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ARTICLE INFO ABSTRACT

Keywords: Variability in composition and structure of the mesozooplankton communities in the Bay of Malaga (SW Med-
188 TRNA Vo iterranean) were characterized during a 26 h cycle using an integrative taxonomic approach. We combined
Integrative taxonomy microscopic identification of organisms, with metabarcoding for the genes of the mitochondrial DNA COI and the
x:::;r;s;mg V9 hypervariable region of the ribosomal RNA 18S. Richness and diversity obtained by microscopy were higher
mtDNA COI than those measured with COI, as COI did not detect some phyla. COI however allowed for the identification to

species level of several taxa that were left at higher taxonomic rank under the microscope. 18S detected a wider
range of taxa than COI and microscopy, although with lower taxonomic resolution. Differences between coastal-
night and shelf-day zooplankton communities structure were detected by both microscopy and metabarcoding.
The combination of these two approaches increased the known copepod species in the SW Mediterranean Sea by
9%. An integrative approach combining morphology and COI metabarcoding is proposed to further facilitate

SW Mediterranean
Zooplankton biodiversity

mesozooplankton biodiversity studies.

1. Introduction

Mesozooplankton are the main predator of microplankton, and prey
for fishes, therefore playing a key role in marine productivity and
biogeochemical fluxes (Steinberg and Landry, 2017). In addition, their
short life cycle make them sensitive to environmental changes
(Richardson, 2008; Bedford et al., 2020), being important indicators of
the environmental state of the oceans. There is a growing need for
high-resolution monitoring of marine biodiversity in order to provide
detailed information on the changes that the increasing
anthropogenic-induced pressures are producing on the marine envi-
ronment, at local to global scales (Coll et al., 2010). However, charac-
terization and forecast of spatial and temporal variability patterns in
marine zooplankton assemblages is challenging. Traditional monitoring
of zooplankton communities is achieved mainly through microscopy,
with the inherent caveats of high expertise required, time-consuming
analyses, cryptic species misidentification and/or lack of specificity for
some young and larval stages (Cornils and Held, 2014). Still, this
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knowledge is key to understand the marine ecosystems, and to advise on
sustainable management of the services and resources they provide. In
the past two decades, important advances in molecular tools have been
achieved to improve zooplankton identification, reducing the costs and
uncertainties compared to the morphological analyses (Lindeque et al.,
2013; Bucklin et al., 2016). These methods also give new insights on the
composition and diversity of marine coastal communities (Abad et al.,
2017; Hirai et al., 2017; Stefanni et al., 2018; Garcia-Gomez et al., 2020)
as well as their trophic relationships (Leray et al., 2013; Albaina et al.,
2016; Yebra et al., 2019). However, there is no standard molecular
protocol suitable to detect all zooplankton taxa, nor true estimates of
total abundances or biomass, only compositional data, and different new
tools and approaches provide different types of information (Corell and
Rodriguez-Ezpeleta, 2014). In recent years, many studies have attemp-
ted to establish relationships between morphology- and DNA-based data
describing zooplankton communities’ composition in the field. Their
main aim was to assess the suitability of metabarcoding as substitute or
as a complementary tool to microscopy to be incorporated in long-term
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Fig. 1. Sampling stations location in the W Mediterranean Sea.

monitoring programs. Several molecular markers have been applied to
characterize zooplankton community structure and diversity with
different results (e.g. Questel et al., 2021; Schroeder et al., 2021).
Among them, 18S ribosomal RNA hypervariable region V9 (hereafter
18S) and mitochondrial DNA cytochrome oxidase I (hereafter COI)
genes seem rather good candidates to be incorporated into time series
studies (Amaral-Zettler et al., 2009; Blanco-Bercial, 2020). However, to
date, microscopic identification is still much needed to validate molec-
ular procedures, or to obtain true abundances.

The Bay of Malaga, in the Western Mediterranean Sea, is a hotspot of
planktonic biodiversity and productivity (Mercado et al., 2007; Yebra
et al.,, 2017, 2018). The system is influenced by high mesoscale dy-
namics driven by the entrance of Atlantic waters into the Mediterranean
through the Strait of Gibraltar, as well as recurrent upwelling events
driven by westerly winds (Sarhan et al., 2000, Gomez-Jakobsen et al.,
2019). The bay also harbors the most important nursery site in the
Mediterranean Sea for the zooplanktivorous forage fishes Sardina pil-
chardus and Engraulis encrasicolus (Garcia et al., 1988; Giannoulaki et al.,
2013). Given the ongoing climate change and the anthropogenic pres-
sures to which the region is being subjected (Micheli et al., 2013),
optimization of zooplankton communities monitoring in the region is
crucial, as changes in their composition and structure could have

important socio-economic impacts for the Western Mediterranean re-
gion (Yebra et al., 2019, 2020); such as decline in artisanal fisheries
stocks or changes in environmental status affecting its attractiveness for
tourism.

