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ARTICLE INFO ABSTRACT

Keywords: Phytoplankton monitoring is essential for the global understanding of aquatic ecosystems. The present research
Microalgae studies the phytoplankton community of the Urdaibai estuary, combining microscopy and eDNA metabarcoding
Taxonomy

for the first time in the area. The main aims were to describe the phytoplankton community composition in
relation to the environmental conditions of the estuary, and to compare the two methods used. Diatoms Minu-
tocellus polymorphus and Chaetoceros tenuissimus dominated the outer estuary, being replaced by Teleaulax acuta
(cryptophyte), Kryptoperidinium foliaceum (dinoflagellate) and Cyclotella spp. (diatom) towards the inner area.
This change was mainly prompted by salinity and nutrients. Metabarcoding revealed the presence of 223 species
that were not observed by microscopy in previous studies in the estuary. However, several characteristic species
(e.g., K. foliaceum) were only detected with microscopy. Additionally, microscopy covered the limitations of
eDNA metabarcoding concerning quantification. Thus, to give a full insight, a combination of techniques is

Environmental gradients
Eutrophic waters
Estuaries

recommended.

1. Introduction

Estuaries are known as dynamic ecosystems where major changes
occur along numerous environmental gradients (e.g. salinity, tempera-
ture, nutrients and turbulence) associated with the mixing of freshwater
and seawater during tidal cycles (Cloern et al., 2017; Muylaert et al.,
2000). The biological communities inhabiting these systems are subject
to high spatial and temporal contrasts: spatial variations depending on
the tidal and river influence; and very high temporal variability at
different scales, from daily (mainly due to tidal fluctuations) to seasonal
(fluctuations in river discharge and meteorology) (McLusky and Elliott,
2004). As a result, estuaries are considered unique environments that
support high biodiversity.

In these ecosystems, the structure and biomass of phytoplankton
communities vary continuously, mainly because of their adaptation to

the environmental gradients caused by the tidal water circulation and
the influence of the river (Jouenne et al., 2007; Lee et al., 2020). More
precisely, phytoplankton communities in estuaries respond to environ-
mental changes related to runoffs, water surface temperature, salinity,
light availability and resuspension induced by waves and winds (e.g.
Vajravelu et al., 2018; Wells et al., 2015). Freshwater inflows are also
known to be a key determinant of phytoplankton abundance and com-
munity structure in estuaries, due to their influence on the water
retention time and degree of stratification (e.g. Lemley et al., 2018;
Nunes et al., 2018). Additionally, the inputs of inorganic nutrients (ni-
trogen:N, carbon:C, phosphorus:P, oxygen:O, iron:Fe, silicon:Si) on
estuarine surface waters stimulate phytoplankton growth and modulate
community composition, increasing the growth rates of certain taxa and
leading to harmful algal blooms that can affect ecosystems negatively
(Anderson et al., 2002; McCabe et al., 2016; Pinckney et al., 2001;
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Vajravelu et al., 2018; Wells et al., 2015). Phytoplankton is known to be
the first autotrophic community showing response to nutrient avail-
ability variations (Paerl et al., 2003) and, due to its basal position in the
food chain, it is considered the link between inorganic nutrients and the
rest of the trophic levels (Seoane et al., 2012). This makes phytoplankton
one of the most used biological indicators of water quality and
ecosystem health, especially for monitoring eutrophication (e.g. Kitsiou
and Karydis, 2011; Raveh et al., 2019) as applied in international di-
rectives (Seoane et al., 2012).

Light microscopy has been traditionally the most used technique to
assess phytoplankton biomass and diversity (e.g. Agirbas et al., 2015;
Aktan et al., 2005; Lee et al., 2020). The main strength of this method is
that it enables both phytoplankton identification and enumeration at the
same time, providing cell counts, size measurement and taxonomic in-
formation to genus or species level (Edler and Elbrachter, 2010). How-
ever, it is highly dependent on individual researcher’s skills (Muniz
et al., 2020), since it requires extensive taxonomic knowledge (Naik
et al., 2011) and it is time-consuming (Wang et al., 2018). In addition,
fragile and small cells (i.e., picophytoplankton cells) are difficult or
impossible to identify, usually leading to omissions or errors in taxo-
nomic identifications (Agirbas et al., 2015; Jeffrey, 1997). Many studies
(e.g. Huo et al., 2020; Penna et al., 2017) assume that morphological
analyses alone cannot provide a complete description of the huge
phytoplankton diversity. The use of molecular tools, like DNA meta-
barcoding, can be an alternative to overcome the limitations associated
with microscopy-based diversity monitoring, especially after the
development of high-throughput sequencing (HTS) technologies (Rimet
et al., 2021; Trebitz et al., 2017).

Metabarcoding enables the simultaneous identification of taxa from
environmental samples based on their DNA by sequencing specific
marker genes (barcodes) (Keck et al., 2017; Zimmermann et al., 2015).
This method generates large amounts of biodiversity information, as it is
able to identify species at any life stage, as well as cryptic species and
those overlooked by traditional methods (Comtet et al., 2015). The data
sets obtained from this approach are more complete, quickly available,
cost-effective and are less dependent on taxonomic expertise (Penna
etal., 2017; Trebitz et al., 2017). Consequently, metabarcoding has been
applied successfully in phytoplankton research (e.g. Chen et al., 2019b;
De Luca et al., 2021; Liu et al., 2020; Mortagua et al., 2019; Muhammad
et al., 2021; Pérez-Burillo et al., 2022) and in many global marine
environment projects, including the Tara Oceans Expedition (Malviya
et al., 2016) and the Ocean Sampling Day (Kopf et al., 2015). However,
it is known that the copy number variation (CNV) could affect the
abundance estimates when using metabarcoding (Kembel et al., 2012),
which explains the lack of correlation between this approach and mi-
croscopy in some cases (e.g. Stoeck et al., 2014). The low molecular
taxonomic resolution of the available reference barcode database also
influences the correlation between this method and traditional micro-
scopy (e.g. Rimet et al., 2021). In addition, metabarcoding results are
dependent on choice of primer pair used for the amplification (e.g.
Alberdi et al., 2018; Pinol et al., 2019).

The Urdaibai estuary is located on the Basque coast, North of Spain,
and drains into the southeastern Bay of Biscay. The estuary is formed by
the tidal part of the Oka River and constitutes the central area of the only
Biosphere Reserve of the Basque Country, declared by UNESCO in 1984
because of its high naturalistic and cultural value (Castillo-Eguskitza
etal., 2017). This estuary represents one of the main tidal marshes along
the coast of northern Iberia and hosts an especially relevant richness of
water birds (Arizaga et al., 2014), being added to the list of Ramsar
Wetlands in 1993 and the network of the European Union Natura 2000;
Castillo-Eguskitza et al. (2017). Previous studies in the area suggested
that biodiversity and ecosystem services provided by the estuary are
positively correlated (Onaindia et al., 2013), which in turn, results in
economic benefits, since (eco)tourism and recreation are the main
economic motor and attraction in the region (Castillo-Eguskitza et al.,
2017). Nevertheless, the estuary has been receiving direct discharges
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from the Gernika wastewater treatment plant (WWTP) since 1972 in the
inner area, as this is the principal source of pollution of the estuary.
Consequently, the inner area of the system does not fulfil the EU Water
Framework Directive (WFD; Directive, 2000/60/EC) environmental
objectives (e.g. Borja et al., 2021), presenting very high nutrient and
faecal bacteria concentrations and eutrophication problems. Sewerage
system renovations are being implemented, with the aim of diverting the
effluent of Gernika WWTP outside the estuary, using a water collector to
connect the effluent to Lamiaran WWTP, which will discharge the
treated effluents in to coastal area of Bermeo.

Due to its high naturalistic value, the Urdaibai estuary is a widely
studied ecosystem and the phytoplankton community of the estuary has
been the subject of numerous studies since the late 1980s. Several of
these were centred on primary production, respiration and photosyn-
thetic characteristics of phytoplankton (Iriarte et al., 1997; Madariaga
and Orive, 1989; Madariaga et al., 1989; Revilla et al., 2000), while
others described the communities and their dynamics in different time
scales, based on microscopy identification and enumeration (Madariaga,
1995; Orive et al., 1998; 1998; Trigueros and Orive, 2000, 2001; Tri-
gueros et al., 2000a, 2000b) or pigment analysis (Ansotegui et al., 2001,
2003). The latest intensive studies on the phytoplankton community of
the estuary were performed in the late 90s, and for the last 20 years, the
study of the phytoplankton community of the Urdaibai estuary has been
reduced to quarterly samplings carried out to comply with the re-
quirements of the WFD. Additionally, to the best of our knowledge, no
previous studies targeting phytoplankton have been carried out in the
Urdaibai estuary based on molecular techniques, and therefore, there is
limited phytoplankton identification at the species level, especially for
pico- and nano-phytoplankton.

The present study has two main aims: (1) the description of the
phytoplankton community composition, by combining microscopy and
V4 18S rDNA metabarcoding, in relation to the environmental condi-
tions of the Urdaibai estuary with fortnightly samplings for an entire
year, and (2) the comparison of the two methods used for the phyto-
plankton community characterisation. Regarding the former, strong
correlations between salinity and/or nutrients and the dominant
phytoplankton taxa are expected, due to the marine influence and the
presence of the WWTP in the estuary. For the latter, differences in taxa
richness and abundance estimations are presumed, due to the limita-
tions of both techniques.

2. Materials and methods
2.1. Study area

This study was performed at the Urdaibai estuary (also known as
Gernika estuary, Mundaka estuary or Oka estuary), a meso-macrotidal
system located in the southeastern Bay of Biscay (43°22'N, 2°43'W)
(Fig. 1). The climate of the area is temperate-oceanic, with moderate
winters and warm summers, and it is under the influence of the Gulf
Stream and the atmospheric westerlies in the middle and upper tropo-
sphere (Usabiaga et al., 2004).

