17 were identified
using only morphological traits, 13 using only DNA and 21 using both methods. The taxa found using only DNA metabarcoding
included four species and one genus-level identification not previously known to occur in Lake Superior, the presence of which still
needs to be confirmed. A substantial portion of taxa that were identified to genus or species by morphological identification, but not
identified using DNA metabarcoding, had zero (“no record”) or <2 (“underrepresented records”) reference barcodes in the BOLD
or NCBI databases (63% for COI, 80% for 16S, 74% for 18S). The two COI marker fragments identified the most genus- and spe-
cies-level taxa, whereas 18S was the only marker whose family-level percent sequence abundance patterns showed high correlation
to composition patterns from morphological identification, based on a NMDS analysis of Bray-Curtis similarities. Multiple repli-
cates were collected at a subset of sites and an occupancy analysis was performed, which indicated that rare taxa were more likely
to be detected using DNA metabarcoding than traditional morphology. Our results support that DNA metabarcoding can augment
morphological identification for estimating zooplankton diversity and composition of zooplankton over space and time, but may
require use of multiple markers. Further addition of taxa to reference DNA databases will improve our ability to use DNA metabar-
coding to identify zooplankton and other invertebrates in aquatic surveys.
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Introduction

Quantifying biodiversity is an essential part of aquatic
biomonitoring. Biodiversity information is often used to
prioritise conservation efforts or to characterise the health
of aquatic systems along gradients of natural conditions
and anthropogenic impacts (Poole et al. 2004; Naidoo et
al. 2008; Abell et al. 2008). With targeted biomonitoring
efforts, we can detect changes in the composition of na-
tive communities, as well as potential invasive species
before they become well-established (Vander Zanden
2008; Hoffman et al. 2011). However, logistical and fi-
nancial constraints often limit these capabilities with re-
spect to spatial, temporal and taxonomic resolution (Vos
et al. 2000).

DNA metabarcoding has the potential to reduce some
of these constraints by improving the efficiency and accu-
racy of aquatic surveys (Baird and Hajibabaei 2012). The
general cost of processing DNA data has declined by over
100-fold in the last ten years (Reuter et al. 2015). The
costs of DNA metabarcoding can be particularly low once
laboratory and processing protocols are well-established.
For instance, Zaiko et al. (2015) estimated that the costs
of identifying plankton in ship ballast water with DNA
metabarcoding were approximately 50% those of costs
of identification using traditional morphological-identifi-
cation techniques. Another benefit is that DNA metabar-
coding can be used to find rare or cryptic taxa, damaged
specimens, hard-to-identify early life-stages and eggs
missed by morphological identification (Lindeque et al.
2013; Chain et al. 2016). It is also well-suited to identify-
ing communities of very small organisms in water sam-
ples, such as plankton or bacteria, which are challenging
to identify morphologically (Zaiko et al. 2015; Brown et
al. 2016). A number of studies have highlighted the po-
tential benefits of DNA metabarcoding for understanding
the diversity of zooplankton (Chain et al. 2016; Zhang et
al. 2018). DNA metabarcoding can also improve early de-
tection of aquatic invasive species, including zooplank-
ton (Brown et al. 2016).

Given the large geographic area in need of monitor-
ing and potential limitations of morphological identifica-
tion, DNA metabarcoding is a possible tool to help track
changes in composition of zooplankton communities of the
Laurentian Great Lakes (hereafter “Great Lakes™). Shifts
in zooplankton composition have occurred due to the intro-
ductions of dreissenid mussels, land-use changes altering
nutrients and lower trophic webs and the introduction of
invasive zooplankton, such as the spiny water flea (Bytho-
trephes longimanus) (Barbiero et al. 2019; Yan et al. 2011).
Estimating zooplankton composition is an established
component of biological monitoring within the Great Lakes
(Burlakova et al. 2018), but to date, it is accomplished al-
most entirely via morphological identification.

Some of the typical challenges of using DNA me-
tabarcoding technology are pronounced for zooplankton
taxa. For example, the choice of DNA marker has a large
influence on the taxa and number of sequences detected
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(e.g. Clarke et al. 2017; Zhan et al. 2014), often resulting
in an inability to both make species-level identifications
and accurately estimate community composition pat-
terns with the same marker. In addition, online barcode
databases for zooplankton are incomplete. For instance,
over 40% of crustacean zooplankton and 60% of rotifers
known from the Great Lakes did not have records in the
BOLD reference library at the species-level for the COI
marker as of 2014 (Trebitz et al. 2015). Understanding
the influence of marker and primer choice and reference
library completeness on our ability to detect changes in
species diversity and composition use is critical for incor-
porating DNA metabarcoding into zooplankton sampling
efforts on the Great Lakes.

In this paper, we compare the ability of DNA metabar-
coding for profiling zooplankton of Lake Superior against
morphological identification. We did so for three DNA
marker regions: fragments of the 18S nuclear and 16S
mitochondrial rRNA genes and two fragments of the mi-
tochondrial COI gene (hereafter referred to as 18S, 16S,
COI-F230 and COI-BE). The questions which we asked
were as follows:

1) Compared to taxa identified using traditional identifi-
cation, what genus- or species-level taxa were identi-
fied using each of the DNA markers?

2) What percentage of these morphologically identified
taxa currently has reference barcodes in online DNA
libraries, resulting in the ability to assign taxonomic
labels to genetic sequences?

3) Using an occupancy modelling approach, how does the
ability to detect a taxa when present differ for DNA
metabarcoding versus morphological identification
(for taxa present in DNA libraries)?

4) What is the ability of the DNA markers for detecting
overall shifts in percent biomass along broad taxo-
nomic groups, which is a common use of zooplank-
ton data in the Great Lakes Region?

Our study differs from many other studies applying
DNA metabarcoding to zooplankton in that we examined
all three markers typically used for DNA metabarcoding
studies of aquatic taxa, with a focus specifically on crus-
taceous zooplankton. We also incorporated an occupancy
modelling approach for detection of rare taxa.