Our study area is a complex region with intensive mesoscale hydro-
dynamics through the year. Therefore, the ideal molecular marker
would need to identify the components of the zooplankton community
but also to detect changes in their structure within reduced space and
time scales. In order to explore the adequacy of molecular tools to assess
field mesozooplankton community composition and structure, as well as
their short-term spatio-temporal variability, we applied an integrative
taxonomic approach, combining microscope counts with high-
throughput sequencing of the COI and 18S genes, to mesozooplankton
samples collected every 2 h during a 26-h cycle within the Bay of
Malaga.

2. Material and methods

2.1. Sampling

Sampling took place on board R/V Francisco de Paula Navarro, on 8-
9™ November 2014, within the Bay of Malaga, North Alboran Sea (SW
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Table 1
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Stations location, bottom depth (m), sampling time (GMT+1), identification methods applied (M: microscopy, COL: mtCOI, 18S: 18S V9), mean (+SD) water column
temperature (T, °C), salinity (S), Chl a (ug~L’1), diatoms (cells-mL 1), dinoflagellates (cells-mL™Y), flagellates (cells-mL™Y), and ciliates (cells-mL™!) concentration,

within the coast and shelf zones. Bold font indicates night period.

Station Latitude  Longitude  Bottom Sampling Method T S Chl a Diatoms Dinoflagellates  Flagellates Ciliates
depth time applied

Coast

5 36.710 —4.402 20.0 20:26 COI 15.15 37.45 0.54 8.24 4.55 83.57 5.4

6 36.702 —4.406 17.7 22:34 M, COI, 15.90 37.17 0.49 18.8 3.26 172.5 6.94
188

7 36.708 —4.403 20.8 0:34 COI 15.51 37.30 0.57 14.83 11.04 78.125 12.81

8 36.706 —4.404 22.0 2:44 M, COIL 15.61 37.25 0.80 41.91 10.55 93.21 3.33

9 36.708 —4.396 21.8 4:39 COI 15.83 37.16 0.94 20.83 5.9 75.94 8.63

10 36.707 —4.402 22.0 6:40 M, COI, 15.58 37.26 0.85 16.93 15.56 240 10
18S

Mean + 20.7 + 15.60 + 37.26 + 0.70 + 20.3 + 8.5+ 4.7 1239 + 7.9+

SD 1.7 0.27 0.11 0.19 11.5 67.5 3.4

Shelf

1 36.639 —4.353 80.0 12:38 COI 14.39 37.72 0.38 30.31 4.69 93.22 7.81

2 36.660 —4.364 63.9 14:51 M, COI, 14.67 37.64 0.80 17.55 5.45 60 7.5
18S

3 36.647 —4.346 73.4 17:07 COI 14.72 37.55 0.90 24.13 9.21 86.79 18.8

4 36.679 —4.387 46.9 18:36 M, COI 15.35 37.35 0.97 39.03 14.64 66.8 5.49

11 36.683 —4.376 48.0 9:08 COI 15.59 37.16 1.09 48.28 10.29 358.59 20.06

12 36.681 —4.390 45.9 10:58 M, COIL 14.86 37.56 0.58 13.17 8.04 159.87 11.61

13 36.679 —4.387 47.0 12:49 M, COI, 14.59 37.71 0.52 16.08 5.52 298.125 7.27
18S

Mean + 57.9 + 14.88 + 37.53 + 0.75 + 26.9 + 8.3+ 3.5 160.5 + 11.2 +

SD 14.4 0.43 0.21 0.26 13.0 120.4 5.9

Mediterranean). Thirteen stations were sampled during a 26 h cycle, in
which mesozooplankton was collected every 2 h with a double-WP2 net
(200 pm mesh) by means of vertical hauls, from 3 m above the bottom to
the surface (Fig. 1, Table 1). Once on board, zooplankton were carefully
rinsed, and preserved in 96% undenatured ethanol. One cod-end was
kept for morphological analyses, while the second cod-end was used for
molecular assays.

A CTD SBE-25 was used to obtain vertical profiles of temperature and
salinity at each sampling site. Seawater at the surface and the subsurface
chl a fluorescence maximum depth was collected with Niskin bottles.
For chlorophyll a (Chl a) concentration measurements, 1 L of seawater
was filtered through a Whatman GF/F filter and immediately frozen at
—20 °C. In the laboratory, Chl a concentration (pg L™) was determined
by spectrophotometry after extracting the pigments in 90% acetone
overnight at 4 °C. Averaged Chl a concentrations were calculated for
each station. Additional water samples were fixed in dark glass bottles
with Lugol’s solution (2% f.c.) for analyses of nano- and microplankton
abundance. Once in the laboratory, 100 mL of the fixed samples sedi-
mented in a composite chamber for 48 h following the technique
developed by Utermohl (1958). Abundances of diatoms, dinoflagellates,
flagellates and ciliates were determined with a Nikon Eclipse TS100
inverted microscope.