The Urdaibai estuary is short (12.5 km long) and shallow, and it is
formed by the tidal part of the Oka River (Villate et al., 2017). The total
estuarine area (1.89 km?) is big when compared to its drainage basin
(140 kmz), and therefore, the contribution of freshwater (mean flow of
0.59 m®/s) is small compared to the total volume of the estuary
(3293100 m®) (Villate et al., 1989, 2008). In addition, river discharge is
usually low in relation to the tidal prism (Villate et al., 2017). Conse-
quently, tidal cycles have a great impact and most of the estuary is
marine dominated at high tide (Valdes-Weaver et al., 2006). The water
residence time is short (days), and the stratification varies within the
system, with partially stratified conditions in the middle and inner area
and a well-mixed water column in the outer zone, due to the high tidal
flushing (Barroeta et al., 2020; Villate et al., 2017). However, this
estuarine system can vary considerably in its volume and flushing rates,
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Fig. 1. Study area and sampling stations. On the left, the location of the Urdaibai estuary and the Urdaibai Biosphere Reserve in the Bay of Biscay and the Basque
Coast is shown. On the right, the Urdaibai estuary is divided into the outer estuary (sampling station URD1), intermediate estuary (station URD2) and inner estuary
(stations URD3, URD4, URD5 and URD6). The discharge point of the wastewater treatment plant (WWTP) and the sampling station at Oka River (Oka) are also

located in the inner estuary.

owing to its geomorphology and, mainly, due to the torrential nature of
the Oka River, since large flows that change the typical pattern appear
occasionally (Madariaga et al., 1994). This has a direct effect on the
physicochemical and biological properties of the estuary, causing
changes in the phytoplankton communities on a short time scale
(Madariaga et al., 1994; Uriarte, 2001) as well as the proliferation of
particulate matter with a high proportion of inorganic materials (Ruiz
et al., 1998).

Based on morphology, the estuary is divided in three main areas
(Fig. 1) (Villate et al., 1989). The outer estuary is a zone with sandy
beaches and extensive intertidal flats, which extends from the outer limit
of the system (Mundaka) to Murueta. The middle area (i.e., intermediate
estuary), from Murueta to the start of the artificial channel, consists of a
central channel bordered by shalt-marshes and a complex system of
interlaced secondary channels. The inner estuary is formed by a 4 km
long and 15 m wide artificial channel built in the beginning of the 20th
century that reaches the town of Gernika and is bordered by reed beds.

2.2. Sampling and data acquisition

Sampling was conducted every 15 days from September 2019 to
September 2020, at six permanent sampling stations located within the
longitudinal axis of the estuary (Fig. 1) to cover the entire salinity
gradient: one in the outer part (URD1), one in the middle area (URD2)
and four in the inner estuary (URD3, URD4, URD5 and URD6). The last
sampling station (URD6) was located in the WWTP of Gernika and is
near the inner limit of seawater penetration. An additional sampling
station was set up in the Oka River to monitor the physicochemical
properties of the river. Therefore, a total of 161 samples were collected,

corresponding to 23 sampling days for each of the 7 sampling stations.

Estuarine water samples were always collected at high tide with a
2.5 L plastic Niskin bottle, 0.75 m below the surface in an hour long
transect from URD1 to URD6. Only subsurface samples were considered
in this study because bottom samples could have been affected by
sediment resuspension processes (Madariaga and Orive, 1989). The
collected water was used for the analysis of inorganic nutrients,
phytoplankton abundance and composition and the determination of
photosynthetic pigments. At each station, salinity, temperature, con-
ductivity, pH, dissolved oxygen, oxygen saturation and turbidity were
measured in situ, using the multi-parameter water quality metre EXO2
(YSI). Water transparency was estimated using a Secchi disc, and water
column depth was registered with the GPS sounder of the boat. In the
Oka River station, the water was collected from the surface directly, due
to the very low depth present at this station, for the analysis of inorganic
nutrients, together with the in situ measurement of the above-mentioned
physicochemical parameters using the EXO2 (YSD).

The dissolved inorganic nutrients analysed were ammonium, nitrite,
nitrate (calculated from the total oxidised nitrogen), orthophosphate
and silicate. The analyses were carried out using VIS/UV colorimetry in
an automatic 5-channel analyser with segmented flow at the Chemical
Laboratory of the Marine Research Unit of the AZTI Foundation in
Pasaia (Gipuzkoa). The individual determinations of these dissolved
inorganic nutrients were based on methods that apply classical and
widely used colorimetric reactions, both for inland and marine waters
(GO-SHIP manual by Hydes et al., 2010). The quantification limit for
ammonium, nitrate and silicate was 1.6 pmol/L, 0.4 pmol/L for nitrite
and 0.16 pmol/L for phosphate. For measurements below the quantifi-
cation limit, a concentration equal to 50% of the limit was assumed for
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the estimation of average values.

The data on daily-accumulated rainfall, temperature and hours of
sunshine were provided by the Basque Agency of Meteorology
(Euskalmet). For accumulated rainfall and temperature, data were
available from two nearby meteorological stations: Muxika (43°17'N,
2°41'W, 16 m height) and Arteaga (43°20'N, 2°39'W, 19 m height).
Therefore, the average values from both stations were taken. As for the
number of hours of sunshine, data were available from Bilbao Airport
(20 km from the estuary). The Provincial Council of Bizkaia provided
Oka River flow data, corresponding to the Muxikas’ gauging station.

2.2.1. Microscopy

Water samples used for the study of the phytoplankton community
by microscopy were fixed with acidic Lugol’s solution (0.4% v/v) right
after collection and stored until analysis in dark and cool (4 °C) condi-
tions, in 125 ml topaz borosilicate bottles. Taxonomic identification and
cell counts were performed following the Utermohl sedimentation
method (Edler and Elbrachter, 2010) under a Nikon diaphot TMD
inverted microscope, for subsamples of 10 or 50 ml depending on the
density. Transects at different magnifications (100 x , 200 x or 400 x )
were carried out depending on the taxa’s abundance and size. In order to
count the larger and less abundant taxa, the whole chamber was ana-
lysed at low magnifications (200 x ). Most of the taxa were identified to
the genus level, and the nomenclature of the identified taxa was
standardised according to AlgaeBase (Guiry and Guiry, 2018).

2.2.2. Phytoplankton biomass

Taking into account the limitations that the different techniques
present to express the phytoplankton biomass, two different approaches
were applied for its estimation: carbon content (which is based on the
microscopy cell counts) and the chlorophyll a (chl a) concentration.

For the calculation of carbon content, first, the biovolume was
determined by assigning each taxon a mean equivalent spherical
diameter (ESD), based on Olenina et al. (2006), which takes into account
cell shape and size. Afterwards, the biomass was calculated using the
equation as reported for marine phytoplankton by Montagnes et al.
(1994): Carbon content = 0.109 x Volume 0'991, where carbon content is
expressed in pg C/cell and volume in pm3.

Measurement of chl a concentration in water samples is commonly
used (e.g. the WFD) as a direct proxy for total phytoplankton biomass.
For its determination, samples collected with the Niskin bottle and
stored in opaque plastic bottles were filtered (0.4-4 L) with gentle
vacuum (<150 mm Hg) onto Whatman GF/F glass-fibre filters (47 mm
diameter, Whatman International Ltd.) in dark conditions. Filters were
immediately frozen in liquid nitrogen and stored at —80 °C until
pigment extraction, which was always less than 15 days after filtration.
Chl a was extracted, under low light, with 5 ml of 90% acetone, using a
glass rod for grinding, and the extracts were then filtered through sy-
ringe filters (Millex, 0.22 pm pore size) to remove cell and filter debris.
The analysis was carried out by high performance liquid chromatog-
raphy (HPLC), following the method described by Zapata et al. (2000),
with a modification in solvent A and the equipment explained in Seoane
et al. (2009b).

2.2.3. eDNA metabarcoding

Water samples for eDNA analysis were pre-filtered in situ through a
200 pm mesh (Millipore Nylon Nets) and subsequently stored in opaque
plastic bottles. Once in the laboratory, samples were filtered (0.2-3.5 L)
through a 0.8 pm MCE-membrane filter (MF-Millipore) with gentle
vacuum (<150 mm Hg). The filter was then kept in PowerWater DNA
Bead Tubes (QIAGEN) and frozen at —80 °C, until further use for
metabarcoding.

DNA extraction, amplification and sequencing of the 18S rRNA V4
region was carried out at the Sequencing and Genotyping Unit of Ge-
nomics Facilities from the University of the Basque Country (SGIker —
UPV/EHU). The DNA was extracted from the filters with the DNeasy
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Power Water Kit (QIAGEN), following the Kkits’ specific protocol. In
order to account for contaminations, an extraction negative control
(EXT-C) was included, obtaining a quantification value below the
detection threshold (<2 ng/pL). As indicative data, the mechanical lysis
for the extraction was carried out on a flat-bottom vortex, at 3000 rpm
for 5 min, and the volume of the elution buffer was decreased to 60 pL.
The primers used for amplification of V4 18S rRNA were TAR-
euk454FWD1 and TAReukREV3 (Stoeck et al., 2010), modified by Pir-
edda et al. (2017) (5-CCAGCASCYGCGGTAATTCC-3' and
5-ACTTTCGTTCTTGATYRATGA-3'), to which the necessary tails for
later insertion of the adapters and indices compatible with the Illumina
platform were added (5 TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGCCAGCASCYGCGGTAATTCC-3' and 5GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAGACTTTCGTTCTTGATYRATGA-3'). Amplifica-
tion was carried out following the protocol described by Piredda et al.
(2017) but with certain modifications. More specifically, KAPA HiFi
Hotstart ReadyMix (Roche Kapa Biosystems) was used, and the activa-
tion time and temperature of the thermocycler programme were
adapted: an initial 4 min at 95 °C, followed by 10 cycles at 95 °C for 10s,
44 °C for 30s, 72 °C for 15s; a second step by 15 cycles at 95 °C for 10s,
62 °C for 30s, 72 °C for 15s; and a final cycle of 7 min at 72 °C. 2 pL of
DNA at stock concentration were added between 15 and 80 ng/uL by
nanodrop. 1 pl of each primer (10 pM) was added to the total reaction
volume (25 pL). Both extraction (EXT-C) and amplification (NTC)
negative controls were included. After electrophoresis to assess PCR
product yield, purification was carried out by beads (CleaNNA NGS kit),
followed by the subsequent indexing reaction with the Illumina Nextera
XT v2 set A and set B kit (following the standard protocol of the com-
mercial house). Indexed products were checked by electrophoresis, and
purified with beads was carried out in pool. Final library quantification
was carried out by Qubit. The sequencing was performed on an Illumina
MiSeq instrument with a 300-bp paired-end protocol (MiSeq v3 chem-
istry). The loading library concentration was 6 pM, and 10% PhiX was
used as an internal control. Obtained quality control values for the
sequencing run were > Q30 = 76,53% and %PF: 91.65. After
post-filtering, a total of 2 x 17,753,716 reads assigned to marker 18S
rRNA V4 were obtained. The average coverage of the samples was
120.000. Less than 1100 and 500 reads were assigned for both extrac-
tion and amplification negative controls, respectively. All raw sequence
files have been submitted to the European Nucleotide Archive (ENA)
(Cummins et al., 2022) with the study accession number PRJEB48801
(available at http://www.ebi.ac.uk/ena/data/view/PRJEB48801).