Methods

Field collection

We used data from two separate sampling efforts in June
of 2016, both conducted in Lake Superior, which is char-
acterised by Precambrian geology located at the south-
ern end of the Canadian Shield. The first sampling effort
was conducted aboard the U.S. Environmental Protection
Agency (EPA) research vessel the R/V Lake Guardian in
conjunction with the Environmental Sea Grant June 2016
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Teacher Cruise. During the cruise, teachers were assisted
by EPA scientists in the collection of limnological field
data. A total of 12 study sites were selected non-random-
ly to span a range of depths across three major sampling
areas (Fig. 1). The second sampling effort consisted of a
random sampling of 30 sites within the Saint Louis Riv-
er Estuary and the nearshore area of Duluth, Minnesota,
aboard the research vessel the EPA R/V Lake Explorer
II. For this second sampling effort (Fig. 1), each site was
sampled 2—3 times during a period of four days. The pur-
pose of this repeated sampling was to use an occupancy
modelling approach to explore the detectability of indi-
vidual crustaceous zooplankton taxa using morphologi-
cal identification versus DNA metabarcoding (Fiske and
Chandler 2011). We subsequently refer to these two sam-
pling efforts as the Western Superior-Guardian and the
Duluth-LEII sampling efforts, respectively.
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Figure 1. Sites sampled for zooplankton within study regions
on Lake Superior as part of the Western Superior-Guardian and
Duluth-LEII (e.g. “Lake Explorer Sites”) research cruises. Mul-
tiple replicates were taken at the Lake Explorer sites for the oc-
cupancy modelling analysis.

A sampling event at a site consisted of two deploy-
ments of a standard 153-um zooplankton net (WILD-
CO; Yulee FL, USA), towed vertically from a depth of
2 m above the bottom to the surface. We filtered the con-
tents of each tow through a 153-pm mesh and washed
them into a single plastic storage bottle containing 95%
non-denatured alcohol (hereafter ethanol). Once all sam-
ples were collected, we used a Standard Folsom Plank-
ton Splitter (WILDCO; Yulee FL, USA) to separate each

sample from a site into two parts: one for morphological
identification and one for DNA-based identification. Split
samples were also stored in ethanol.

Morphological identification

Taxonomists identified crustaceous zooplankton to the
lowest taxonomic resolution possible, using the EPA’s
Standard Operating Procedure for Zooplankton Analysis
(GLNPO 2016), which includes enumerating up to four
subsamples of 200 to 400 zooplankton individuals each.
The identification is made on the basis of morphological
traits using standard taxonomic keys for the Great Lakes.
Up to ten individuals of each species were separated out
for voucher specimens, with the goal of using Sanger
sequencing techniques to generate additional DNA ref-
erence sequences. However, these attempts were unsuc-
cessful due to difficulties in obtaining barcode-worthy tis-
sue which has also been observed in other studies (Yang
et al. 2017b). We excluded rotifer taxa, as these are not
effectively sampled with a 153-pum mesh net.

DNA-based identification

In the lab, individual samples were condensed into 50-ml
vials by decanting against a dried, bleached 153-pm mesh
sieve. Condensed samples were stored in ethanol, then
dried in their tubes in a vacuum desiccator until dry, which
was approximately 4 days. Samples were digested using
the Qiagen DNeasy Blood & Tissue Kit (Qiagen; German-
town MD, USA) using increased volumes of ATL buffer
and proteinase K in the same ratio as the kit protocol. After
incubation, a volume of 400 pl of liquid digest (approxi-
mately 50% of the material) was then transferred to a new
centrifuge tube before adding equal volumes of AL Buffer
and ethanol. Two spins were required to filter the entire
extraction solution. Extracts were eluted with 100 ul of
elution buffer from the Qiagen kit and stored at 4 °C. One
primer set was used for each of the targeted regions of the
18S and 16S markers and two primer sets were used for
the COI marker (Table 1). The first set of primers to evalu-
ate COl targets the F230 fragment (COI-F230), which is ~
230 bp in length and is found at the 5’ end of the standard
barcoding region. The second set of primers to evaluate
COI (COI-BE) targets the BE fragment, which is ~ 314 bp
in length and is found towards the 3’ end of the standard
barcoding region, with no overlap with the F230 fragment.
Both COI fragments were designed for metabarcoding of

Table 1. Description of primers used and annealing temperatures for first PCR.

Marker Primer name Orientation Reference Sequence Annealing temperature
COI-F230 F Forward Gibson et al. (2015) GGTCAACAAATCATAAAGATATTGG 46 °C
COI-F230 230_R Reverse Gibson et al. (2015) CTTATRTTRTTTATICGIGGRAAIGC 46 °C
COI-BE B Forward Gibson et al. (2015) CCIGAYATRGCITTYCCICG 46 °C
COI-BE RS Reverse Gibson et al. (2015) GTRATIGCICCIGCIARIAC 46 °C
18S SSU_F04 Forward Blaxter et al. (1998) GCTTGTCTCAAAGATTAAGCC 50°C
18S SSU_R22 Reverse Blaxter et al. (1998) GCCTGCTGCCTTCCTTGGA 50°C
16S 16Sar Forward Palumbi et al. (1996) CGCCTGTTTATCAAAAACAT 50°C
16S 16Sbr Reverse Palumbi et al. (1996) GCCGGTCTGAACTCAGATCACGT 50°C
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invertebrate samples (Gibson et al. 2015). The primers to
evaluate 18S target approximately 300+ bp of the V2-V3
region of the nuclear small subunit (Blaxter et al. 1998)
and have been shown to be useful for metabarcoding ap-
plied to aquatic samples (Fonseca et al. 2010, Lindeque et
al. 2013). The primers used in the evaluation of 16S were
designed for invertebrates (Palumbi 1996) and amplify a
short region of DNA (200+ bp) from the 3’ end of the mi-
tochondrial RNA (Table 1).

The laboratory procedures were performed separately
for the regions of the 18S rRNA gene, 16S rRNA gene
and the two fragments of the COI marker gene. Each
primer set contained an upstream and downstream adapt-
er that bound to index primers in the dual-indexing PCR
step. The first round of PCR contained 2 ul DNA tem-
plate, 2 pl 10x PCR buffer, 0.6 ul MgCl, (25 mM), 2 pl
dNTPs (10 mM), 0.5 pl each of the forward and reverse
primers per marker/primer combination (10 mM), 4 pl 1%
BSA, 0.1 pl Taq polymerase (5 U/ul; Qiagen) and 9.9 pl
ultrapure water. PCR was performed under cycling con-
ditions, consisting of an initial 2.5-min denaturing step at
94 °C, followed by 35 cycles of 30 s at 94 °C, 1 min at
the annealing temperatures in Table 1 pertaining to each
marker, 1 min at 72 °C and a final elongation step of 10
min at 72 °C. Agarose gel electrophoresis was used to
confirm the absence of visible amplification products in
all field blanks and to confirm the presences of amplifi-
cation products in test samples. Successful PCR products
were purified with Qiagen QIAquick 96 PCR Purification
kit. DNA templates that did not amplify for PCR were
cleaned with the Zymo Research One Step PCR Inhibitor
Removal Kit (Zymo; Irvine CA, USA) and re-run.