2.2. Microscopy

Zooplankton abundance and taxonomic composition at seven sta-
tions (Table 1) were determined using a stereomicroscope (Leica
M165C). Taxonomic identification was made according to Rose (1933),
Trégouboff and Rose (1957) and Razouls et al. (2021). Copepod iden-
tification to species level was not always feasible, due to the presence of
cryptic species in the study area.

2.3. 18S metabarcoding

Total DNA was extracted from a 5% aliquot of four ethanol-preserved
samples (Table 1) at the Genomic Services, Fundacion Parque Cientifico
de Madrid (Spain), following the procedure provided with DNeasy Blood
and Tissue Kit (Qiagen), with some modifications. The buffer selected

for the first step was PBS (600 pL) and the incubation with the proteinase
was prolonged to 15 min. Purified DNAs were quantified by Quant-iT™
PicoGreen® dsDNA kit (Invitrogen). For generation of 18S libraries, 3 ng
of input DNA was used in a first PCR of 20 cycles with Q5® Hot Start
High-Fidelity DNA Polymerase (New England Biolabs) in the presence of
200 nM primers for 18S amplification (1389F-CS1 and 1510R-CS2,
Amaral-Zettler et al., 2009). A second PCR of 12 cycles was performed
on the PCR product with Q5® Hot Start High-Fidelity DNA Polymerase
(New England Biolabs) in the presence of 400 nM illumina-specific
primers (5-AATGATACGGCGACCACCGAGATCTACACTGACGACATGG
TTCTACA-3' and 5'-CAAGCAGAAGACGGCATACGAGAT-[BC]-TACGG
TAGCAGAGACTTGGTCT-3') of the Access Array Barcode Library for
[lumina Sequencers (Fluidigm). The obtained amplicons were validated
and quantified by Agilent 2100 Bioanalyzer using a DNA7500 LabChip
kit. An equimolar pool was purified by agarose gel electrophoresis and
titrated by quantitative PCR using the Kapa-SYBR FAST qPCR kit for
Light Cycler 480 and a reference standard for quantification. Sequencing
was performed using the Illumina MiSeq (2x200 bp paired-end).
Demultiplexed samples were analyzed in MOTHUR ver. 1.43.0.
(Schloss et al., 2009). The fully annotated script is available at https://gi
thub.com/blancobercial/Malaga. Contigs were made allowing for
trimming outside the overlapping region (therefore only reads giving
full length in both directions were retained in a later cleaning step).
Positions that reported different bases in each strand were left as
ambiguous if the difference in quality was <10, and bases that were
compared to a gap in the other strand were eliminated if the quality
score was below 30. After pairing, all reads containing any ambiguity or
shorter than 115 bp were removed. Sequences were aligned against the
V9 region of the SILVA 128 release database (Quast et al., 2013). Se-
quences were trimmed to the length of the V9 region, and only those
showing completeness (starting in the first base and ending in the last
base of the alignment) were kept, avoiding artificial operational taxo-
nomic units (OTUs)/amplicon sequence variants (ASVs) due to unfin-
ished amplifications. Chimeras were removed using UCHIME (Edgar
et al, 2011) as implemented in MOTHUR, and unique sequences
selected. PCR errors were removed using a precluster step using UNOISE
(Edgar, 2016) as implemented in MOTHUR, with a single base difference
threshold. 100% OTUs (ASVs) were taxonomically assigned to a
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Fig. 3. Field copepod relative abundances grouped by genus identified by A) microscopy and B) COI, at each station.

Differences included: contigs were assembled with a minimum overlap
of 25 bp; the non-overlapping regions were not trimmed; minimum
length was 250 bp; no alignment step was done. Classification of the
100% OTUs/ASVs obtained after MOTHUR pipeline analysis was done
using BLAST (Altschul et al., 1990), with GenBank (nt) as reference
database barcode (accessed June 11, 2020). All other steps were those as
described for the 18S V9. All scripts are available at https://github.
com/blancobercial/Malaga. After classification, OTUs with >90%
identity were considered assignable to the order or class level. All OTUs
with <90% identity to the database were flagged as unassigned. ASVs
sharing the same Genbank species ID, and with >97% similarity be-
tween them, were assumed to be haplotypes of the same species and
pooled together as OTUs for final analyses.

2.5. Statistical analyses

Metabarcoding samples were standardized to 10,000 reads per
sample to account for samples with low number of reads, being the
smallest number of raw reads 13,586 for COI and 79,445 for 18S. Only
samples taxonomically assigned were retained for subsequent analyses.
Taxa richness and diversity indices of data obtained with each of the
three identification approaches were calculated in Primer 7 (Clarke and
Gorley, 2015) on the standardized dataset. Pearson correlations were
performed with Statistica 7 to assess the relationships between the re-
sults obtained by each of the three methods, after square-root trans-
formation of mesozooplankton data with Primer. Community ecology
analyses were run in R using the package Vegan (Oksanen et al. 2019). A
community dissimilarity data matrix based on relative frequencies of
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Comparison between metabarcoding (reads %) and microscopy (counts %) relative abundances in the coast and shelf zones. Taxa comprising at least 1% of total

abundance are shown ranked in abundance.