As for the bioinformatics, the sequence processing was performed
using DADA2 (Callahan et al., 2016). The analysis was carried out
through Zorba, the High Performance Computing (HPC) system of
IMBBC (Institute of Marine Biology, Biotechnology and Aquaculture)
(Zafeiropoulos et al., 2021). Within the pipeline, reads were quality
filtered and trimmed by the filterAndTrim function with the following
parameters: maxN = 0, maxEE = ¢(5,5), truncQ = 2, rm.phix = TRUE,
minLen = 100, compress = TRUE, multithread = TRUE. Error rate
calculation and dereplication were performed at default settings set at
DADA2 tutorial. Amplicon sequence variant (ASV) inference was
completed by a distance of 1 nucleotide (maxMismatch = 1). Merging
was completed with a minimum overlap of 20 bp, and chimera removal
was completed with the removeBimeraDenovo function under the
“consensus” method. Details on the sequence processing of the 18S rRNA
data are available in Supplementary Material I, Table 1. The reads were
subsequently classified against the Protist Ribosomal Reference Data-
base (PR2 4.14, https://pr2-database.org), using the assignTaxonomy
function, which contains fewer sequences (~180,000) than Silva, but
these sequences are periodically re-annotated by experts (Egge et al.,
2021; Guillou et al., 2013).

The preparation of the ASV-table was done in R v.3.6.0. (R core
Team, 2021) and Excel 2007. Out of the 138 samples processed, 8 were
removed due to problems during amplification and scarce reads: URD3
and 4 from 20/11/2019; URD1, 2, 3, 4 and 5 from the 04/12/2019; and
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Table 1
Spearman correlation analysis results for microscopy cell counts and eDNA
metabarcoding reads of the taxa selected for the CCA, showing rho (p) and p
values.

Microscopy eDNA metabarcoding Correlation
analysis
Tetraselmis spp. — Tetra(Mi) Tetraselmis spp. — Tetra(Me) p 0.6; p < 0.01
Oltmannsiellopsis viridis — O.viri p 0.65; p < 0.01
(Me)
Centric diatoms <10 pm — Cyclotella atomus — C.ato (Me) p 0.55; p < 0.01
Cen<10(Mi)
Cyclotella spp. — Cycl (Me) p 0.58; p < 0.01
Centric diatoms >10 pm — Conticribra guillardii — C.gui (Me) ~ p 0.66; p < 0.01
Cen>10(Mi)
Chaetoceros tenuissimus — C. Chaetoceros tenuissimus — C.ten p 0.79; p < 0.01
ten(Mi) (Me)
Minutecellus polymorphus — Minutecellus polymorphus — M.pol ~ p 0.85; p < 0.01
M.pol(Mi) (Me)
Blixaea quinquecornis — B. Blixaea quinquecornis — B.quin p 0.73; p < 0.01
quin(Mi) (Me)
Plagioselmis sp. — Plagio(Mi) Hemiselmis cryptochromatica — H. p 0.78; p < 0.01
crypto(Me)
Teleaulax acuta — T.acu(Mi) Teleaulax acuta — T.acu(Me) p 0.76; p < 0.01
Urgorri complanatus — U. Urgorri complanatus — U.comp p 0.75; p < 0.01
comp(Mi) (Me)
Prymnesiales — Prym(Mi) Chrysochromulina sp. — Chryso p 0.76; p < 0.01
(Me)
Prymnesium spp. — Prymne(Me) p 0.72; p < 0.01

URD2 from the 20/03/2020.

A total of 36,562 ASVs were defined by eDNA metabarcoding;
however, since this study is focused on phytoplankton, all reads assigned
to other organisms were excluded from the processed ASV tables,
selecting a total of 14,672 ASVs. ASVs that were found only in the
control samples were removed from the subsequent analysis; in addi-
tion, for ASVs that were found in the control samples in higher abun-
dances than those in the actual samples, their abundances in the control
samples were subtracted from the abundances in the actual samples.
Among the selected ASVs, 615 unique phytoplankton taxa were identi-
fied, but only those that reached taxonomic assignment to at least the
genus level were considered in this study. Moreover, we filtered ASVs for
those that made up at least 0.01% of the total reads of at least one of the
130 samples and also excluded the taxa appearing in less than 1% of the
samples processed.

2.3. Data analysis

Regarding environmental conditions, the Spearman correlation was
performed to test for environmental variable correlation in the Urdaibai
estuary. The Bonferroni correction was applied to the correlation anal-
ysis, and the results were considered significant when they showed a rho
(p) value higher than |0.7| and a p value lower than 0.05 (Coérdoba-Mena
et al., 2020). In addition, the principal component analysis (PCA) was
applied using 10 physicochemical variables (salinity, temperature, pH,
dissolved oxygen, oxygen saturation, turbidity, ammonium, nitrate,
phosphate and silicate) to elucidate the main environmental drivers
shaping the abiotic environment of the Urdaibai estuary and the
site-specific differences. Conductivity, Secchi disc depth and nitrite
concentration were not considered in the PCA to avoid redundancy with
salinity, turbidity and ammonium, respectively. The correlation-matrix
was applied in the PCA, which implies normalising all variables using
division by their standard deviations, since the variables were measured
in different units (Hammer and Harper, 2006).

To analyse the phytoplankton community composition, non-metric
multivariate analyses were performed to visualise similarity/dissimi-
larity among samples and determine the spatio-temporal dynamics
within the Urdaibai estuary. Non-metric multidimensional scaling
(nMDS) in 2D was performed, creating an ordination based on the Bray-
Curtis similarity index, for the graphical representation of the
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interrelationships among samples according to the phytoplankton
community composition. Independent nMDS were performed for the
data sets obtained by microscopy (cell abundances) and metabarcoding
(standardised read counts). To complement this, permutational multi-
variate analysis of variance (PERMANOVA), a non-parametric multi-
variate statistical permutation test, was performed to test significant
differences between groups based on the Bray-Curtis distance matrix
(Anderson, 2001). PERMANOVA was tested as a “two-way PERMA-
NOVA” to account for the spatial (sampling stations) and seasonal
variability of the community, as well as for the interaction of these two
factors. Later, a “one-way PERMANOVA” was performed, with the
Bonferroni corrected p values, for each of the factors (spatial and sea-
sonal) for the pairwise comparison of groups along the gradients. This
decision was based on the conclusions of Anderson and Walsh (2013),
which conducted a simulation-based comparison of PERMANOVA and
ANOSIM and found that PERMANOVA is more robust in general for
ecological data. Finally, a similarity percentages analysis (SIMPER) was
performed to determine which phytoplankton taxa contributed the most
to the observed dissimilarity between samples, for both spatial and
temporal variability. As for the nMDS, the PERMANOVA and SIMPER
analysis were also conducted independently for microscopy and meta-
barcoding analysis.

The relationship between the phytoplankton community and the
environmental data was explored using a canonical correspondence
analysis (CCA). A single CCA was performed, with both microscopy
(with cell abundance) and DNA metabarcoding (read abundances) data,
after normalising the number of reads with sample volume. The envi-
ronmental variables chosen for the CCA were the same as in the PCA.
The phytoplankton taxa selection was based on choosing the most
relevant (abundant and/or frequent) taxa of the estuary that were
detected by both microscopy and metabarcoding. Thus, results from the
SIMPER analysis were taken into account, since this determined the
main taxa contributing for the variation in the community composition
within the estuary. The taxa selection was done firstly by choosing
common taxa in the top 15 organisms of the SIMPER results for micro-
scopy and metabarcoding (Supplementary Material I, Table 10). For the
remaining taxa, that did not have a match (e.g. unidentified centric di-
atoms), the Spearman correlation analysis was performed between these
and the organisms from the metabarcoding analysis that morphologi-
cally could correspond to the same taxa. Matching was only accepted
when the correlation was significant and the organisms from both
techniques followed the same morphological and ecological character-
istics. The selected taxa and the Spearman correlation analysis results for
each matching are shown in Table 1.

Finally, the Spearman correlation was tested in order to correlate the
chosen phytoplankton taxa and phytoplankton biomass with the envi-
ronmental conditions of the Urdaibai estuary.

All the data analyses was performed with Past 4.05 (Paleontological
Statistics), a software for scientific data analysis (Hammer et al., 2001).

3. Results
3.1. Environmental conditions

The physicochemical variables showed the expected spatial patterns
and seasonal trends in a temperate estuary during the study period
(Fig. 2; Supplementary Material I, Table 2). Salinity and temperature
increased towards the outer part of the estuary and summer season.
Oxygen concentration showed both the minimum (1.35 mg/L) and
maximum (11.25 mg/L) values at the innermost station (URD6) and,
overall the highest mean oxygen concentrations of the estuary were
recorded in winter (8.79 mg/L) and the lowest in summer (6.27 mg/L).
Both pH and turbidity increased towards the inner part of the estuary,
and regarding seasonality, the former presented the highest mean values
in summer (8.7) and the latter in autumn (7.1 NTU).

Inorganic nutrient concentrations showed a marked spatial gradient
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Fig. 2. Spatial and seasonal variability of the main hydrographic and physicochemical conditions in the Urdaibai estuary. For nutrients with values below the
quantification limit, the value of half of the limit was considered. The box represents the Interquartile Range (IQR), data between Q1 (25th percentile) and Q3 (75th
percentile); the line inside the box is the median. The lower whisker shows the Q1-1.5*IQR, and the upper Q3+1.5*IQR. Circles and asterisks represent outliers. Aut:
autumn; Win: winter; Spr: spring; Sum: summer.
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Table 2

Marine Environmental Research 191 (2023) 106175

The number of phytoplankton taxa identified, at least to the genus level, by microscopy, eDNA metabarcoding or both techniques within the Urdaibai estuary. “Others”
category contains: pelagophytes, bolidophytes, raphidophytes, synurophytes, olisthodiscophytes and rhodophyta.

