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Abstract

DNA metabarcoding has emerged as a powerful tool for biodiversity assessment in aquatic
ecosystems; however, most studies focus solely on target taxa. This study leveraged sur-
plus COI metabarcoding data originally generated from ichthyoplankton bulk samples
to characterize mesozooplanktonic marine invertebrate communities across coastal and
estuarine environments in southern Portugal. By reanalyzing the previously generated
high-throughput sequencing (HTS) amplicon libraries of two COI primer sets, a total of
424 mesozooplankton taxa (403 species) belonging to 10 metazoan phyla were identified,
revealing diverse non-target groups. Arthropoda, Mollusca, and Cnidaria were the most
represented phyla, accounting for 84.12% of the total species-level diversity, while the estu-
arine records overlapped with 62.5% of the historically documented species represented in
the COI reference database. Additionally, significant seasonal variability in mesozooplank-
ton composition was detected during the estuarine sampling period, and higher species
richness was observed at nearshore sites in the separately analyzed marine dataset. The
low diversity observed during summer (n = 105) in estuarine samples, compared to the
unexpectedly higher richness in winter (n = 126), appears to reflect the atypical climatic
conditions recorded during the sampling year. These findings suggest that metabarcoding,
even when applied to non-target taxa, can potentially detect shifts in community composi-
tion that, in this case, may be associated with particular hydrological and climatic conditions.
Furthermore, 28 taxa classified as non-indigenous species (NIS) in the Bay of Biscay and
Iberian Coast region were identified, highlighting the capacity of this molecular approach
to support early NIS screening in regular assessments. Overall, this study demonstrates that
ichthyoplankton metabarcoding datasets can be repurposed to provide insights into broader
planktonic communities, maximizing the ecological value of routine monitoring efforts.
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1. Introduction

Marine communities inhabiting estuarine and coastal zones comprise a rich diversity
of species that interact in complex ways, shaping food webs, nutrient cycles, and habitat
structures [1]. Monitoring these dynamics is essential for understanding ecosystem health,
stability, and biodiversity [2]. Effective monitoring allows researchers to uncover complex
patterns of species interactions and detect shifts driven by environmental and anthropogenic
pressures—an especially critical task given that these ecosystems rank among the most
threatened on Earth [3,4]. Furthermore, assessing community structure across multiple
taxonomic groups provides an ample perspective on ecosystem functioning, which facilitates
the identification of key biodiversity indicators and ecosystem health metrics [5]. This
holistic approach delivers valuable insights into conservation initiatives and informed
management strategies [6].

Zooplanktonic communities, encompassing a diverse range of taxa such as crustaceans,
mollusks, and polychaetes, play a pivotal role in estuarine and coastal ecosystems, con-
tributing to trophic interactions and serving as indicators of environmental quality [7-9].
Their community structure and productivity are influenced by phytoplankton dynamics
and seasonal phenology, with consequences for food-web functioning and the transfer of
primary production to benthic ecosystems [10-14].

Traditional methods for monitoring zooplankton often involve direct sampling fol-
lowed by morphological identification, which, while informative, can be time-consuming
and limited by taxonomic resolution [15]. In many cases, the identification of organisms to
species level proves challenging, particularly when linking early life stages to their corre-
sponding adult forms [5,16]. Advances in molecular techniques included the emergence of
DNA barcoding as a complementary approach, enabling species identification by sequenc-
ing standardized genetic markers (originally mitochondrial cytochrome c oxidase subunit
I (CQI) in animals) and comparing the resulting sequences with reference libraries [17].
Building on this approach, DNA metabarcoding facilitates comprehensive and efficient
assessments of bulk organism assemblages, supporting taxonomic identification across life
stages, addressing some limitations of morphological identification, and improving the
cost-effectiveness of frequent sampling [18-20]. It can also expand the spatial, temporal,
and taxonomic coverage of traditional biomonitoring programs [21-23]. Additionally, it
is a highly sensitive approach capable of detecting DNA from rare organisms and taxa
classified as non-indigenous species (NIS), while also contributing to the discovery of
cryptic diversity [24,25]. However, its performance and assignment reliability depend on
sampling design, marker resolution, primer-specific amplification biases, reference-library
completeness, and the taxonomic assignment and curation procedures applied [18,20,23,26].