Coast
mtCOI reads SD microscopy counts SD 185 V9 reads SD
Temora stylifera 26.4 20.3 Undet. copepodites 37.1 6.9 Calanoida 1 13.6 17.5
Subeucalanus pileatus 24.4 30.3 Penilia spp. 13.1 8.8 Calanoida 2 10.8 12.6
Diaixis hibernica 11.9 7.0 Acartia clausi 7.4 8.5 Oikopleuridae 1 7.9 4.9
Longipedia sp. 9.2 8.6 Oncaea spp. 5.6 2.7 Calanoida 3 5.9 7.0
Centropages typicus 6.3 8.4 Appendicularia 4.5 3.3 Copepoda 1 5.8 5.7
Balanidae sp. 2.7 3.8 Paracalanus cf. parvus 4.1 3.0 Copepoda 2 5.2 0.9
Paracalanus quasimodo 2.3 1.5 Euterpina acutifrons 3.4 1.7 Eukaryota 1 4.8 4.3
Euterpina acutifrons 2.2 1.6 Clausocalanus spp. 2.3 0.5 Oikopleuridae 2 3.8 4.6
Penilia avirostris 2.1 2.9 Temora stylifera 2.2 1.4 Calanoida 4 3.3 1.6
Podon intermedius 1.4 1.6 Oithona spp. 2.2 0.9 Calanoida 5 3.3 4.6
Obelia dichotoma 1.2 1.1 Gastropoda 1.3 0.6 Calanoida 6 2.9 0.7
Acartia discaudata 1.1 2.2 Podon spp. 1.3 0.5 Eukaryota 2 2.8 0.5
Obelia sp. 1.0 2.4 Diaixis pygmaea 1.2 1.2 Eucarida 1 2.5 2.2
Microsetella norvegica 1.2 1.1 Siphonophorae 1 2.4 0.3
Calanoida 7 2.3 0.6
Eukaryota 3 1.6 0.2
Oikopleuridae 3 1.5 2.0
Aphragmophora 1 1.5 0.2
Diplostraca 1 1.3 0.5
Cyclopoida 1 1.1 1.3
Sagitta sp. 1.0 0.1
Shelf
mtCOI reads SD microscopy counts SD 185 V9 reads SD
Subeucalanus pileatus 80.0 10.0 Undet. copepodites 43.3 7.8 Calanoida 2 20.5 1.1
Temora stylifera 9.8 6.1 Oncaea spp. 16.6 12.5 Calanoida 1 17.9 9.4
Euphausia krohni 2.1 2.5 Penilia spp. 6.1 9.9 Calanoida 8 7.1 0.7
Pleuromamma borealis 1.9 3.4 Temora stylifera 3.9 1.2 Siphonophorae 1 5.2 4.3
Clausocalanus paululus 1.3 1.6 Clausocalanus spp. 3.7 1.8 Pleuromamma abdominalis 4.4 0.4
Paracalanus cf. parvus 3.4 2.0 Calanoida 9 4.3 0.2
Pleuromamma spp. 2.6 1.6 Calanoida 4 4.2 1.2
Appendicularia 1.8 3.1 Calanoida 3 3.6 0.1
Pseudocalanus elongatus 1.8 1.2 Eucarida 1 3.5 1.0
Lucicutia flavicornis 1.7 1.0 Oikopleuridae 2 2.2 0.0
Evadne spp. 1.4 2.1 Diplostraca 1 2.1 2.7
Euterpina acutifrons 1.1 0.8 Oikopleuridae 1 1.9 0.1
Nauplius copepoda 1.1 1.1 Calanoida 7 1.6 0.6
Oithona spp. 1.0 0.5 Aphragmophora 2 1.3 1.3
Copepoda 2 1.1 0.7

abundances and reads was computed using the Bray-Curtis index
(function vegdist) and then used for non-metric multidimensional scaling
(NMDS). The function envfit was used to reveal which environmental
variables correlated with the mesozooplankton community structure.
The significance of sample grouping was analyzed by means of a simi-
larity analysis (ANOSIM) which was performed with the function Ano-
sim. The taxa contribution to the dissimilarity between the two groups
was assessed with a SIMPER analysis. These tests were performed with
the community data obtained from COI and microscopy (the low num-
ber of samples analyzed with 18S prevented these analyses).

2.6. Data archiving

Metabarcoding data (quality filtered, chimera-free merged reads) are
available at Qiita repository (https://qiita.ucsd.edu/). Sequences were
uploaded to GenBank, BioProject ID: PRINA778082, BioSample acces-
sions: SAMN22908319-31.