Diatoms Dinoflagellates Green algae Cryptophytes Haptophytes Chrysophyceans Dictyochophyceans Others Total
Microscopy 32 28 11 1 5 0 1 0 78
eDNA metabarcoding 124 83 55 20 19 16 14 18 349
Both techniques 35 14 2 5 0 1 0 58

along the longitudinal axis of the estuary, with increasing concentra-
tions towards the inner area (Fig. 2; Supplementary Material I, Table 2).
However, the source of the different nutrients varied. The station located
in the Oka River showed very low median concentrations of ammonium
(3.4 pg/L) and phosphate (0.35 pg/L), which increased highly at the
URDEG station (143 pg/L and 4.1 pg/L, respectively) located close to the
WWTP. On the contrary, the silicate and nitrate median concentrations
in the Oka River (94.3 pg/L and 59.1 pg/L, respectively) were higher
than the maxima values observed at URD6 (80.3 pg/L and 33.7 ug/L,
respectively). Nutrient concentrations varied, ammonium (2.9-423 pg/
L), phosphate (0.2-5.58 pg/L), nitrate (0.8-77.55 pg/L) and silicate
(0.8-112 pg/L), and decreased towards the outer estuary (Fig. 2). As for
their seasonal variability, ammonium and phosphate reached their
highest median concentrations in summer (58 pg/L and 1.95 pg/L,
respectively), while the lowest were found in autumn. Conversely, ni-
trate and silicate followed an inverse temporal pattern, reaching their
highest median concentrations in autumn (36 pg/L and 64.7 ug/L,
respectively), and their lowest in summer (11 pg/L and 42 pg/L,
respectively).

In addition, several of the analysed environmental variables showed
strong correlations. As expected, due to the dependence of these vari-
ables, Secchi disc depth and turbidity were negatively correlated (p
—0.89; p < 0.01); salinity and conductivity showed a strong positive
correlation (p 0.98; p < 0.01); and nitrite and ammonium were also
positively correlated (p 0.77; p < 0.01). Salinity was negatively corre-
lated with turbidity (p —0.75; p < 0.01), nitrate (p —0.91; p < 0.01) and
silicate (p —0.92; p < 0.01). Temperature and dissolved oxygen were
also negatively correlated (p —0.88; p < 0.01), and ammonium and
phosphate showed positive correlation (p 0.93; p < 0.01).

The application of PCA (Fig. 3) to 10 physicochemical parameters
indicated that 68.5% of the variability contained in the data set was
explained by only two PCs (principal components). The loading values
(correlations) of the first two PCs are displayed in Supplementary Ma-
terial I (Table 4). PC1 was interpreted as the spatial variation of the
environmental conditions along the longitudinal axis of estuary, as it

was highly correlated with salinity, silicate and nitrate, with large factor
loadings (>]0.91|). PC2 was interpreted as the trophic status variation of
the samples, since it is mainly correlated with dissolved oxygen, oxygen
saturation, ammonium and phosphate (with loadings above |0.78]).
Among the physicochemical parameters analysed, salinity was the main
environmental driver shaping the spatial variability of the abiotic
environment along the Urdaibai estuary, with a correlation of —0.926.
This indicates that the environmental conditions of the estuary are
mostly dependent on the tidal effect and/or the Oka River flow. This
graphical representation confirmed the description of environmental
parameters explained above and the strong spatial variability present in
the estuary. It also reflected the different variability of environmental
conditions during the year at the different stations, as the stability was
higher towards the outer estuary since the range of values was the
narrowest for most of the analysed parameters.

Regarding the meteorological conditions, autumn-winter was the
period with the highest precipitation, with a monthly maximum in
November 2019 (453 mm), and a minimum in July 2020 (22 mm). River
flow values ranged between 0.001 and 7.4 m>/s during sampling weeks,
with the highest values found in autumn-winter (median of 0.56 m3/s)
and the lowest in summer-spring (0.15 m3/s). The insolation (hours of
sunshine) was the highest in spring and summer (Supplementary Ma-
terial I, Table 3).

3.2. Phytoplankton biomass estimations

Total phytoplankton biomass, estimated by carbon content and chl a
concentration, showed spatio-temporal patterns in the Urdaibai estuary
(Fig. 4).

Total carbon content of the phytoplankton community ranged be-
tween 1 and 916 pg C/L within the estuary during the study period.
URD1 registered the lowest annual median carbon content of the estuary
(38.9 pgC/L), and the median maxima were recorded in URD 5 and
URD6, with concentrations of 112 pgC/L and 94 pgC/L, respectively.
However, there was not an increasing gradient from outer to inner

Component 2

Sampling site| Fig: 3. PCA plot of the main hydrographic and
URD 1@ physicochemical conditions in the Urdaibai estuary. A
URD 2@ correlation matrix was used, and the Bootstrap N was
gﬁg 3: 999. Samples are coloured based on the sampling
URD 5@ stations and grouped by convex hulls, which include
URD 6 the name of the group (station names). Environ-

mental factors are shown as gradients with blue lines.
Eigenvalues and variance percentages for PC1 and
PC2 and the legend are located on the right side of the
figure. Sal: salinity; Temp: temperature; O2 sat: oxy-
gen saturation; Dis.02: dissolved oxygen; Turb:
turbidity; NH4: ammonium; POy 3 phosphate; NO®~:
nitrate; SiOz*: silicate.

O2-sat

Component 1

PC | Eigenvalue Variance (%)
1 3.99 39.86
2 2.86 28.65
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Fig. 4. Spatial and seasonal variability of total phytoplankton biomass (up, carbon content; down, chl a) within the Urdaibai estuary during the study period. The
box represents the Interquartile Range (IQR), data between Q1 (25th percentile) and Q3 (75th percentile); the line inside the box is the median. The lower whisker
shows the Q1-1.5*IQR, and the upper Q3-+1.5*IQR. Circles and asterisks represent outliers. Aut: autumn; Win: winter; Spr: spring; Sum: summer.

estuary, since the median carbon content was higher in URD2 (67.3
pgC/L) than in URD3 and URD4 (approximately 55 pugC/L). As for the
temporal patterns, the lowest concentrations were found in winter, with
a median value of 16.4 pg C/L in the estuary, and the highest in spring
(124 pgC/L) and summer (120 pgC/L).

Chl a ranged between 0.09 and 54.61 pg/L throughout the year
within the estuary and showed an increasing gradient towards the inner
estuary. The outer estuary (URD1) registered chl a values between 0.21
and 2.97 pg/L and had the lowest annual median chl a concentration
(1.18 pg/L). In the middle estuary (URD 2), the chl a concentration
ranged between 0.17 and 10.89 pg/L, with a median annual concen-
tration of 2.8 pg/L. In URD3 and URD4, chl a median concentration was
slightly higher than in the middle estuary (3.5 pg/L approximately), and
the chl a concentration range was much wider than in the outer and
middle estuary, with values between 0.09 pg/L and 54.61 pg/L. URD4
registered the chl a maximum of the year in the estuary. At URD5 and
URDS, the chl a concentration was the highest of the entire estuary on
average, with a median annual concentration of approximately 5 pg/L.
As for the temporal patterns, the studied year was divided into two main
periods when it comes to chl a: a low concentration period during
autumn and winter, with median concentrations of 1.04-1.67 pg/L; and
a high concentration period during spring and summer, with median
concentrations of 5-6.26 pg/L. The highest chl a concentrations regis-
tered during the year were in spring (54.61 pg/L in April 2020).

3.3. Phytoplankton community composition

The phytoplankton community composition of the Urdaibai estuary
was surveyed with both microscopy and eDNA metabarcoding, showing
some common and unique aspects for each of the techniques.

The phytoplankton community of the Urdaibai estuary included 136
taxa identified with microscopy, and 407 taxa identified with eDNA
metabarcoding (Supplementary Material I, Table 5), of which 58 taxa
were shared by both approaches. A total of 349 species or genera were
unique to eDNA metabarcoding (Table 2; Supplementary Material I,
Table 5), including green algae, cryptophytes and haptophytes that
presented three to four times more diversity than with microscopy.
Other minor groups, such as chrysophyceans or dictyochophyceans were
also identified by eDNA metabarcoding, while were mostly absent from
microscopy. A total of 78 taxa were identified with microscopy only
(Table 2; Supplementary Material I, Table 5). Despite the difference in
the taxa richness obtained by each approach, diatoms were the most
diverse group, containing almost half of the taxa found, followed by
dinoflagellates and green algae.

The outer estuary registered 127 and 363 different phytoplankton
taxa with microscopy and metabarcoding, respectively. Diatoms were
the dominant phytoplankton group, with a 44% and 40% of average
contribution to the total abundance during the study year according to
microscopy cell counts and metabarcoding reads, respectively (Fig. 5).
Among them, microscopy identified Cylindrotheca closterium (Ehren-
berg) Reimann & J.C.Lewin, Minutocellus polymorphus (Hargraves &
Guillard) Hasle, Stosch, & Syvertsen, Chaetoceros spp. Ehrenberg,
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Fig. 5. Average relative contribution percentages of the main phytoplankton groups to the total community composition of each sampling station within the Urdaibai
estuary, by microscopy cell counts (left) and DNA metabarcoding reads (right), at each sampling station.

Leptocylidrus danicus Cleve and Pseudo-nitzschia spp. H.Peragallo as the
most frequent taxa, together with unidentified centric and unidentified
pennate diatoms, that were recorded in more than 60% of the samples.
For metabarcoding, Chaetoceros tenuissimus Meunier, Minutocellus poly-
morphus, Minidiscus variabilis Kaczmarska and Mediolabrus comicus (H.
Takano) Yang Li occurred in all samples analysed and were the domi-
nant taxa in the outer estuary. Pseudo-nitzschia spp. (P. seriata (Cleve) H.
Peragallo especially), Cylindrotheca costerium and Leptocylindrus con-
vexus D.Nanjappa & A.Zingone were also frequent diatoms of URDI,
which were more recurrent than in the remaining sampling stations. In
addition, microscopy revealed that M. polymorphus was the species that
recorded the highest cell abundance in URD1, with a maximum of 9.1 x
106 cells/L in summer (Supplementary Material II). In contrast to the
other sampling stations, haptophytes had a significant importance in the
phytoplankton community of URD1, contributing 18% and 8% to the
total community composition according to microscopy and meta-
barcoding, respectively. While microscopy was only able to detect a few
taxa (Prymnesiales and Emiliania huxleyi (Lohmann) W.W.Hay & H.
Mohler being the most frequent), genetic method identified Chrys-
ochromulina spp. Lackey (especially C. scutellum Eikrem & Moestrup and
C. rotalis Eikrem & Throndsen), Prymnesium spp. Massart, Phaeocystis
spp. Lagerheim (mainly P. cordata A.Zingone & M.J.Chrétiennot-Dinet,
but also P. globose Scherffel), Gephyrocapsa oceanica Kamptner, Haptolina
sp. Edvardsen & Eikrem and Dicrateria rotunda (N.Reynolds) El M.Bendif
& L.Probert as the most recurring taxa. URD1 was the station with the
highest contribution of dinoflagellates to the total community compo-
sition (4% and 15% for microscopy and metabarcoding, respectively),
which was especially important in spring and summer, with presence of
Warnowia sp. Lindemann, Heterocapsa spp. F. Stein (especially
H. pygmaea Lobelich III, R.J.Schmidt & Sherley and H. rotundata (Loh-
mann) Gert Hansen), Gyrodinium spp. Kofoid & Swezy (G. fusiforme
Kofoid & Swezy, G.dominans Hulburt and G.spirale (Bergh) Kofoid &
Swezy), Tripos furca (Ehrenberg) F.Gémez and Torodinium robustum
Kofoid & Swezy in all samples analysed by metabarcoding. Chlorophytes
were largely overlooked by microscopy at the outer station. However,
through metabarcoding analysis, chlorophytes were identified as
contributing to 24% of the community, being primarily represented by
Ostreococcus lucimarinus Palenick et al., Bathycoccus prasinos, Micro-
monas spp. Manton & Parke (mainly M. bravo N.Simon, Foulon & B.
Marin and M. commoda Baren, Bachy & Worden) and Pyramimonas
australis Andreoli & Moro, that were the most frequent (100% of the
samples) taxa.