Dual-indexing PCR for DNA sequencing multiplexing
was then run with primers containing the proprietary se-
quences necessary for a run on the [llumina MiSeq (Illu-
mina, Inc; San Diego CA, USA) and index sequences for
identification of each sample. These included a forward
or reverse index and the upstream adapters from the ini-
tial PCR (Table 1). Thermal cycler conditions for dual-in-
dexing PCR were 95 °C for 3 minutes, then 8 cycles of
95 °C for 30 seconds, 55 °C for 30 seconds and 72 °C for
30 seconds; this was followed by a final extension step of
72 °C for 5 minutes then a 4 °C soak. Dual-indexed am-
plicons were cleaned with AMPure XP beads (Beckman
Coulter; Brea CA, USA), quantified and then normalised
to the lowest nanomolar concentration in Qiagen EB Buf-
fer. Normalised Index PCR plates were then pooled into
a single sample by combining 3 pl from each well into a
1.5 ml micro-centrifuge tube. Pooled amplicon libraries
were sent for sequencing on the MiSeq platform. Ampli-
cons were sequenced using a 2 x 300 600-cycle Illumina
MiSeq sequencing kit according to manufacturer’s proto-
cols. Index sequences were given to the MiSeq before the
run and were used by MiSeq software to assign sequences
to each individual sample.

Sequence data was processed using scripts in
USEARCH v.9.2 64-bit (Edgar 2010) on demultiplexed
reads generated from the MiSeq runs. Forward and reverse
reads were merged and PCR primer sequences removed
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with Cudadapt v.1.14 (Martin 2011). Target lengths were
310, 220, 300 and 240 bp for the COI-BE, COI-F230, 16S
and 18S markers, respectively. Sequences with an expect-
ed error rate greater than 1% were excluded. Remaining
sequences were de-replicated and unique sequences were
identified; those with < 4 observations in the total data-
set were removed as possible sequencing artifacts. The
remaining sequences were screened to remove chimeras
and clustered into Operational Taxonomic Units (OTUs)
of 97% or greater similarity, after which all quality-fil-
tered reads were mapped to these OTUs. OTUs represent-
ed by only one or two sequences in the entire dataset for
a given marker were removed from the final analysis. The
final number of reads mapped to OTUs was 3.7, 6.8, 4.5
and 6.7 million sequences for the COI-BE, COI-F230 and
targeted regions of the 16S and 18S genes, respectively.

Taxonomic identities were assigned to OTUs, based
on sequence similarity to reference sequences in the
BOLD and NCBI databases using BLAST (16S and 18S)
and BOLD identification engine (COI). We also explored
the use of PR2 and SILVA curated rRNA gene databases
for species assignment for 18S (SILVA, PR2) and 16S
(SILVA) using the DADA?2 package in R (Guillou et al.
2013; Quast et al. 2013; Callahan et al. 2016), but found
that over 50% percent of sequences that had matches
in NCBI and BOLD did not have a match in these oth-
er databases, even for taxa identified at the family level
or higher. These are high-quality curated databases, but
had limited matches, which we attribute to the fact that
PR2 largely focuses on protists and SILVA has only near-
ly full length sequences. Since the goals of our research
were detection of rare taxa and analysis of percent bio-
mass of broad-scale taxonomic groups, we chose to use
NCBI and BOLD for taxonomic assignment. Potential
implausible occurrences are elaborated in the results and
discussion. Genus-level identifications of 90% or better
and species-level of identifications of 97% or better were
used to generate the final taxonomic list and in occupancy
modelling. If a taxon matched multiple OTUs with the
same percent similarity at the species-level, the taxa were
assigned at the genus level. Ultimately, all genus-level
zooplankton matches had a 90% or better similarity to
online databases and were included in the analysis, while
some species-level identifications matched at < 97% and
were assigned to the genus-level. All zooplankton OTUs
matched > 85% threshold and were included in the analy-
sis of percent biomass of broad taxonomic groups, which
occurred at the family or higher level.

We explored the use of rarefied and normalised data for
use in the analysis (see supplemental information https://
doi.org/10.17605/0SF.I0/ABNGX). While rarefying as
a normalisation technique has been previously criticised
(McMurdie and Holmes 2014), more recent research has
indicated that repeatedly rarefying is a potentially appro-
priate normalisation technique (Cameron et al., submitted
manuscript, https://doi.org/10.1101/2020.09.09.290049).
We observed no loss of OTUs for any method, nor any
notable effect on our analysis of broad-scale composition
patterns when the transformed number of reads was used
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instead of proportion of sequences. However, we did ob-
serve a loss of rare OTUs at some sites for the COI mark-
er. Given the desire to retain rare taxa for our occupancy
analysis (which used combined data and did not inves-
tigate marker performance), we chose to use non-trans-
formed data for our analysis.

Analysis

Combining data from both sampling efforts (i.e. Western
Superior-Guardian and Duluth-LEII), we determined the
number of sites at which each taxon was identified using
morphological identification and with each of the three
marker genes (including both fragments for COI) at the
genus level and at the highest resolution at which the taxa
were identified for each approach. For the Duluth-LEII
sampling effort, 2-3 replicates were collected at each site
and we combined data from all replicates to determine if
the taxon were present at a site. We recognise that more
effort was employed per sample than from the Western
Superior-Guardian (given that enumerating organisms in
additional samples may yield additional taxa), but these
additional replicates were consistent across identification
methods. We depict overlaps and unique detections amongst
genera and lowest-level taxa detected using Venn diagrams
created with the package vennDiagram in R (Chen 2011).
Again, lowest-level may be at the genus- or species-level
depending on the finest resolution detected across identi-
fication approaches. If a taxon were absent using a partic-
ular marker, but appeared in morphological identification
or with a different marker, we determined if the potential
reason for this non-detection was that reference sequences
were under-represented in GenBank and BOLD databases
(defined as having only one or two entries, respectively) or
absent entirely (defined as having zero entries).

In a number of cases, morphological identification
yielded a particular species, while DNA metabarcoding
identified a closely-related different species. If a litera-
ture search revealed either a recent change in taxonomy
or a disagreement as to the taxonomic classification, we
considered the two species to be the same “taxon” in our
analysis. This generally occurred because DNA metabar-
coding yielded an updated taxonomic name, but this usage
had not been employed by local taxonomists. We did this
for the following taxa: Acanthocyclops americanus/ver-
nalis (Dodson 1994), Bosmina longirostris/liederi (Ko-
tov et al. 2009), Eurytemora affinis/carolleeae (Vasquez
et al. 2016), Chydorus sphaericus/brevilabris (Belyaeva
and Taylor 2009), Eucyclops agilis/serrulatus (Alekseev
et al. 2006) and Holopedium gibberum/glacialis (Rowe
et al. 2007). In addition, Mysis relicta has been split into
multiple species groups that are highly similar in mor-
phology (Audzijonyte and Vainola 2005). As OTUs as-
signed to Mysis matched multiples of species at the same
high similarity, these were assigned to the Mysis genus.