3. Results
3.1. Mesozooplankton taxonomic composition

According to morphological identifications (seven samples
analyzed), mesozooplankton composition was dominated by the phylum
Arthropoda (93.8% + 4.0SD of the total counts per sample, range
87.6-98.1%, Fig. 2). Within this phylum, the most abundant class was
Hexanauplia (81.0 + 15.8%, range 57.9-97.1% of total abundance;

comprised mostly by copepods), followed by Branchiopoda (11.3 +
11.4%, 0.4-26.7%; composed by cladocerans). The second most abun-
dant phylum was Chordata, represented by Appendicularia, which
accounted for 3.0 + 3.2% (0.3-8.3%) of the total abundance. The
remaining phyla comprised less than 5% of the community.

The phylum and class accounting for the largest number of reads
detected by COI (13 samples analyzed; 4345 + 891 reads per sample
after standardization) were Arthropoda (97.3 + 4.3% of the total reads
per sample, range 84.4-99.9%, Fig. 2), and Hexanauplia (92.3 £+ 6.0%
of total reads, 80.1-99.5%), respectively. Branchiopoda and Malacos-
traca had a similar contribution, accounting 2.4 + 2.9% (0.02-9.5%)
and 2.6 + 2.7% (0-8.2%), respectively. No Appendicularia were iden-
tified by this barcode (Suppl. Table 1). The second phylum in reads
number was Cnidaria, dominated by Hydrozoa, which accounted for 1.6
+ 3.4% of the total reads abundance and up to 12.4% in sample M9.
Remaining phyla reads comprised less than 5% of the community, and
one taxa was not identified at phylum level by this marker (Invertebrate
environmental), which represented less than 1% of the total reads
assigned.

Molecular identification by 18S metabarcoding (four samples
analyzed; 80,232 + 9446 reads per sample after standardization) also
showed that the zooplankton were mainly composed by Arthropoda,
which counted for 72.5 + 11.5% of the total reads (60.9-86.9%, Fig. 2).
Hexanauplia dominated the arthropod reads (65.3 + 10.6%,
54.0-79.2%), followed by Malacostraca (4.3 + 1.7%, 2.5-5.8%) and
Branchiopoda (2.1 + 2.1%, 0.2-5.0%). The second group in reads
number was Appendicularia (9.9 + 4.6%, 6.1-15.3%), followed by
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Fig. 4. A) Correlations between mean classes relative abundances (square-root
transformed data) identified by microscopy and mean relative contribution of
taxa to metabarcoding reads (dots: COI, crosses: 18S). B) Correlation between
COI and 18S mean classes relative metabarcoding reads. Dotted line indicates
1:1 correspondence.

Hydrozoa (5.6 + 2.6%, 3.0-8.9%) and Chaetognatha (3.0 + 1.6%,
0.8-4.6%). There were seven taxa not identified at phylum level by this
marker (Suppl. Table 1), representing 6.5 £ 0.1% (1.7-14.8%) of the
total reads assigned, from which 89.8% were tagged as “Eukaryota
undetermined”.

Copepods accounted on average for 65.3-90.7% of the total reads
assigned by 18S and COI, respectively, whereas they contributed to
80.8% of the total microscope counts. Within this group, three orders
were detected both by microscopy and COI metabarcoding (Calanoida,
Cyclopoida and Harpacticoida), while 18S identified the orders Cala-
noida, Cyclopoida and Monstrilloida (Suppl. Table 1). The most abun-
dant copepod genus according to microscopy analyses was Oncaea (27.8
+ 20.6%, range 7.3-65.0%, Fig. 3), followed by Temora (10.8 + 7.5%,
3.0-23.7%), Acartia (9.8 £ 15.5%, 0-44.2%) and Paracalanus (9.4 +
5.3%, 2.8-19.4%). However, COI reads were dominated by the large-
sized genus Subeucalanus (53.4 + 37.6%, 1.0-93.4%, Table 2), fol-
lowed by Temora (20.7 + 18.1%, 2.6-66.5%), Diaixis (7.6 = 9.0%,
0-21.3%), Longipedia (6.2 + 10.2%, 0-32.6%) and Centropages (4.2 +
7.9%, 0-25.8%). These five genera accounted for 92% of the copepod
COI sequences, whereas the five most abundant genera identified on the
microscope gathered a 66% of the total copepod counts. Using 18S, only
seven calanoid taxa were assigned to family and/or species level (Suppl.
Table 1). Cladocerans contribution to relative abundances was higher
when using microcopy (11.3%, 0.5-27.5% of total counts), followed by
COI (4%, 0.02-9.5%) and 18S (2.1%, 0.2-5.0% of total reads). The level
of identification was different depending on the approach used: order
level (Diplostraca) with 18S, genus level with microscopy, and species
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Fig. 5. Correlations between mean copepod genera relative abundances
(square-root transformed data) identified by microscopy and COI meta-
barcoding. A) All copepod genera, except Oncaea (black dot, see text), B) 5 most
abundant calanoid copepods (Temora, Paracalanus, Clausocalanus, Acartia and
Centropages).