The re-analysis of high-throughput sequencing (HTS) data from archived ichthyoplank-
ton trawls not only detected fish eggs and larvae but also revealed a diverse assemblage of
non-target organisms, including zooplankton and other invertebrates, without requiring
additional sequencing effort. The mesh sizes used in our study (335 and 500 pm) are
consistent with the mesozooplankton size fraction. Mesozooplankton comprise multicel-
lular drifting organisms ranging from 200 ym to 20 mm, including crustacean plankton,
meroplanktonic larvae, and small gelatinous taxa, and contribute to aquatic food webs and
carbon and nutrient cycling through grazing and vertical particle flux [27-29]. However,
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these mesh sizes tend to favor the retention of larger organisms; therefore, the detected
assemblage should be interpreted as a size-selective fraction of the community.

By employing DNA extraction methods that process the entire bulk sample, we can
take advantage of the potential of DNA metabarcoding to investigate and identify these
planktonic organisms. This approach is facilitated by the use of COI (cytochrome c oxidase
subunit I) primer sets, which benefit from extensive database coverage across a broad range
of taxonomic groups [26]. This contrasts with other genetic markers, such as 12S, which,
although widely regarded as more suitable for fish-specific applications due to its higher
amplification specificity and better-curated fish reference libraries, has a narrower taxonomic
scope than COI [30]. Multiple taxonomic databases can be integrated to create a complete
marine community database, effectively targeting mesozooplankton invertebrate species.
Furthermore, generalist primer pairs, such as mlCOIlintF/LoboR1 (Leray-Lobo: [31,32]),
have demonstrated great capacity to detect a broad range of marine species, providing a de-
tailed profile of the marine communities in the sampled ecosystems [25,33-37]. This strategy
underscores the potential of DNA metabarcoding to maximize the amount of information
extracted from each sample, enabling the simultaneous characterization of ichthyoplankton
and associated non-target invertebrate diversity. It can also provide information on com-
munity composition and patterns of taxon co-occurrence within the same bulk samples.
When supported by adequate marker resolution, comprehensive reference databases, and
careful taxonomic curation, DNA metabarcoding can provide species-level identifications
that are valuable for detecting subtle ecological changes and understanding the responses
of mesozooplankton communities to environmental and anthropogenic pressures [38].

Based on this rationale, the main goal of this study is to characterize mesozooplanktonic
marine invertebrate diversity by leveraging surplus COI metabarcoding data generated
from previous ichthyoplankton surveys conducted along the Algarve coast [39] and in
the Guadiana River Estuary during a monthly year-long campaign [40], both in southern
Portugal. By analyzing COI reads assigned to marine invertebrate taxa, we further aim
to: (i) assess species richness across different phyla, (ii) identify areas of higher diversity
within marine environments, and (iii) detect seasonal trends in community-level diversity
within estuarine samples.

2. Materials and Methods
2.1. Sampling Design

Since the aim of this study was to repurpose COI metabarcoding data originally gener-
ated from ichthyoplankton samples to identify co-occurring mesozooplanktonic species,
the datasets used here correspond to material collected in previous investigations [39,40].
The datasets were grouped into marine and estuarine categories according to the design
of each study. Although all locations are situated in southern Portugal, the marine and
estuarine data were analyzed separately because of the lack of direct connectivity between
environments and differences in sampling timelines, design, and effort. Accordingly, no
direct statistical or quantitative comparisons were made between the two datasets, with
coastal-distance patterns evaluated only within the marine dataset and temporal patterns
only within the estuarine dataset. The marine dataset comprised eight biological samples
collected during a single survey, with one sample obtained at each of the eight sampling
points. Marine sampling was conducted at night, with each sample collected through a
10-min oblique tow at 2 knots using a Bongo net with a mesh size of 335 pm. These tows were
restricted to the upper water column and did not characterize the full vertical distribution
of mesozooplankton at any sampling station. In contrast, the estuarine dataset comprised
39 biological samples collected monthly over 13 consecutive months at three fixed sampling
points, with one sample collected per point each month. Each estuarine sample was ob-
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tained through a 5-min horizontal subsurface tow using a conical plankton net with a mesh
size of 500 pm.