We explored the use of DNA metabarcoding to quan-
titatively characterise relative zooplankton biomass by
comparing estimates of percent biomass using morpho-
logical identification to percent sequence abundance for

the four DNA approaches. We aggregated zooplankton
to the following family or order-level categories for this
analysis: bosminids, diaptomids, daphnids, cyclopoids,
harpacticoids, other cladocerans (non-daphnids or bos-
minids), other calanoids (non-diaptomids) and mysids.
To estimate biomass of each group for the morphological
identification data, we multiplied abundance of each fam-
ily or order category in a sample by the average biomass
(in micrograms) across zooplankton species found in that
family or order in Yurista et al. (2009). We recognise that
a more rigorous approach, that considers biomass of in-
dividual species and/or length-biomass relationships,
might yield more accurate results. However, neither bio-
mass nor length-biomass relationships were available for
all species in our dataset and lengths of the taxonomi-
cally-identified individuals were not measured. For this
analysis, we were more interested in analysing broad pat-
terns in biomass between sites, which was possible given
that sequence abundance between taxonomic groups dif-
fered widely amongst broad-scale geographic zones.

We used stacked bar charts to visualise the broad
changes in species composition by zone. Zone-level val-
ues were obtained by dividing the number of sequences
from each broad-scale taxonomic group in a sample by the
total number of sequences in the sample and aggregating
by site and again by geographic zone. We also performed
Bray-Curtis analysis (Bray 1957) on zone-level data to
characterise differences in percent composition of broad-
scale taxonomic groups. To visually compare broad-scale
differences in composition, the vegan package (Oksanen
et al. 2019) was used to perform a Non-Metric Dimen-
sional Scaling (NMDS) analysis on the Bray-Curtis ma-
trix. Each point in the resulting NMDS plots represents
the composition of a zone and points are comparable
across plots given that data from each marker were in-
cluded in the same Bray-Curtis analysis. To further com-
pare composition across sites, an additional Bray-Cur-
tis analysis was similarly performed on site-level data.
Spearman-Rank correlation was used to determine the
correlation between NMDS axes resulting from a NMDS
analysis performed on the site-level data.

By using multiple replicates, occupancy modelling al-
lows for the determination of the probability of detecting a
given taxon at a site, if it is present. For instance, if a taxon
is detected at one out of three replicates at a site with a
given method, the probability of detection with that meth-
od is approximately 33%. All field replicates were split
into a subsample for DNA metabarcoding and a subsam-
ple for morphological identification. We used occupancy
modelling to compare the probability of detection of each
zooplankton taxon from DNA metabarcoding to the prob-
ability of detection using morphological identification. We
confined this portion of the analysis to the Duluth/LEII
sampling event, where multiple replicates were taken. As a
result, not all taxa identified in the study were represented
in this occupancy modelling analysis. We ran this analysis
using the taxonomic resolution provided by morphological
identification, even if it were coarser than that produced
by metabarcoding. For a taxon to be considered present

https://mbmg.pensoft.net



88

Christy Meredith et al.: Zooplankton ID in Lake Superior

according to DNA metabarcoding, we required that it be
identified in two or more field replicates using one iden-
tification method (e.g. COI-F230, COI-BE, 18S, 16S or
morphological identification) or in one replicate by two
or more methods. This reduced the likelihood that the de-
tection probability for DNA would be inflated due to false
positives. We performed the occupancy modelling using
the unmarked package (Fiske and Chandler 2011) in R.

Results

The COI -F230R marker fragment generated the largest
number of total OTUs and the 18S marker generated the
smallest number of total OTUs (range 87 to 451; a factor
of 4; Table 2). The COI-F230R fragment also generated
the greatest number of crustaceous zooplankton OTUs,
while the 16S marker generated the least number of crus-
taceous zooplankton OTUs (range 32 to 92; a factor of 3;
Table 2). The difference amongst markers in the number
of zooplankton taxa assigned to a genus or species was
smaller still (factor of 2), with the two fragments of the
COl finding more genera and species than the 16S or 18S.

Notably, none of the DNA markers, individually, found
as many zooplankton genera or species as did morpho-
logical identification (Table 2). We identified 51 unique
zooplankton taxa (Appendix 1), of which 17 were identi-
fied using only morphological traits, 13 using only DNA
metabarcoding and 21 using both approaches. Again,
performance varied by marker. The percent of these 51
lowest-resolution taxa, identified using each marker, was
41%, 35%, 22% and 16% for COI-F230R, COI-BE, 16S
and 188, respectively (Table 2; Fig.2). For taxa not found
using DNA, approximately 63% (COI), 80% (16S) and
74% (18S) had no records or under-represented records
(one or two reference sequences) in online databases. A
total of 12 of the 17 taxa, found via morphological identi-
fication only, were not well-represented in online databas-
es for at least one marker (Appendix 1; see “UR” or NR”)
(Fig. 3; Appendix 1). However, the other five taxa, found

(A) Genus

Morphological ID

18S

COI-BI

16S

Table 2. Summary of number of OTUs generated for each DNA
approach (16S, 18S and 2 fragments for COI) and number of
crustacean zooplankton genera, species and lowest-level taxa
(e.g species for most taxa, but genus if no species were iden-
tified for that DNA approach) using each DNA approach and
morphological identification.

DNA COI-BE COI-F230 16S 18S Morph ID

No. OTUs obtained - 359 451 315 87 -
No. zooplankton OTUs - 66 92 32 38 -
No. zooplankton genera 27 19 18 11 11 32
No. zooplankton species 29 13 18 12 7 33
No. lowest-level taxa 34 16 20 13 8 37

only via morphological identification, did have adequate
barcodes in GenBank or BOLD. Three of these taxa were
considered morphological identification-only records be-
cause they were found at a species resolution using mor-
phological identification versus only at the genus-level
using DNA, with no species of that genus identified using
DNA metabarcoding. These included the genera of Di-
aphanosoma (COI-F230, COI-BE and 16S), Eubosmina
(16S) and Tropocyclops (COI-F230). The other two taxa
that were found using morphological identification, but
not using DNA, despite being present in online databases
for at least one marker, were Mesocyclops edax and Eury-
cercus lamellatus. No other members of these two genera
were identified using metabarcoding.