In the middle estuary (URD2), the number of identified taxa
decreased to 101 by microscopy and 349 by metabarcoding. Similarly to
URD1, according to both techniques, diatoms were still the dominant
group of the community in terms of average contribution (41-43%), but

the contribution of cryptophytes increased, up to 35-40%, becoming co-
dominant in this Among diatoms, M. polymorphus and
C. tenuissimus were the dominant taxa in URD2, according to both
techniques, together with the continuous presence of Tryblionella api-
culata W.Gregory and Thalassiosira profunda (Hendey) Hasle, which
were identified by metabarcoding. M. polymorphus registered higher
abundances in this area than at URD1, with a maximum of 1.5 x 10’
cells/L, and showed a clear preference for the summer season. However,
C. tenuissimus was the dominant diatom species at URD2, reaching an
abundance maximum of 2 x 10 cells/L. As for cryptophytes, according
to the microscopy analysis, Plagioselmis spp. Butcher ex G.Novarino, L.A.
N.Lucas, & S.Morrall and Teleaulax spp. D.R.A. Hill (especially T. gracilis
Laza-Martinez) were present in all the samples analysed, with median
cell abundances of 5.5 x 10° cells/L and 1 x 10° cells/L, respectively. As
for metabarcoding, T. acuta (Butcher) D.R.A.Hill and Hemiselmis cryp-
tochromatica C.E.Lane & J.M.Archibald were the dominant cryptophytes
in the area. Among dinoflagellates, both techniques highlighted Heter-
ocapsa spp. (mostly H. pygmea, according to the molecular analysis) and
B. quinquecornis (T.H.Abé) Gottschling as the most abundant and
frequent.

In the first section of the channeled area (URD3 and URD4), the
number of taxa identified was 85 and 342 by microscopy and meta-
barcoding, respectively. Cryptophytes were the dominant group of the
community, with a median contribution of around 60% according to
microscopy and 45% according to metabarcoding. Microscopy described
Plagioselmis spp., identified in every sample, as the taxa that recorded
the highest median abundances in this area, between 7.6 x 10° cells/L
(URD3) and 9.6 x 10° cells/L (URD4), together with the frequent
presence of T. gracilis (91% of the samples) and T. acuta (80%). Ac-
cording to the metabarcoding analysis, T. acuta, H. cryptochromatica and
Urgorri complanatus Laza-Martinez were the dominant cryptophytes in
this area. In addition, both techniques determined that diatoms were the
second most contributing group (25-33%), with M. polymorphus, C.
tenuissimus and T. apiculata being the most representative taxa. Meta-
barcoding revealed that URD4 was the station with the highest chlor-
ophyte diversity (49 taxa) within the entire estuary, among which
Picochlorum spp. W.J Henley et al., Oltmannsiellopsis viridis (P.E.Har-
graves & R.L.Steele) M.Chihara & Inouye, Nannochloris sp. Naumann,
Chlamydomonas kuwadae Gerloff and Ostreococcus spp. C.Courties & M.-
J.Chrétiennot-Dinet (O. mediterraneus C.Courties & M.-J.Chrétiennot-
Dinet and O. tauri C.Courties & M.-J.Chrétiennot-Dinet) were dominant.
According to microscopy, which did not identify any of the previously
mentioned chlorophytes, this area recorded a higher presence of
Eutreptiella spp. A.M.Cunha and Tetraselmis spp. F.Stein than URD2.

At the innermost area of the estuary (URD 5 and URD 6), the number
of identified taxa by microscopy was 58, while DNA metabarcoding

area.



J. Bilbao et al.

identified 264 taxa in the area. The phytoplankton community
description given by both techniques differed substantially in the sur-
roundings of the WWTP (Fig. 5). According to microscopy, cryptophytes
were still the dominant group in terms of abundance (57% of the total
cell abundance). Specifically, U. complanatus was more prevalent in the
inner area of the estuary compared to the other sampling stations, as
well as this taxon was present in the majority of the analysed water
samples, reaching a maximum abundance of 7.7 x 10° cells/L at URD5.
Microscopy defined diatoms as the second most contributing group
(23%), with the unidentified small (less than 10 pm) centric diatoms
being the dominant taxon, with presence in every sample analysed. In
this area, additionally, the dinoflagellate K. foliaceum (F.Stein) Linde-
mann was one of the most representative taxa, being present in 90% of
the samples, with a median cell abundance of approximately 4.5 x 10*
cells/L, and showing a clear preference for the innermost estuary.
Metabarcoding, however, described a shared dominance in terms of
contribution between diatoms (around 43%) and cryptophytes (around
38%), and K. foliaceum was not detected. In addition, molecular tech-
niques revealed that the small centric Cyclotella spp. (Kiitzing) Brébisson
was the dominant diatom, together with important presences of Nitz-
schia draveillensis Coste & Ricard, Navicula phyllepta Kiitzing, Navicula
gregaria Donkin and Suriella angusta Kiitzing. According to meta-
barcoding, this was the area with the highest cryptophyte diversity (25
taxa), and the most important taxa were the same as at URD3 and URD4,
but with an increase frequency of occurrence and abundance of
U. complanatus, as revealed by microscopy.

The spatial and temporal variability of the community composition
described in the Urdaibai estuary with both microscopy and DNA met-
abarcoding have been verified by several non-parametric multivariate
analyses. The two-way (spatial and seasonal) PERMANOVA analysis
performed (Supplementary Material I, Table 8) with the microscopy and
metabarcoding data revealed that phytoplankton community composi-
tion variability was explained by both the spatial gradient (different
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sampling stations) within the Urdaibai estuary and seasonal changes
observed during the study period (p = 0.0001). In addition, when per-
forming PERMANOVA with metabarcoding data, the interaction of both
factors (spatial and seasonal) was also significant (p = 0.0007). The pair-
wise PERMANOVA (Supplementary Material I, Table 9), both for mi-
croscopy and metabarcoding, revealed significant differences between
every season (p < 0.01). Regarding sampling stations, URD1 was
significantly different from all stations except URD2, and URD2 was also
different from URD5 and URD6 (p < 0.05). Non-metric multidimen-
sional scaling (nMDS) illustrated the variation in the phytoplankton
community composition along the sampling stations of the Urdaibai
estuary and between seasons (Fig. 6). SIMPER analysis revealed that the
top 15 key phytoplankton taxa that contributed the most to the dis-
similarities observed between sampling stations and between seasons
were common in each approach (Supplementary Material I, Table 10).
Among these top 15 taxa, a few similar dominant species were identified
by both microscopy and metabarcoding method: C. tenuissimus, M. pol-
ymorphus, T. acuta and U. complanatus. Apart from these shared species,
metabarcoding considered the following taxa responsible for spatio-
temporal differences in the community: Cyclotella spp., H. cryptochro-
matica, N. draveillensis, O. tauri, Cladophora striolata, C. guillardii, N.
phyllepta, S. angusta, O. lucimarinus, O. mediterraneus and Suriella sp. As
for microscopy, the organisms completing the top 15 taxa responsible
for the dissimilarities were Plagioselmis sp., T. gracilis, K. foliaceum,
Tetraselmis spp., Prymnesiales, Heterocapsa spp., Eutreptiella spp., Chae-
toceros spp. and unidentified small centric and pennate diatoms.

3.4. Relationship between phytoplankton community and environmental
variables

The CCA (Fig. 7) showed that the 10 physicochemical variables
selected explained 80.8% of the phytoplankton abundance variability (p
< 0.001) (Supplementary Material I, Table 11). The first axis
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Fig. 6. Non-metric multidimensional scaling (nMDS) of phytoplankton cell abundance (microscopy; Mi) and relative read abundance (metabarcoding; Me) data
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Fig. 7. Canonical Correspondence Analysis (CCA) plot showing the correspondence (influence) of the main environmental factors (blue lines) with the standardised
abundance of the most relevant phytoplankton taxa of the Urdaibai estuary for the microscopy (Mi) and eDNA metabarcoding (Me) analysis. The analysis was
significant overall at p < 0.001 (permutation test for CCA). Sal: salinity; Temp: temperature; Turb: turbidity; NH: ammonium; POz 3 phosphate; NO3: nitrate; SiO4 4
silicate. Phytoplankton taxa abbreviations are detailed in Table 1. The colours of the symbols indicate different phytoplankton groups: diatoms in yellow, di-
noflagellates in orange, green algae in green, cryptophytes in red and haptophytes in blue. Symbols with the same shape and colour indicate correlated (matching)

taxa from both techniques.

represented the spatial variation of the environmental conditions
(mainly influenced by salinity and nutrient concentration) and was the
axis that explained most of the abundance variability of phytoplankton
(53.5%). The Spearman correlation analysis confirmed the relationships
between the chosen phytoplankton taxa and the environmental vari-
ables visible in the CCA (Supplementary Material I, Tables 12, 13).
The taxa that seemed to be more abundant as salinity increased were
the haptophytes; diatoms, M. polymorphus and C. tenuissimus; and the
dinoflagellate, B. quinquecornis. There was a significant positive corre-
lation between salinity and Prymnesiales (p 0.78; p < 0.01),
M. polymorphus (p 0.57; p < 0.01), C. tenuissimus (p 0.45; p < 0.01) and
B. quinquecornis (p 0.58; p < 0.01) based on microscopy cell counts.
These significant correlations with salinity were also detected for the
metabarcoding data for Chrysochromulina sp. (p 0.82; p < 0.01), Prym-
nesium spp. (p 0.73; p < 0.01), M. polymorphus (p 0.7; p < 0.01), C.
tenuissimus (p 0.58; p < 0.01) and B. quinquecornis (p 0.4; p < 0.01). The
CCA also showed that cryptophytes (e.g., U.complanatus, and T. acuta)
and centric diatoms (e.g., C. guillardii or Cyclotella spp.) increased their
abundances as nutrient concentration increased, which is in accordance
with the community composition description previously mentioned.
Spearman correlation analysis confirmed this relationship for meta-
barcoding data, registering positive correlations between Cyclotella spp.
and ammonium (p 0.63; p < 0.01), nitrate (p 0.51; p < 0.01), phosphate
(p 0.66; p < 0.01) and silicate (p 0.62; p < 0.01); between U.complanatus,
and ammonium (p 0.53; p < 0.01) and phosphate (p 0.48; p < 0.01); and
T. acuta and ammonium (p 0.43; p < 0.01). Several strong correlations
were also detected with temperature for both microscopy and meta-
barcoding. Microscopy cell counts revealed strong positive correlations
between temperature and M. polymorphus (p 0.76; p < 0.01),
B. quinquecornis (p 0.72; p < 0.01), Plagioselmis spp. (p 0.73; p < 0.01)
and Tetraselmis spp. (p 0.7; p < 0.01). These correlations were also sig-
nificant for the metabarcoding data, but were not so strong. However,
relative abundances, resulting from the metabarcoding analysis, deter-
mined a strong correlation between temperature and C. tenuissimus (p
0.76; p < 0.01) that was not so marked (p 0.6; p < 0.01) for microscopy
data. As for total phytoplankton biomass, significant positive
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correlations were detected between chl a and temperature (p 0.59; p <
0.01), ammonium (p 0.42; p < 0.01) and phosphate (p 0.39; p < 0.01),
although they were not considered strong.