level (Evadne nordmanni, Penilia avirostris and Podon intermedius) with
COL

3.2. Comparison between methods

Total taxa number identified by microscopy (62) was lower than the
number of COI OTUs (89) and 18S ASVs (754). However, standardized
mean taxa richness per sample obtained from microscopic identifica-
tions (37.4 + 3.8) was higher than from COI metabarcoding (27.7 +
3.5), and both much lower than assessed from 18S (255.5 =+ 39.8). Also,
mean zooplankton diversity, measured by the Shannon-Wiener index,
was slightly higher when using microscopy (H* = 2.2 + 0.3) than when
using COI (H’ = 1.4 + 0.8); whereas H' calculated from 18S data was the
highest (3.0 + 0.1). Copepod richness assessed by microscopy was
similar to the obtained by COI (17.1 + 1.5 vs. 16.1 + 3.3), as happened
with copepod diversity (H* = 1.6 &+ 0.2 vs. 1.1 + 0.6). However, there
were no significant correlations between H' values obtained with the
different methods.

We found significant positive correlations between the mean class
level relative abundances (square-root transformed data) estimated
from microscopic counts and the mean relative contribution of taxa to
metabarcoding reads of the two molecular markers (COI: 2= 0.99,p =
0.00; 18S: = 0.93, p = 0.00, Fig. 4a). We also observed a significant
correlation between relative reads from both molecular markers (r* =
0.97, p = 0.00, Fig. 4b).

Within Copepoda, we detected 24 genera through microscopy and 22
genera by COI metabarcoding, of which 15 were identified by both
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techniques (Suppl. Table 1). Further, six genera were not detected
through microscopy but were in the COI samples, meanwhile nine
genera were not detected by COI metabarcoding and were present in the
morphological samples (Suppl. Table 1). We observed a positive and
significant correlation between the copepod genera mean relative
abundances (square-root transformed data) obtained by microscopy and
COl, after excluding the small copepod Oncaea (Fig. 5a), which domi-
nated microscopic counts (10.8%) but was barely detected by COI
(0.2%). We also found a positive and significant correlation between
mean microscopic counts (considered as relative abundances) and COIL
reads (after standardization) for the most abundant calanoid copepod
genera according to morphological identifications (i.e. Temora, Para-
calanus, Clausocalanus, Acartia and Centropages, Fig. 5b). Significant
positive correlations between the relative contribution of counts and
reads (square-root transformed data) at each station were also found for
the genera Acartia, Ctenocalanus, Euterpina, and Pleuromamma (Suppl.
Fig. 1).

At the species level, 31 copepod taxa were identified by microscopy
and 37 by COI barcoding, with 15 genera and 10 species in common.
Calanus helgolandicus, identified under the microscope, was wrongly
assigned to C. euxinus by COL The sequence variation observed between
these species is known to be lower than their intraspecific variability (e.
g., <0.5% for COI, Unal et al., 2006; <0.4% for mt16S, Yebra et al.,
2011). As C. euxinus is absent in the Mediterranean Sea (Yebra et al.,
2011; Razouls et al., 2021), we renamed it as identified by morphology,
prior to the comparison between methods. We observed positive cor-
relations between relative abundances (square-root data) for Acartia
clausi, A. discaudata, Ctenocalanus vanus and Euterpina acutifrons (Suppl.
Fig. 1). Through 18S we identified seven copepod species, with one in
common with microscopic identifications (Isias clavipes) and two in
common with COI results (Pleuromamma abdominalis and Subeucalanus
pileatus). Within Cladocera, correlations between relative COI sequence
reads and abundance counts were not significant. No comparison was
possible with 18S results, as only one ASV was assigned to specific
enough level (Penilia avirostris).

Combining microscopy and metabarcoding, a total of 58 copepod
species were identified in this study, 34 were detected first time within
the Bay of Malaga and 15 of them were new records for the Alboran Sea
(Suppl. Table 2). The known copepods biodiversity in the North Alboran
Sea thus increased in a 9.3%, up to a total of 161 species.

3.3. Spatio-temporal community pattern

Ordination of the 13 samples based on COI reads grouped them in
two clusters, matching sampling time and their distance to the coast/
bottom depth: coast-night (stations 5 to 10, avg. bottom depth 21 m) and
shelf-day (sts. 1-4, 11-13, avg. depth 47-72 m) (Fig. 6, Table 1). The
statistical significance of the grouping was assessed with the ANOSIM
test (R = 0.90, p = 0.002). It is notable that the coast samples that were
collected during the same night at 2 h intervals were scattered in the
ordination plot compared to the shelf ones that were tightly grouped,
despite being sampled during two consecutive days (light hours) over a
broader bottom depth range, indicating a lower variability in the shelf
community structure than in shallow waters. Among the seven samples
analyzed with the microscope, the ordination plot also discriminated the
shelf samples from those obtained in the coast, however the grouping
was not statistically significant (ANOSIM, R = 0.31, p = 0.11), probably
due to the low amount of analyzed samples. For the same data set (n =
7), discrimination between shelf and coast was also obtained for COI,
although this time the differences between the two groups were statis-
tically significant (ANOSIM, R = 0.72, p = 0.04, Suppl. Fig. 2).