Of the taxa found only using DNA metabarcoding,
one taxon was a species-level identification made using
DNA metabarcoding (Ceriodaphnia dubia), while only a
genus-level identification was made using morphological
identification. The other 12 lowest-level taxa that were
found only using DNA metabarcoding were Daphnia
longiremis (identified with 16S and COI-BE), Daphnia
cucullata, Skistodiaptomus pallidus and Skistodiaptomus
reighardi (COI-F230R); Pleuroxus sp. and Macrothrix
sp. (COI-BE); and Daphnia pulex, Daphnia ambigua,
Daphnia dentifera, Eubosmina longispina, Calanus sp.
and Hemidiaptomus ingens (16S). Pleuroxus sp., Cala-
nus sp. and D. dentifera were identified at only one site,
whereas the other taxa were identified at multiple sites.

(B) Lowest Level

Morphological ID

COI-F230
18S

COI-Bl

16S

Figure 2. Venn Diagrams illustrating overlap in genus-level and lowest level (mostly species, but genus-level if no species were

identified) taxa counts using each identification approach.
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Figure 3. Percent of lowest level taxonomic records for each
marker that were identified by both morphological identification
and DNA, morphological identification only and DNA only. For
morphological identification-only records, the label indicates
the percentage of taxa that were reported (> 2 reference bar-
codes), under-reported (< 2 reference barcodes) or not reported
(0 reference barcodes) in DNA libraries. For DNA-only records,
the green bar indicates the percentage of taxa that has not been
previously reported for the Great Lakes.

Several of the taxa, identified only by DNA metabar-
coding, are ones for which the current Great Lakes fauna
inventory (Trebitz et al. 2019; https://www.glerl.noaa.
gov/data/waterlife/index.html) reports no prior morpho-
logically-identified presences in Lake Superior at all —
namely for D. cucullata, C. dubia, H. ingens, Calanus sp.
and S. pallidus. Morphological identification did find the
genera Daphnia and Skistodiaptomus, but without further
identifying characteristics would have presumed they
were one of the native species from these genera. While
Ceriodaphnia appears regularly in surveys, this taxon is
typically only identified to genus. Daphnia cucullata,
C. dubia and S. pallidus matched sequences in BOLD or
NCBI with nearly 100 percent similarity and 100 percent
overlap in taxonomic coverage. The barcode assigned to
Calanus sp. matched multiple species in the genus Cala-
nus at 100 percent similarity, but all exhibited only 33
percent overlap with the reference barcode (e-value =
4¢-43). The barcode assigned to H. ingens matched with
100% similarity, but had only 56% taxonomic overlap
with the reference barcode (e-value = 0.004) and, con-
sidering that 16S did not perform well at identifying di-
aptomids, this identification is the most speculative. In
addition to these taxa not previously identified for Lake
Superior, D. dentifera is rare for the Great Lakes (Kerfoot
et al. 2004) and was found at only one site. The barcode
sequence assigned to D. dentifera showed high percent
similarity (100%) to this species, with 86% taxonomic
overlap with the reference barcode. However, several
other taxa, including Daphnia longispina and Daphnia
galeata, showed lesser levels of similarity, but higher
levels of overlap with reference sequences.

89
. I Bosminid
@ (A) Morphological ID SN Daphnid
©100 = = E== OtherCladoceran
g - Cyclopoid
o [ Diaptomid
x 60 otherCalanoid
T 40 E=3 Ergasilidae
L B Harpacticoid
g 20 _—Mysis
7 J
Lﬂ 0
(B) 18S

100
[}
)
Q 80 N
)
g% N
& 40
B 20 4
X 5

(C) 16S

»100
8
g 80
> 60
3
o 40
i
© 20
*® 0
$1OO
2 8
)
& 6
)
N 4
e
5]
R
w1
o
o
[ =1
)
-
o
]
w
—
5]
ES

Figure 4. Estimated percent biomass identified for each major
taxonomic group by: (A) morphological identification and per-
cent of sequences in each taxonomic group for each DNA mark-
er, including (B) 18S, (C) 16S, (D) COI with F230 primer and
(E) COI with BE primer. Geographic zones from Figure 1 are
presented from left to right in general order of increasing depth.

Table 3. Spearman correlation matrix comparing: (A) NMDS or-
dination axis 1 scores and (B) NMDS ordination axis 2 scores
computed from Bray-Curtis similarities across site-level estimated
percent biomass of organisms (for morphological identification)
or percent abundance of sequences (for the DNA approaches).

Method MorphID COI-BE COI-F230 18S 16S
A) NMDS axis 1
Morph identification 1.00
COI-BE 0.86 1.00
COI-F230 0.36 0.42 1.00
18S 0.95 0.88 0.41 1.00
16S -0.035 -0.12 0.070 -.054 1.00
B) NMDS axis2
Morph identification 1.00
COI-BE -0.22 1.00
COI-F230 -0.014 0.72 1.00
18S 0.45 -0.61 -0.38 1.00
16S 0.30 -0.56 -0.43 0.63 1.00
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Comparing relative biomass to relative sequence abun-  The COI-F230 best captured percent biomass patterns in
dance within broad taxonomic groups, the metabarcod-  cyclopoids, other (non-diaptomid) calanoids and mysids.
ing methods varied greatly in their ability to characterise =~ The COI-BE best captured percent biomass patterns in
zooplankton composition (Figs 4, 5). Most notably, the  cyclopoids, other cladocerans (non-daphnids and bosm-
two COI marker fragments greatly over-represented cy-  inids), bosminids and mysids. Neither was able to capture
clopoids relative to morphological identification, while  trends in the percent biomass of daphnids. The 16S marker
under-representing many other taxa. However, the two  over-represented bosminids and generally did not identify
COI fragments differed overall in the taxa they targeted.  other taxonomic groups. The 18S slightly over-represent-