In addition, the CCA enabled the comparison of the results obtained
by both microscopy and metabarcoding. Overall, the CCA revealed that
the relationship of the selected phytoplankton taxa distribution with the
environmental conditions along the Urdaibai estuary was similar with
both approaches. However, some taxa showed different patterns with
the different approaches, for example Tetraselmis sp. showed greater
preference for salinity with metabarcoding. This might be caused by the
misidentification or omission of this taxon in microscopy samples.

4. Discussion
4.1. Phytoplankton community composition and dynamics

Defining the drivers that promote the changes in the phytoplankton
community is essential for the understanding of its dynamics and fore-
seeing the possible impacts in the whole ecosystem. The phytoplankton
biomass and community composition showed substantial changes
within the Urdaibai estuary, which are promoted by the strong longi-
tudinal gradients of salinity, seasonal changes and inorganic nutrient
concentrations caused by the effect of the tidal incursion and the
wastewater discharges coming from Gernikas’ WWTP.

Regarding the variability of the phytoplankton biomass, the seasonal
biomass cycle detected by both the total carbon content and chl a in the
Urdaibai estuary was typical of temperate estuaries in the Bay of Biscay
(Seoane et al., 2005; Trigueros and Orive, 2001; Varela, 1996), and also
in other temperate areas (i.e. Changjiang River Estuary in China, the
fjords of Kategatt or Atlantic Iberian Peninsula) (Cartensen et al., 2007;
Domingues et al., 2007; Gameiro et al., 2007; Wang et al., 2019). This
seasonal cycle comprehends a low biomass period during autumn and
winter, and a high biomass period during spring and summer. In
temperate regions, higher water temperatures usually indicate higher
solar radiation, and light availability is one of the main factors influ-
encing phytoplankton growth (Morison et al., 2020), which may explain
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the phytoplankton biomass-temperature relationship observed in the
present study. In addition, the high biomass values coincide with periods
of low to moderate river flow (in spring and summer), while the lowest
biomass values were registered with seasonal periods of high river flow,
in agreement with previous works in the estuary (Ansotegui et al., 2001;
Madariaga and Orive, 1989; Madariaga et al., 1989, 1994), and also
observed in other studies (O’Boyle and Silke, 2010; Snow et al., 2000),
where high flow rates could lead to the dilution of the chl a (Du et al.,
2017). Considering the torrential nature of the Oka River, when large
flows occur after punctual precipitations, the flushing rate increases and
the estuary is almost flushed. The seasonal biomass varied significantly
in the middle and inner estuary, while concentrations in the outer es-
tuary remained fairly stable during the study period.

The spatial pattern of biomass showed the lowest concentrations in
the outer estuary, while the maxima were recorded in the middle and
inner area. This pattern coincided with that observed in late 90’s in the
studies performed along the Urdaibai estuary by Ansotegui et al. (2001).
Ansotegui et al. (2001) recorded values higher than 100 pg/L of chl a in
the inner part, corresponding to the stations URD4 to URD6 of our study,
and values below 6 pg/L of chl a in the outer estuary, corresponding to
URDL1. In the present study, the maximum values registered were not so
high, but the pattern was the same. This trend is repeated in many es-
tuaries around the world (Brito et al., 2015; Santos et al., 2022; Seoane
et al., 2005; Shi et al., 2019). For example, MCGarrigle et al. (2001)
reported on the distribution of chl a in 25 estuarine and coastal areas
around Ireland in 1998-2000 and the range of concentrations found in
the inner part of the estuaries were approximately 10 times higher than
those obtained in the outer and coastal adjacent areas. This distribution
of chl a is explained by the factors governing phytoplankton growth (e.
g., nutrients, light, and grazing). Wang et al. (2019) reported that, in the
inner areas of the estuaries, phytoplankton growth is mostly limited by
light availability, while in the outer areas the limiting factor is mostly
nutrient availability. In the outer area of the Urdaibai estuary, nutrients
were usually found in low concentrations, in accordance with several
authors that have stated that during stratification periods, in shelf wa-
ters off the Basque coast, the residual concentrations in the water layer
above the thermocline are comparable to those found in oligotrophic
areas (Muniz et al., 2019). Therefore, this nutrient limitation could
explain the lower phytoplankton biomass recorded in the outer area.
However, high nutrient concentrations (like N, P and Si) were found in
the inner estuary, which might have enhanced the phytoplankton
growth in the area. This finding aligns with previous studies (e.g.,
McCabe et al., 2016; Vajravelu et al., 2018) and is supported by the
positive correlations observed between chl a and ammonium as well as
phosphate in this study. Additionally, although turbidity values were
much higher in the inner estuary, reducing light availability, it seems
that it is not a limiting factor for phytoplankton growth, probably due to
the high heterogeneity of environmental conditions found in this area
(clearly represented by the PCA) due to the Oka River inflow. The spatial
pattern of increasing biomass with increasing nutrients (and decreasing
salinity) was also registered in previous studies of the Urdaibai estuary
(e.g. Orive et al., 1998). Indeed, when observing the nutrient concen-
trations, and referring to the accepted standard molar ratios of nutrients
for phytoplankton growth, N:Si:P (16:16:1), the phosphorous was usu-
ally the limiting nutrient for phytoplankton growth along the estuary,
due to the high concentrations of Si, coming from the Oka River, and N,
coming both from the river and mostly from the WWTP. This explains
the important presence of diatoms along the entire Urdaibai estuary,
since there is no Si limitation, but their density varies because it is
directly related to the P concentration, which in this case is a limiting
factor, leading to lower cell abundances in the outer estuary.

As for the community composition, although the sampling frequency
and stations do not exactly coincide with the studies performed in the
system before, the phytoplankton community of the Urdaibai estuary
described in the present study was similar to results reported in the late
90’s (Madariaga et al., 1989, 1994; Orive et al., 1998; 1998; Trigueros
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and Orive, 2001). In the outer estuary, the community was mainly
dominated by diatoms, with the recurrent presence of dinoflagellates in
this area, while the dominance of cryptophytes, green algae, centric
diatoms and K. foliaceum was restricted to the inner part. In addition, the
trends observed of taxa richness decreasing towards the inner estuary
were also similar to the studies performed in late 90’s (e.g., Trigueros
and Orive, 2001). This higher taxonomic richness in the highest salinity
zone has also been described in other estuaries by several authors (e.g.
Bharathi et al., 2022; Paczkowska et al., 2019; Saifullah et al., 2019). It
may be a result of the salinity range that populations can tolerate, since,
in estuaries, salinity is known to be a fundamental modulator of the
abundance dynamics of the species (e.g. de Affe et al, 2018;
Cordoba-Mena et al., 2020). Additionally, the trend of decreasing rich-
ness towards the inner estuary may also reflect the effect of the eutro-
phic conditions of this area. Biodiversity measures (e.g., species
richness, Shannon-Wiener diversity, and Pielou’s equitability indexes),
together with the abundance of some specific taxonomic groups of
microalgae, have been suggested as indicators of nutrient enrichment
(Machado et al., 2023). Several studies found a reduction in diversity
and species richness as a consequence of nutrient enrichment (e.g., Baho
etal., 2017; Machado et al., 2023; Soares et al., 2013), mainly caused by
the dominance of a few species and the decrease in the presence and
abundance of rare species or functional groups (Ansari et al., 2011).

Diatoms dominated the outer and middle estuarine waters. This
pattern was also observed in other areas around the globe, such as
Ireland (Oboyle and Silke, 2010), Rio de la Plata (Argentina) (Gomez
et al., 2004) and Sado Estuary (Portugal) (Santos et al., 2022). Among
the diatom taxa found in these areas, M. polymorphus and C. tenuissimus
both were the most important bloom-forming diatoms at URD1 and
URD2. M. polymorphus had not been reported previously in any scientific
research paper of the Urdaibai estuary, but was described in several
technical reports done for the administration (URA, Basque Water
Agency). This marine, planktonic and cosmopolitan species usually oc-
curs in estuaries and open ocean (Walsh et al., 1988), which explains the
significant correlation (p 0.7; p < 0.01) established in the present study
with salinity. In addition, M. polymorphus has shown a clear preference
for the summer season, which was confirmed by the positive correlation
with temperature, in accordance with previous studies that reported
summer blooms of this species in the Fusaro Lagoon (Mediterranean
Sea) or the Bohai Sea (China) (Chen et al., 2019a; Sarno et al., 1993). As
for C. tenuissimus, also identified by both techniques, it is a small
cosmopolitan species that thrives in coastal waters around the world
between tropical and temperate waters (De Luca et al., 2019; Grzebyk
et al., 2022), being frequently found in the Mediterranean Sea, Atlantic
Ocean and Japanese coastal waters among others (Hongo et al., 2021).
This species is characterised by having a high growth rate (at least three
divisions per day) and causes blooms mostly in the spring and autumn
(Hongo et al., 2021). This marine character and rapid growth agree with
its higher presence in the poly-euhaline zone of the Urdaibai estuary
(positive correlation with salinity) and recording high cell abundances
in late spring-summer (positive correlation with temperature), like the
bloom of 20 million cells/L of June 2020 in URD2 (Supplementary
Material II). Comparing with previous studies, it is remarkable the low
densities of Asterionellopsis glacialis found in the present research, which
was one of the most dominant diatom species in the studies performed in
late 90’s, being sometimes more than 90% of the community (Ansotegui
et al., 2003).