There were not clear relationships between the environmental vari-
ables and the community structure based on COI, apart from tempera-
ture (r2 = 0.49, p = 0.03). However, chlorophyll a showed a positive
correlation with the structure of the mesozooplankton community ob-
tained with microscopy (r*> = 0.77, p = 0.04).

Low sample size prevented performing ANOSIM on the 18S dataset,
although some differences between coast and shelf zones at the phylum
level were also observed (n = 4, Fig. 7). Arthropoda mean contribution
to 18S reads increased a 16.1% from the coast to the shelf, while
Eukaryota decreased by 9%, Cnidaria 2.7%, and Chordata and Mollusca
1% each. Mean contribution of Arthropoda and Radiozoa assessed
through microscopy decreased by 3.8% and 1.2%, respectively, from the
coast to the shelf. This was coupled with an increase in the mean per-
centage of Chordata (2%) and Mollusca (1.7%) in the shelf. However,
the mean relative phyla abundances of COI reads remained similar in
both zones, only a slight decrease in relative abundances of Cnidaria
(1.3%) from the coast to the shelf was observed.

The main contributors to the differences observed between zones by
COI were copepods (Subeucalanus pileatus, Diaixis hibernica, Longipedia
sp., Temora stylifera and Centropages typicus, Table 2, Fig. 8); whereas
differences in the samples analyzed by microscopy were driven by a
combination of copepods (Oncaea spp., undetermined copepodites,
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identified to phylum level, were grouped in Other.

Acartia clausi), the cladocera Penilia sp., and Appendicularia, as revealed
by the SIMPER analyses (Suppl. Table 3).

4. Discussion

Two distinct mesozooplankton communities were observed within
the Bay of Malaga, corresponding to coastal and shelf waters. The shelf
community was dominated by copepods (73-96% of the total abun-
dance), whereas the coastal waters presented a more diverse community
in which the non-copepod taxa (mainly cladocerans and appendicu-
larians) represented 12-42% of the total abundances. This spatial
structuring, detected both by microscopy and metabarcoding, is in
agreement with the zonation recently described for zooplankton com-
munities derived from backscatter data (Ventero et al., 2020) and time
series morphological analyses (Yebra et al., 2022). Our high frequency
sampling further revealed that the coastal community presented higher
variability in species composition during the night than the shelf during
light hours, despite the reduced bottom depth range in the shallow
waters. Unexpectedly, the relationship between the communities’
structure and the environmental variables was limited: the community

variability depicted based on COI was only related to temperature, and
the microscopy-based community correlated to chlorophyll. Thus, other
factors that were not monitored during our study such as predation
pressure might be driving the short-term variability in the structure of
the mesozooplankton communities. In this sense, small pelagic zoo-
planktivorous fish larvae undergo diel migrations inshore-offshore in the
study area, schooling in shallow waters at night (presumably to avoid
predation) and dispersing in the shelf water column by day to prey on
zooplankton (Yebra et al., 2019). The latter study also showed that
sardine larvae do not feed at night; nonetheless, the concentration of
predators in shallow waters might affect the zooplankton assemblages,
as it has been found that the presence of fish chemical cues affects the
behavior and fitness of copepods (Kvile et al., 2021). Further studies
would be needed to understand the drivers of such short-term variability
within the coastal mesozooplankton communities in the region.