(A) Bosminids (B) Daphnids
100 60
e &
50
_ jt P /1:1 Line
%) 940
= o
© 60 Q
ko)
= o 30
S0 5
g §20
d‘_’ 20 & 10
0 0
0 20 40 60 80 0 10 20 30 40 50 60
Estimated Percent Biomass-Morphology Estimated Percent Biomass-Morphology
(C) Other Cladocerans (D) Diaptomids
40 100
Z
V.
A = il Y {9 LG
30 141 Line 80 Y23 Tyt
%) © ) vV ¥ % ™
° ra T &0 v W o~
] pes S #
Q le) g L #
20 A 7 14 v o
w“ e} o “ v
] - O 40 s
5 o 0% . 1= =
Bl 00 >
P~ v
o - b4 o
0 - f
0 10 20 30 40 0 ) 20 4_0 60 80
Estimated Percent Biomass-Morphology Estimated Percent Biomass-Morphology
- (E) Other Calanoids (F) Cyclopoids
(0]
90 1:1 Ling -]
gZ
2 %)
g geo "o
@ H
= e v
i ‘540 #
= -
8 g
5 520 v
. 0 £
0 20 40 60 80 40 60
Estimated Percent Biomass-Morphology Estimated Percent Biomass-Morphology
(G) Mysids
&
80 o i
7
. - e  COI-F230
] 1 1:1 Line
g o COI-BE
4
o v 188
5 A 16S
5 20 1
a
0
0 20 40 60 80

Estimated Percent Biomass-Morphology

Figure 5. Relationship between estimated percent biomass using morphological identification and percent of reads for each major

taxonomic group for the four DNA approaches.
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ed other calanoids and did not fully capture cyclopoids
compared to their estimated percent biomass (trendline
compared to 1:1 line), but, in general, the trends across
taxonomic groups approximated patterns in percent bio-
mass obtained using morphological identification.

The correlations amongst NMDS axes illustrated gen-
eral trends in relative composition across sites (Table 3
and Fig. 6). For morphological identification, 18S and
COI-BE, the NMDS axis 1 was negatively correlated
with the proportional abundance of the cladoceran groups
(bosminids, daphnids and other cladocerans) and posi-
tively correlated with the proportion of diaptomid cala-
noids. For morphological identification, 18S and 168,
the NMDS axis 2 was strongly positively correlated with
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both the proportion of cladocerans and the proportion of
cyclopoids. The 18S marker was the only marker which
approximated morphological identification for both
NMDS axes (Fig. 5; Table 3)

Across taxa, the detectability (estimated proportion of
replicates in which a taxon was found using at least one
marker) was considerably higher (0.55 +/- 0.37 SD) with
DNA metabarcoding than the proportion of replicates
where the taxon was found using traditional morphologi-
cal identification (0.33 +/- 0.32 SD) (Fig. 7). Several taxa
had too few replicates at occupied sites to accurately esti-
mate detectability for either morphological identification
or DNA, including D. dentifera, D. longiremis, D. pulex,
E. lamellatus. H. ingens, Calanus sp. and S. reighardi.
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Figure 6. NMDS plots representing the differences in species composition amongst geographic zones for: (A) morphological iden-
tification, (B) 18S, (C) 16S, (D) COI with F230 primer and (E) COI with BE primer. The NMDS analysis was based on percent
estimated biomass for morphological identification and percent sequence abundance for the DNA markers.
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Figure 7. Detection probabilities across replicate Duluth/Lake
Explorer samples using DNA metabarcoding (across all 4 DNA
methods combined) versus morphological identification. Only
taxa with DNA barcodes in at least one online database are in-
cluded. The 1:1 line illustrates the relationship if detection prob-
abilities were equal. Taxa with higher detectability using mor-
phological identification plot to the right of the line while taxa
with higher detectability with DNA identification plot to the left.

A taxon was considered to have zero detectability if it
were not present with a given method (e.g. morpholog-
ical identification or DNA), but was found with the oth-
er method, even though detectability could not actually
be measured due to zero occupancy. Several individual
taxa had higher detectability using morphological iden-
tification than metabarcoding. For some taxa, low DNA
detectability occurred because DNA identified the taxa
at the genus-level compared to identification at the spe-
cies-level for morphological identification. These includ-
ed D. birgei, T. prasinus, E. coregoni and H. gibberum.
While species-level records for Mesocyclops are found in
online databases, no Mesocyclops were found using DNA
metabarcoding. Eucyclops also had higher detectability
using morphological identification than DNA metabar-
coding, although detectability was low for both methods.
All other taxa had a higher detectability using DNA me-
tabarcoding than morphological identification. Notably,
invasive B. longimanus was only identified using DNA-
based metabarcoding; despite being present at a high rate
in the Lake Superior-Guardian samples, this species was
not detected in Duluth-LEII samples (which were used
for occupancy analysis) with morphological identifica-
tion. This finding illustrates the enhanced ability to find
difficult-to-identify or rare taxa using DNA metabarcod-
ing for identification.

Discussion

Our goal was to evaluate the current capability of DNA
metabarcoding versus morphological identification for
the characterisation of genus- and species-level zooplank-
ton diversity and broad-scale patterns in relative biomass
of dominant taxonomic groups in Lake Superior. Our re-
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search highlights the importance of using multiple mark-
ers for the detection of rare crustaceous zooplankton taxa
at the species-level as well as the potential usefulness of
the 18S marker with our chosen primer for monitoring
broad shifts in composition in Lake Superior.

Similar to other research (Chain et al. 2016; Yang et
al. 2017a), we found that DNA-based and morphologi-
cal identification together yielded a greater diversity of
zooplankton than either technique independently. We also
found that more taxa were identified because we used
multiple DNA markers. A recent study of mock zooplank-
ton communities found that using multiple DNA markers
improved species detection rates by 11-30% (Zhang et
al. 2018). In our study, we found that 35% of taxa detect-
ed using DNA metabarcoding were only detected with
one marker. Despite the better performance of COI for
high-resolution identification, numerous taxa that were
rare in samples, including invasive B. longimanus and
H. gibberum/glacialis, were better detected using 18S
or 168, further highlighting the importance of multiple
markers for the detection of rare taxa.

The fact that we found 13 taxa with DNA metabar-
coding that were not detected by morphological identifi-
cation may, in part, be attributed to the differing “depth”
to which these techniques delve into a sample. The GL-
NPO method for morphological identification of crusta-
ceous zooplankton fully enumerates only a subsample
of up to 400 individuals, while scanning additional sam-
ple fractions for larger and rarer taxa (GLNPO 2016).
Across all our samples combined, we estimate that 21%
of zooplankton individuals collected were actually mor-
phologically identified. DNA metabarcoding also exam-
ines only a fraction of the sample (in this case ~ 50%),
but that fraction is taken after the DNA is extracted, at
which point all species should theoretically be present,
if the sample is well mixed. In addition, the success of
DNA-based identification does not depend on organism
life stage, whereas morphological identification often can
assign only coarse-level taxonomy to immature life stag-
es. Some of the taxa that were only found in DNA are
known to be present in Lake Superior (Trebitz et al. 2019)
and, thus, could have been missed by the morphological
identification process due to their being too immature to
fully identify. This inability may risk failing to discern a
new species from one already present (e.g. amongst Skis-
todiaptomus species). Skistodiaptomus reighardi is pres-
ent in Lake Superior, while S. pallidus is present in other
Great Lakes, but has not yet been found in Lake Superior
(NOAA and USEPA 2019; https://www.glerl.noaa.gov/
data/waterlife/index.html).