The outer area also recorded the highest dinoflagellate and hapto-
phyte diversity along the estuary, which is mainly explained by the
marine nature of most of the species of these two groups. This is in
accordance with previous studies in the Urdaibai estuary and in the
nearby estuary of Bilbao (Trigueros and Orive, 2000; Trigueros and
Orive 2001; Seoane et al., 2005; Seoane et al., 2009a). Additionally, the
mixotrophy explains the high presence of these groups in the outer es-
tuary, providing them with the ability to grow in low nutrient regions
(Unrein et al., 2014; Zhang et al., 2013). However, in the case of
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dinoflagellates, their contribution to the total phytoplankton abundance
in the inner estuary is similar to the outer estuary, even if the species
richness is much lower. This is explained by the large cell abundances
that some of these dinoflagellate species (e.g., K. foliaceum) record in the
inner estuary.

From the middle estuary towards the inner Urdaibai estuary, cryp-
tophytes started to increase in abundance, becoming the dominant
group in the phytoplankton community in the channelled section of the
estuary, following the pattern of other eutrophicated estuaries such as
Chesapeake Bay (Adolf et al., 2006), Neuse River Estuary (Valdes--
Weaver et al., 2006) or Galveston Bay in Texas (Paerl et al., 2003). This
trend of increasing abundance in this middle and inner section of the
estuary was also recorded in previous studies in Urdaibai estuary
(Ansotegui et al., 2001; Madariaga, 1995; Orive et al., 1998). However,
in the present study, their dominance is more evident compared to the
late 90s’, obtaining higher cryptophyte abundances than in previous
studies. The increase of cryptophytes dominance has been recently
observed in other temperate estuaries as well, such as Tagus (Brito et al.,
2015) and Sado (Santos et al., 2022) estuaries. The studies of both Brito
et al. (2015) and Santos et al. (2022) compared the phytoplankton
communities in the estuaries with the community observed historically
and both agreed with the trend of the increasing dominance of crypto-
phytes. The dominance of cryptophytes over other groups in the middle
and inner Urdaibai estuary may have been triggered by higher turbidity
and organic matter concentration found in these areas of the estuary,
since several authors (e.g. Adolf et al., 2008; Bergmann, 2004) have
described the capability of crytophytes for growing in such conditions.
Their success in this niche, over other groups like diatoms, is explained
by their ability to survive under restricted light conditions, since cryp-
tophytes adapt the absorption spectrum of their phycobiliprotein an-
tennas by replacing a bilin pigment with another one, capable of more
efficiently harvesting the available wavelengths (Collini, 2022). Being
small flagellates, their motility could also be advantageous in these light
restricted zones. In addition, they show mixotrophic character, which
allows them to utilise dissolved organic carbon for growth (Johnson
etal., 2013). Another reason for the substitution of dominant group from
the outer area (diatoms) to this middle and inner area (cryptophytes)
could be the different nutritional preferences of the dominant groups.
While diatoms, along with the silicate, preferably make use of nitrate,
cryptophytes have a higher advantage in ammonium enriched waters
(Horner Rosser and Thompson, 2001). This is in agreement with the
positive correlations recorded between ammonium and U.complanatus
and T. acuta in the present study. Among the cryptophytes found in the
estuary, some showed a preference for higher salinity areas like
T. amphioxeia and T. gracilis, and others were more restricted to the inner
estuary, like H. cryptochromatica, T. acuta and, especially,
U. complanatus. T. amphioxeia, which was not identified by microscopy,
is well known from brackish waters in Europe (Gran-Stadniczenko et al.,
2019; Throndsen et al., 2007), whereas T. gracilis, detected by both
approaches, was described in 2012 from the Atlantic coast of Spain for
the first time (Laza-Martinez, 2012). U. complanatus, considered one of
the most characteristic species of the inner Urdaibai estuary, is a com-
mon bloom-forming euryhaline cryptophyte in the estuaries of SE Bay of
Biscay (Seoane et al., 2012). Recently, booms of U. complanatus have
also been registered in Japanese estuaries, in brackish waters in Ehime,
Hiroshima and Kochi prefectures (Mizobuchi et al., 2021).

In the surroundings of the WWTP, the dinoflagellate K. foliaceum,
only identified by microscopy, became very abundant and was present
in most of the samples, being among the taxa that most explained the
spatio-temporal variability of the community according to SIMPER. This
dinoflagellate has been previously reported in Urdaibai as a character-
istic species of the inner zone (e.g. Ansotegui et al., 2001; Trigueros
et al., 2000b). It has also been observed in the meso-polyhaline region of
other small shallow estuaries of the Basque coast (Orive et al., 1998) and
other temperate estuaries like the Guadiana estuary (Domingues et al.,
2011), Maruca estuary (Seoane et al., 2012), Deel estuary (Jenkinson,
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1985), Lough Atalia estuary (Pybus et al., 1984) or Christchurch
Harbour estuary (Charoenvattanaporn, 2016). Jenkinson (1985) sug-
gested that the confinement of this species within estuaries might result
from the ability of K.foliaceum to vertically migrate and interact with
water movements. Additionally, Domingues et al. (2011) found that
K. foliaceum showed higher growth rates in response to N additions in
the absence of Si, which is typical of anthropogenic nutrient inputs
typically originating from the WWTP, since they are typically high in N
and P, but no Si (mainly coming from the chemical weathering).
Therefore, K. foliaceum proliferated in the inner Urdaibai estuary,
especially in the surroundings of the wastewater discharges, due to
favourable growth conditions i.e., low salinity and increased nutrient
availability derived from the WWTP, and the possibility of migrating in
the water column, avoiding the usual high turbidity of the area.

Diatoms, both pennated and centric, were also an important part of
the phytoplankton community of the inner Urdaibai estuary. Species
such as the epipelic pennates Navicula phyllepta and Navicula gregaria,
found in Urdaibai, have been recorded as the dominant species of the
benthic substrate from intertidal mudflats (Admiraal et al., 1984; Hau-
bois et al., 2005) and from oligo and mesohaline areas of estuaries
(Underwood et al., 1998). The ability of these small-fast growing di-
atoms to move in the sediment allows them to migrate to the surface for
receiving higher light intensity, which at the same time increases the
possibility of their resuspension to the water column. The resuspension
rates of these benthic diatoms are greater in shallow waters of well
mixed estuaries (Baillie and Welsh, 1980), such as the Urdaibai estuary,
due to the higher influence of wind action, tidal currents and convective
currents on theses ecosystems in comparison to deeper estuaries with
marked halocline (Anderson, 1973). This explains the high abundance in
which both N. phyllepta and N. gregaria were found in the waters of the
inner Urdaibai estuary. Regarding the centric diatoms, the genus
Cyclotella was the main representative of the inner Urdaibai estuary.
Cyclotella is a common genus from the inner areas of temperate estu-
aries, due to its oligo or mesohaline character. This genus has been
previously recorded in high abundances in several estuaries, such as the
Schelde estuary (Muylaert et al., 2000), Bahia Blanca estuary (Popovich
and Marcovecchio, 2008) and the nearby Bilbao estuary (Seoane et al.,
2005).

4.2. Comparison of the community characterization methods

Both microscopy and eDNA metabarcoding revealed similar trends in
phytoplankton community composition along the Urdaibai estuary,
especially on the dominance of phytoplankton groups, spatio-temporal
variations of the community composition and relationship between
relevant taxa and environmental conditions. However, most of these
analyses were done with the aim of obtaining a general image of the
community composition, which was based on the whole data set (nMDS
and PERMANOVA) or centred in high taxonomic levels, like phyto-
plankton groups. The present study revealed that the lower the taxo-
nomic level, the higher the inconsistency between microscopy and
metabarcoding when describing the community (e.g. taxa richness or
SIMPER analysis). Several studies, focused on the comparison of
morphological and molecular methodologies for freshwater (MacKeigan
et al., 2022), estuaries (Abad et al., 2016; Nunes et al., 2018) and marine
waters (Gran-Stadniczenko et al., 2019; Santi et al., 2021; Wang et al.,
2022), have enumerated possible reasons to explain the discrepancies
between the two approaches, uncovering the strengths and weaknesses
of each approach, that were also detected in the present study.