The three approaches used to study the composition of the samples
(microscopy, COI and 18S) led to significantly similar results at phylum
and class taxonomic levels. Comparative studies so far have been made
on the large spatial and or temporal scale, e.g. time series (Abad et al.,
2017; Stern et al., 2018; Bucklin et al., 2019), whereas in this work we
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strived to see how metabarcoding performed to detect short time and
space scale heterogeneity in the zooplankton communities. Given that
the mesozooplankton community in the study area was composed by up
to 98% arthropods and that they were effectively identified by COI, this
marker seems a suitable tool to be used for mesozooplankton biodiver-
sity studies in the region. This was further supported by the significant
relationship found between microscopic counts and COI reads of the
most abundant calanoid copepods. However, looking at the taxa
responsible for the dissimilarities between communities we found dis-
crepancies between microscopy counts and COI reads. The shelf waters
by day were dominated by copepods: the calanoid Subeaucalanus pileatus
accounted for 60% of COI reads, but the cyclopoid Oncaea spp. and
undertermined copepodites represented half of the microscopy counts.
This mismatch might be related to the high percentage of copepodites
not identified under the microscope, but also most likely to the differ-
ences in biomass between the dominant species. Large individual
biomass (implying high amount of genes copies per individual) of
Eucalanidae could lead to the higher relative contribution to the total
COI reads, coupled with lower than expected assignment to the small
copepods such as Oithona and Oncaea, which represented 6-19% of
microscopic counts but were only weakly detected by COI meta-
barcoding at some stations (<1% of reads). Many other small and
relatively rare genera were not detected by metabarcoding either, such
as Microsetella or Corycaeus (<5% of copepod relative abundance).
Furthermore, the COI reads in the shallow coastal waters were domi-
nated at night by other calanoid copepods such as Temora stylifera and
Diaixis hibernica; whereas microscopic counts were dominated by the
cladocera Penilia, the cyclopoid Oncaea and copepodites. Thus, the taxa
driving the differentiation between coastal and shelf communities were
different depending on the method used. According to morphological
analyses, the five main contributors to the dissimilarities between
communities included copepods, cladocerans and appendicularians;
whereas the main drivers of the differences between groups depicted by

COI were copepods. This may be due to the absence of Appendicularia
reads in the COI samples, despite they were detected by both microscopy
and 18S metabarcoding. Given that Appendicularians represent the
most abundant group after crustaceans in the region (Mercado et al.,
2007; Yebra et al., 2022), COI might not be an adequate stand-alone
marker and a combination with other such as 18S or ITS (Garic et al.,
2018) would be needed to successfully implement metabarcoding as the
sole tool for studying the zooplankton communities.

The low sample size and lower taxonomic resolution of the 18S
prevented a comparison between communities at the same level as the
described by microscopy and COI Nevertheless, 18S detected several
large taxa (Chordata, Mollusca, Echinodermata, Ctenophora) that were
not efficiently amplified by COI nor identified to family level under the
microscope. 18S might be then a suitable complementary marker for
CO], as COI did not amplify important groups such as Appendicularians,
Thaliacea, Echinoderms and Radiozoa. On the other hand, 18S lacks the
specificity required for species richness or diversity studies, as only a few
taxa were identified to the species level, meanwhile most assignments
were shared by taxa from the same family or above. This lack of speci-
ficity provides less information at species level than previous studies
based on microscopy. For meta-community ecology studies, where
species level identity is not essential, a marker such as 18S, with lower
resolution but able to amplify most of the community, may give a better
answer than COL However, if detailed taxonomy of the community is
needed, such in biodiversity studies, then a combination of microscopy
and COI would be the best option, although with a thorough pre-
screening on primer amplification limits. In our study, such combina-
tion of methods facilitated the identification at species level of cryptic
copepod species, such as Paracalanus (Kasapidis et al., 2018), signifi-
cantly increasing the list of copepod species and highlighting the as yet
hidden diversity in SW Mediterranean waters.

The study area is a complex hydrodynamic region, which is one of
the areas with the highest plankton productivity and biodiversity of the
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Mediterranean Sea. The three methods applied detected the heteroge-
neity within the high-frequency short-term study, however they per-
formed differently. Metabarcoding of COI and 18S provided fast cost-
effective results, although 18S is lacking the specific resolution
required for biodiversity studies, and is COI failing to detect major
groups with increasing importance in the region (e.g. appendicularians
and doliolids, Yebra et al., 2022). Also, given the current mismatch
between relative abundances obtained by reads and counts for some
taxa, and to keep continuity with previous studies, the assessment of the
community composition by microscopy cannot be substituted by meta-
barcoding in the region. The statistical comparison of spatio-temporal
mesozooplankton variability conducted based on morphological and
molecular analyses is an important step toward the assessment of met-
abarcoding suitability in marine zooplankton biodiversity studies, and
further comparisons between microscopic counts and COI reads are
needed to validate and strengthen the correlations observed between
relative abundances of key species obtained by both methods. Based in
our results, we propose the development of an integrative approach
which would couple the morphological identification of major groups,
which has been recently optimized in our waters to reduce processing
time through semi-automated image analysis (Valcarcel-Pérez et al.,
2019), with a molecular assignation of copepod species, the dominant
mesozooplankton group. Then, species relative reads abundance within
each genus may be used to infer the relative copepod species density
within each sample, incorporating results obtained by both approaches
into a single integrated result. We are aware that nowadays this inte-
grative approach is not a straight forward process (Laakmann et al.,
2020) and expert taxonomists are very much needed to validate results
obtained by these new techniques. Nonetheless, the increasing advances
in image analyses-machine learning (Picheral et al., 2017; Orenstein
et al., 2022) as well as the ongoing international efforts to populate
curated DNA databases (Bucklin et al., 2021), would allow in the near
future the production and integration of large combined datasets,
facilitating the assessment and monitoring of mesozooplankton biodi-
versity and the response of coastal communities to the global change.
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