We recognise that our results yielded four suspect gen-
era or species identifications. D. cucullata and H. ingens
are native to Northern Europe/Asia and North Africa,
respectively and have not previously been found in the
Great Lakes (personal communication, Joseph Connolly,
19 June 2019). The genus Calanus represents one of the
most prolific zooplankton in the North Atlantic Ocean
(Choquet et al. 2017), which has also not been identified
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for the Great Lakes. It is possible that all or one of these
could have been transported to Lake Superior on ship-
ping vessels. Finally, C. dubia is a highly prolific species
found in much of the world and potentially in Lake Su-
perior, but this species may have been missed because
only genus-level identifications of Ceriodaphnia are
performed by Great Lakes taxonomists (personal com-
munication, Heidi Schaefer; 25 June 2018). A review of
matches to barcode libraries indicated that at least two of
these (D. cucullata and C. dubia) have a high likelihood
of being positive identifications. Suspect identifications
should be further investigated before concluding they are
correct. In the future, this could be accomplished by hav-
ing taxonomists search the remainder of the sample for
the suspect taxon or taxa. In some cases, especially in the
case of potential invaders that are of-concern, additional
field samples in the location of the suspect taxon may also
be warranted. False positives are possible with DNA-
based methods as a result of sequencing errors, contam-
ination, primer bias and choices made in bioinformatics
processing or the presence of closely-related taxa with a
similar DNA signature (Coissac et al. 2012). At numerous
steps in both the laboratory and post-processing work-
flow, there are risks of increasing the likelihood of either
false positives (i.e. detecting a species that is not present)
or false negatives (i.e. not detecting a species that is pres-
ent). Future laboratory studies of mock samples may be
used to determine potential rates of false positives and
false negatives and how laboratory replicates, which we
did not use in this study, may help identify them.

Overall, the absence of many zooplankton taxa from
reference DNA sequence databases no doubt result-
ed in more taxa being identified using morphological
identification than DNA metabarcoding. The success of
other similar studies assessing zooplankton using DNA
metabarcoding may be attributed to the development of
local reference databases (Bucklin et al. 2016; Zhang et
al. 2018; Yang et al. 2017b). We likewise collected zoo-
plankton voucher specimens with the goal of adding ref-
erence barcodes to NCBI and BOLD, but unfortunately,
obtained few specimens of some of the rare species that
were used up during unsuccessful Sanger sequencing ef-
forts. It is possible that some of the newer High Through-
put Sequencing (HTS) approaches for developing ref-
erence databases will help in conquering these hurdles
(Yang et al 2017a; Beninde 2020). Efforts to establish
DNA metabarcoding as a focal method for characterising
zooplankton communities on the Great Lakes may need
to await build-out of barcode reference databases, an ac-
tivity which is currently in progress.

Despite the limitations of not having a local reference
database, our findings yield valuable information about
the detection capability of different taxa using the select-
ed DNA markers and primers. Results are consistent with
a number of other studies showing better performance of
COI compared to 18S and 16S for estimating species-lev-
el diversity of zooplankton (Tang et al. 2012; Clarke et
al. 2017). Due to the lower genetic variability in the 18S

target region, the 18S marker typically does not yield the
deeper taxonomic resolution of the COI marker (Tang et
al. 2012). We also specifically had an inability to fully
identify individual cladoceran species using 18S, which
is consistent with other findings (Brown et al. 2015;
Clarke et al. 2017). More generally, we had less success
in resolving high-resolution taxa using 18S than some
other studies have found (Clarke et al. 2017; Zhang et
al. 2018). This may be because our primer focused on
the V2-V3 genomic region, which is not typical of zoo-
plankton studies using 18S (but see Lindeque et al. 2013).
Most taxonomic reads were distributed amongst a rela-
tively low amount of OTUs. Therefore, clustering choic-
es may have also resulted in fewer species-level assign-
ments. Brown et al. (2015) advocates that zooplankton
assignment to OTUs be done without clustering and that
different thresholds be set for specific taxonomic groups
of zooplankton. Various de-noising methods may also
be employed to help with this issue (Prodan et al. 2020),
which we may investigate in the future.

Our findings are also similar to other research showing
that COI markers were not able to reproduce the relative
abundances obtained using morphological identification,
likely due to primer amplification bias (Pinol et al. 2015;
Bucklin et al. 2016). Like other zooplankton metabarcod-
ing studies, our COI marker-variants targeted the COI
standard barcode region (Clarke et al. 2017; Yang et al.
2017b; Zhang et al. 2018). We found a disproportionate
amount of cyclopoid copepods, which were over-ampli-
fied by our primer. However, findings published after the
initiation of our study have shown the success of the COI
marker at both identifying the majority of zooplankton
species and closely approximating relative abundance.
These studies used degenerate primers targeting the Ler-
ay fragment (Clarke et al. 2017; Yang et al. 2017b). The
challenge of using degenerate primers is that they must be
closely tailored to the taxa of interest. Nonetheless, these
recent findings indicate the potential to determine both
diversity and composition with the COI marker.

Very few studies have examined the use of the 16S
marker for zooplankton, which is considered to be be-
tween 18S and COI with regard to both avoiding taxo-
nomic bias, but retaining taxonomic resolution (Clarke et
al. 2017). In our study, the low number of taxa in barcode
libraries potentially contributed to a lack of well-resolved
identity assignments for 16S. However, even the broad-
scale taxonomic groups of zooplankton have some rep-
resentation in online databases at the family and higher
level, while only non-daphnid cladocerans were well
detected with our 16S method. Another study, using dif-
ferent and longer 16S sequences, captured primarily cala-
noids (Clarke et al. 2017). These findings suggest that
our chosen primer was not adequate for detecting a full
range of diversity in zooplankton; however, it did result
in detection of four less common cladoceran species not
identified by the other markers.