Differences in the identification capacity of molecular and morpho-
logical data sets could be one of the main causes of dissimilarity between
the two methods (Kim et al., 2019; Santi et al., 2021; Zimmermann et al.,
2015). In the present study, DNA metabarcoding showed pronounced
differences with microscopy when comparing the number of spe-
cies/genera identified, the number of identified taxa (to, at least, the
genus level) being 3 times higher in eDNA metabarcoding. Overall,
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metabarcoding revealed the presence of 349 phytoplankton taxa that
were not identified by microscopy, among which 276 taxa were not
previously recorded for the Urdaibai estuary (Supplementary Material I,
Tables 5 and 7). Among these, 223 reached the species level, registering
77 new diatom species, 50 dinoflagellates, 40 green algae (mostly
chlorophytes), 15 cryphytophytes, 13 haptophytes, 7 dictyochophy-
ceans, 7 chrysophyceans, 4 bolidophyceans, 4 pelagophyceans, 3 rho-
dophyceans, 2 synurophyceans and 1 raphidophycean for the first time
in the Urdaibai estuary. The reason for the omission or misidentification
of the phytoplankton taxa by microscopy varies depending on charac-
teristics of the phytoplankton groups. In the case of chlorophytes and
haptophytes, their small cell size and fragility may be the main reason
for their misidentification (Agirbas et al., 2015; Lee et al., 2020), since
pico- and nanoplanktonic organisms require electron microscopy or
molecular methods for identification (Gran-Stadniczenko et al., 2019).
As an example, 6 haptophyte taxa were identified by microscopy (3
species), while 19 taxa (14 species) were identified by molecular tech-
niques, some of them being especially recurrent in the outer estuary,
such as Chrysochromulina scutellum and Chrysochromulina rotalis. Many
of them were previously identified in the nearby Nervion estuary
(Seoane et al., 2009a) from natural samples and uni-algal cultures using
light and mainly electron microscopy; however, this procedure is un-
feasible for regular phytoplankton monitoring. The difference was even
bigger for chlorophytes, since the number of taxa identified increased
from 12 to 61, as represented by Picochlorum spp., Ostreococcus spp.
(O. mediterraneus, O. lucimarinus and O. tauri) and Micromonas spp.
(mainly M. bravo and M. commoda), some of the most frequent taxa of
the estuary according to metabarcoding, and were reported for the first
time in the Urdaibai estuary in this study. This limitation was previously
described in nearby estuaries (Abad et al., 2016) and marine areas (e.g.
Gran-Stadniczenko et al., 2019). Diatom misidentification, which was
notable in the present study, can be due to the presence of cryptic species
that cannot be identified. Additionally, the lack of resolution of the
microscopy method used to identify diagnostic morphological charac-
ters may have resulted in overly coarse or erroneous taxonomic identi-
fication optically (Kim et al., 2019; Santi et al., 2021). In the present
study, eDNA metabarcoding helped improving the resolution in the
“unidentified centric’ and “unidentified pennate” diatoms groups.
Among the unidentified centric diatoms, we could determine the pres-
ence of three different Cyclotella species (C. atomus (Hustedt)
C. choctawhatcheeana Prasad and C. striata (Kiitzing) Grunow), 2 Mini-
discus Hasle (M. spinulatus (H.Takano) J.S.Park & J.H.Lee and
M. variabilis), 12 Thalassiosira Cleve species, Mediolabrus comicus and
Stephanocyclus meneghinianus (Kiitzing) Kulikovskiy, Genkal & Kociolek
among others by molecular techniques. As for unidentified pennate di-
atoms, 11 Nitzschia species, 10 Navicula Bory species and 2 Haslea
Simonsen (H. nipkowii (Meister) M.Poulin & G.Massé and
H. pseudostrearia Massé, Rincé & E.J.Cox) were identified by eDNA
metabarcoding. Scanning electron microscopy (SEM) is commonly used
(e.g. Li et al., 2019) to allow a more detailed view at a higher magnifi-
cation of many of the previously mentioned diatom species, since the
diatom frustule, composed of two valves and a number of overlapping
girdle bands, possesses a species-specific morphology of micro- and
nanopatterns (Soleimani et al., 2021). In order to observe these patterns,
in addition to the higher magnification provided by the SEM in com-
parison to the inverted microscope, diatom cells must overcome a
digestion process to eliminate their intra-celular organic material, which
is not part of the Utermohl method followed in most of the phyto-
plankton monitoring programmes and the present study. In addition, as
mentioned in several similar studies (e.g. Gran-Stadniczenko et al.,
2019), an important aspect in this comparison is that eDNA meta-
barcoding results are based on a bigger sample volume analysed
(0.2-3.5 L) in comparison to microscopy (50 ml), which has also helped
to reach a higher taxonomic richness. This proficiency of metabarcoding
over phytoplankton for identifying phytoplankton taxa makes it a more
accurate tool for monitoring rare and endangered species or detecting
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invasive species (Keck et al., 2017).

Nevertheless, among the 615 phytoplankton taxa identified in the
Urdaibai estuary, only 407 were identified to the genus or species level,
which leaves a high number of sequences with an incomplete taxonomic
assignment. There are several causes behind these incomplete identifi-
cations (Santoferrara, 2019): insufficient marker resolution (e.g. not
variable and/or long enough), unsuitable method or parameters (e.g.
BLAST assignments based on suboptimal sequence similarity/coverage)
or incomplete or inaccurate databases. Although the 18S rRNA gene is
the most widely used marker for group and species detection within
marine eukaryotic microorganisms (Martin et al., 2022), in some taxo-
nomic groups (e.g. diatoms and haptophytes) the V4 18S rRNA gene, the
one applied in the present study and many others (e.g. Piredda et al.,
2017; Wang et al., 2022), shows identical sequences for different spe-
cies, leading to incomplete identifications (Gran-Stadniczenko et al.,
2019). Not only the marker gene used, but also the primer choice can be
crucial for an effective taxonomic assignment, since its amplification
and binding affinity are critical factors to bring about taxonomic biases
in eDNA metabarcoding identification (Kim et al., 2019; Van der Loos
and Nijland, 2021). However, primer efficiency is highly
species-specific, which would prevent straightforward assessments of
species abundance (Elbrecht and Leese, 2015) and might imply
group-specific primer choice to obtain a higher rate of taxonomic
assignment. Indeed, it is believed that a multimarker approach, using
several primer sets, will result in a more reliable estimation of species
richness (Alberdi et al., 2018). As for the bioinformatics decisions, its
flexibility makes it an important source of variability of the final results
obtained, and therefore, data sharing is key to enhancing result repro-
ducibility and information discoverability, in order to develop com-
munity standards for bioinformatics methods (Santoferrara, 2019). In
addition, many phytoplankton taxa are difficult to cultivate and/or
identify through microscopy, and therefore, no molecular references are
available, resulting in poor taxonomic coverage and data quality of
reference libraries, which might also explain a high number of unclas-
sified taxa obtained in the study (Gran-Stadniczenko et al., 2019). Thus,
species identification varies with accuracy and coverage of reference
databases (Kim et al., 2019), which is considered one of the main
drawbacks of the DNA metabarcoding approach (e.g. Rimet et al., 2021;
Weigand et al., 2019).

This incomplete identification of ca. 200 unique phytoplankton taxa
detected by metabarcoding leads to some “false negatives” when
comparing it with microscopic identification. Among the species iden-
tified by microscopy that were not part of the metabarcoding results
(Supplementary Material I, Table 6), the dinoflagellate K. foliaceum must
be highlighted. K. foliaceum was present in almost all the samples of the
inner Urdaibai estuary and has been recorded in previous studies in the
areas as well (et al., 2001); however, molecular techniques did not
identify it, with Kryptoperidiniaceae being the lowest identified taxo-
nomic level. In addition, K. foliaceum is included in the database used in
the present study (PR2 4.13.), and the sequence corresponds to the same
region of 18S rRNA of the target of the primer used in the present study.
Thus, this “false negative” may be caused by technical biases introduced
throughout the DNA metabarcoding workflow (Martin et al., 2022):
sample preservation (Maki et al., 2017), DNA extraction (Van der Loos
and Nijland, 2021) and/or PCR (Latz et al., 2022). The same may have
happened with Prorocentrum micans Ehrenberg and Emiliania huxleyi,
which are both available in the PR2 database, but were not detected in
our samples by molecular techniques, even if they were observed by
microscopy. Several options for mitigating these false negatives are the
optimisation of nucleic acid extraction and storage, improving primers
and sequence processing and the adequate biological and technical
replication (Santoferrara, 2019). Moreover, and in accordance with
what Gran-Stadniczenko et al. (2019) described, the molecular tech-
niques almost overlooked the Euglenophyceae of the Urdaibai estuary,
which are relevant and frequent green algae according to microscopy,
but register much lower relative abundances and presence for
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metabarcoding. However, this can be partly explained by the V4 18S
rRNA gene PCR primers used that seem to be poor in amplifying mem-
bers of Euglenophyta compared to amplification using chloroplast gene
targeting primers (Amaral-Zettler et al., 2011).

Additionally, besides the inherent technical biases, the major source
of bias causing discrepancies between both approaches is the 18S rRNA
gene copy number variation within species, genera and plankton groups
(Martin et al., 2022; Santi et al., 2021). This variation of gene copy
numbers can be substantial (ranging from tens to thousands), affecting
the proportion of reads found for each species present in complex
environmental assemblages and leading to misinterpretation of relative
abundances when comparing to microscopic counts (Santi et al., 2021).
In the present study, even if the relative abundance results for both
techniques were quite similar in some cases (e.g. defining the dominant
phytoplankton group), in most of the cases, these results differed
(Fig. 5). As an example, the average relative abundance of di-
noflagellates and green algae within the Urdaibai estuary was two times
higher according to metabarcoding when compared to microscopy. This
is similar to the findings of Piredda et al. (2017) and Santi et al. (2021),
which registered higher percentages of dinoflagellate contribution pro-
duced by metabarcoding. The main reasons for this frequent difference
might be that, compared to taxa with similar cell size, dinoflagellates
have large genomes and putatively high rRNA gene copy number, thus,
an overrepresentation may be expected by molecular techniques (Martin
et al., 2022). However, another reason for the discrepancies between
techniques may be that the broadly used fixatives (e.g. Lugol) cannot
preserve the morphology of unarmored dinoflagellates and might lead to
misidentification or omission by microscopy (Santi et al., 2021),
decreasing their contribution to the total abundance. Therefore,
although several authors (Martin et al., 2022; Piwosz et al., 2020) agree
that community relative abundances determined by eDNA meta-
barcoding are useful and reliable in the context of ecological in-
terpretations (like in the present study), microscopy cell counts are still
essential when studying bloom-forming taxa and/or toxic species in the
community.

Thus, the present study underlines that, while metabarcoding is a
more accurate approach for the assessment of the phytoplankton taxo-
nomic richness of an aquatic ecosystem like the Urdaibai estuary, it may
under- or overestimate the abundance of the identified taxa, making the
combination with microscopy necessary for obtaining reliable quanti-
tative results. Therefore, each approach answers different ecological
questions, and the combined use of the two methods provides a much
more complete image of the phytoplankton abundance and community
composition and its spatio-temporal variability of the Urdaibai estuary.

5. Conclusion

This present study investigated the phytoplankton abundance and
community composition of the Urdaibai estuary at a fine-scale resolu-
tion during a 12-month period. Results determined that chl a increased
towards the inner estuary and spring/summer seasons, showing a sig-
nificant positive relationship with nutrients and temperature. As for
community composition, diatoms like M. polymorphus and C. tenussimus
dominated the outer and middle area of the estuary and were replaced
by cryptophytes, like T. acuta and U. complanatus, and the dinoflagellate
K. foliaceum and diatoms Cyclotella spp. towards the inner area. These
changes in dominant taxa were promoted mainly by the strong longi-
tudinal gradients of salinity and inorganic nutrient concentrations of the
Urdaibai estuary, but other factors such as light availability and mixo-
trophy may also explain the taxa distribution.

Both microscopy and eDNA metabarcoding revealed similar patterns
within the Urdaibai estuary regarding dominance of phytoplankton
groups, spatial and temporal differences of the community composition
and influence of the main environmental factors with the most relevant
taxa. Nevertheless, both approaches were also complementary, since
metabarcoding was able to overcome the lack of taxonomic resolution of
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microscopy, especially for picoplankton, and revealed the presence of
223 species that had not been previously recorded in the Urdaibai es-
tuary, providing new information on the species richness of this pro-
tected area. On the other hand, the microscopic analysis of the
community was useful to cover the gaps that still exist in eDNA meta-
barcoding, since cell counts are essential when studying bloom-forming
taxa and/or toxic species in the community. Thus, considering the
different characteristics of microscopy and DNA metabarcoding, this
work emphasizes that the choice of the approach should be based on the
objective of the research, and if possible, a combination of techniques is
recommended to obtain more reliable and accurate results of the
phytoplankton community.
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