Although we do not have an absolute “truth” to com-
pare in our study, it is useful to compare our results to
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the traditional GLNPO morphological identification
because this has been used historically for zooplank-
ton assessment on the Great Lakes. Recently, a study
using long-term data illustrated broad-scale trends in
calanoids, daphnids and cyclopoids in the Great Lakes
over the last 20 years (Barbiero et al. 2019). Our results
suggest that these long-term trends in taxonomic groups
would be adequately captured with the 18S marker and
our chosen primer. While there were some differences in
correlation between percent sequence abundance using
18S and percent biomass from morphological identifica-
tion, this may be partly due to errors in our assumptions
regarding biomass assigned to the different taxonomic
groups and could be improved by further incorporating
size distribution data. In addition to the potential to doc-
ument trends in composition, our occupancy modelling
approach highlighted the benefits of DNA metabarcod-
ing for detection of rare taxa. DNA metabarcoding has
similarly been used to detect rare zooplankton taxa in
ballast water (Rey et al. 2019). The species L. siciloides
and C. sphaericus, which we detected using only DNA
metabarcoding, may serve as important early-warning
indicators of water quality change (Barbiero et al. 2001).
We also found that DNA metabarcoding was more suc-
cessful at detecting Bythotrephes, an invasive species
that has a large impact on the ecosystems of the Great
Lakes (Yan et al. 2011).

Zooplankton data are widely used for assessing wa-
ter quality changes, trophic interactions and new species
invasions on the Great Lakes. Often, the potential future
use of the data is often not known a priori (Barbiero et al.
2019; Pawlowski and Sierszen 2020). At present, DNA-
based zooplankton data are not ready to replace or sig-
nificantly augment morphologically-based identification
as the basis for addressing such ecology questions due
to a combination of still-evolving laboratory practices,
primer and marker capabilities and currently expand-
ing barcode reference libraries. However, our findings
highlight that DNA metabarcoding can improve our
characterisation of zooplankton communities over what
is possible with morphological identification alone, spe-
cifically with regards to potential broad-scale taxonomic
changes and detection of rare taxa, including potential
new invaders. Improvements will continue to be made
as our efforts incorporate ever-increasing knowledge re-
garding primer choice and laboratory best management
practices, as well as development of regionally-appropri-
ate reference databases.

Data accessibility

Taxonomic abundance data, OTU data and R code for the
DNA versus taxonomic comparison and occupancy anal-
ysis can be found in a dedicated Open Source Framework
site at https://doi.org/10.17605/0OSF.I0O/ABNGX. Raw
sequence reads have been archived on NCBI with the Ac-
cession number PRINA728961.
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Appendix 1

Number of sites where each taxon was detected using morpho-
logical identification and each marker. If a species-level identi-
fication occurred at a site, the observation was counted at both
the genus- and species-levels.

Taxonomy COI-230 COI-BE 16S 18S

Cladocera
Acroperus harpae 1 UR UR UR UR
Bosmina longirostris/liederi 40 31 43 37 UR
Bythotrephes longimanus 6 0 0 11 8
Ceriodaphnia * 20 12 19 0 19
[Ceriodaphnia dubia] 0 12 14 UR 14
Chydorus sphaericus/brevilabrus 3 2 1 UR 3
Daphnia* 36 39 24 43 38
Daphnia ambigua 0 0 0 2 UR
[Daphnia cucullata] 0 2 0 0 UR
Daphnia dentifera 0 0 0 1 0
Daphnia longiremis 0 UR 2 1 UR
Daphnia (galeata) mendotae 20 39 16 41 NR
Daphnia parvula 1 UR UR 34 UR
Daphnia pulex 0 0 0 3 0
Daphnia retrocurva 35 NR NR NR NR
Diaphanosoma* 31 20 35 42 NR
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Taxonomy COI-230 COI-BE 16S 18S
Diaphanosoma birgei 31 0 NR NR NR
Eubosmina 3 NR NR 9 0
Eubosmina coregoni 3 UR UR UR
Eubosmina longispina 0 0 0 9 0
Eurycercus lamellatus 1 0 0 UR UR
Holopedium* 17 1 10 26 0
Holopedium gibberum/glacialis 17 1 1 UR UR
Ilyocryptus acutiofions 1 NR NR UR UR
Kurzia latissima 1 NR NR NR UR
Latona setifera 3 NR NR NR UR
Leptodora kindtii 28 0 34 0 0
Macrothrix 0 0 4 UR UR
Monospilus dispar 1 NR NR NR NR
Polyphemus 1 1 0 38 0
Polyphemus pediculus 1 1 0 38 0
Pleuroxus 0 0 1 UR 0
Sida 4 2 12 11 10
Sida crystallina 4 2 12 11 10
Cyclopoida
Acanthocyclops* 8 12 27 NR 0
Acanthocyclops vernalis/ 8 8 0 NR 0
americanus
Cyclops* 43 43 43 NR 43
Cyclops (Diacyclops) thomasi 43 NR NR NR NR
Ergasilus 6 7 10 NR 0
Eucyclops 1 UR UR NR 3
Eucyclops agilis/serrulatus 1 UR UR NR 3
Macrocyclops* 1 2 1 0 10
Macrocyclops albidus 1 2 0 0 10
Mesocyclops* 26 0 0 NR O
Mesocyclops americanus 2 NR NR NR NR
Mesocyclops edax 20 0 0 NR O
Paracyclops chiltoni 1 NR NR NR NR
Tropocyclops* 7 1 0 UR 0
Tropocyclops prasinus 7 NR NR NR NR
Calanoida
Calanus 0 0 0 1 0
Epischura lacustris 35 NR NR NR NR
Eurytemora* 22 41 33 NR 33
Eurytemora affinis/carolleeae 15 41 33 NR 39
[Hemidiaptomus ingens] 0 NR NR 6 UR
Leptodiaptomus™ 42 43 43 NR 0
Leptodiaptomus ashlandi 3 NR NR NR UR
Leptodiaptomus minutus 2 35 23 NR UR
Leptodiaptomus sicilis 41 43 39 NR UR
Leptodiaptomus siciloides 6 16 0 NR UR
Skistodiaptomus 17 43 34 0 0
Skistodiaptomus oregonensis 17 43 34 0 0
Skistodiaptomus pallidus’ 0 9 0 0 0
Skistodiaptomus reighardi 0 3 0 UR UR
Limnocalanus macrurus 36 38 14 NR UR
Senecella calanoides 3 NR NR NR NR
Harpacticoida 3 32 0 NR 0
Mysida
Mysis* 19 35 17 11 15
Mpysis relicta complex 19 34 14 11 UR

! This Skisotdiaptomus is known from the lower Great Lakes, but NOT Lake
Superior

*indicates that some observations occurred at the genus-level only

[] indicates never before found in the Great Lakes

NR = Not reported in online databases

UR = Under-reported in online databases (< 3 records)
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