More specifically, marine samples were collected in June 2022 along two perpendicular
transects in coastal areas adjacent to the Arade River (A1-A4) and Ria Formosa (F1-F4)
(Figure 1). Sampling points were distributed across increasing distances from the coast,
representing distinct depth zones: inner shore (<30 m), middle shore (30-100 m), outer
shore (100-200 m), and offshore (>500 m). As sampling was restricted to a single campaign
in June 2022, the spatial analyses characterize differences among sites during that campaign
and should be interpreted as a snapshot rather than as representing annual patterns in
marine community composition or richness. Estuarine sampling was conducted in the lower
section of the Guadiana River Estuary, where monthly surveys were carried out from April
2022 to April 2023 at three fixed sampling points (Figure 1). For the subsequent temporal
and seasonal analyses, detections from the three points were combined to produce a single
presence-absence assemblage for each month. Monthly richness therefore represents the
total number of unique taxa detected across the three sampling points rather than an average
among points. Similarly, seasonal richness represents the cumulative number of unique
taxa detected across all months included within each season. More details on the specific
sampling strategies can be found in Ferreira et al. [39,40]. After collection, all samples
were immediately preserved in ethanol 96% and stored at —20 °C to ensure optimal sample
preservation for subsequent molecular analyses.

-8.4 -8.3 -8.2 -8.1

uadiana River Estuary
l(lower section)~

A4 ® ® F4

Arade River Transect Ria Formosa Transect

Figure 1. Sampling locations used for assessing mesozooplanktonic diversity in southern Portugal.
Points Al to A4 (Arade River) and F1 to F4 (Ria Formosa) correspond to marine sampling sites
categorized by their distance from the coast. The inset map on the right shows the lower section of
the Guadiana River Estuary, where estuarine samples were collected. Maps were created using the
CalTopo application (https://caltopo.com (accessed on 27 January 2026); [41]).

2.2. DNA Extraction, PCR Amplification, and High-Throughput Sequencing (HTS)

The molecular processing of the samples used in this analysis is described in detail
in Ferreira et al. [39]. Briefly, following ethanol filtration, DNA was extracted from each
bulk sample using an adaptation of the protocol described by Steinke et al. [42], which was
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based on Ivanova et al. [43]. A volume of lysis buffer proportional to the sample weight
(100 mM NaCl, 50 mM Tris-HC1 pH 8.0, 10 mM EDTA pH 8.0, and 0.5% SDS) was added,
and the samples were incubated overnight at 56 °C with agitation at 60 rpm. Two 1 mL
aliquots from each resulting lysate were processed independently according to the same
extraction protocol, which included three washing steps. DNA from each aliquot was eluted
in 30 pL of sterile double-distilled water (ddH,0), and the two eluates were subsequently
combined, resulting in approximately 60 uL of extracted DNA per sample. DNA concen-
tration and purity were assessed using a Thermo Scientific™ NanoDrop™ One/OneC
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and the extracts were
stored at —20 °C until amplification. Negative extraction controls were processed alongside
the samples. Because these controls showed no detectable amplification, they were not
included in the sequencing libraries. Consequently, sequencing-level artifacts cannot be
completely excluded for detections supported by only one or a few reads.

For this study, we used the amplicon libraries generated from two primer sets tar-
geting the COI region: mlCOIintF/LoboR1 [31,32], and a fish-specific primer cocktail,
FishATL_Cocktail2 [44] (Table 1). Following the manufacturer’s instructions, two repli-
cate PCR reactions were performed for each sample using the KAPA HIFI HotStart PCR
Kit (Kapa Biosystems, Cape Town, South Africa). The PCR reaction mixture contained
0.3 uM of each primer (forward primer mlCOIintF and reverse primer LoboR1) and 5 uL
of template DNA, in a total reaction volume of 25 pL. For the 9ishATL_Cocktail2, the PCR
reaction included 3 M of each primer, comprising a pool of forward primers (219F, 217F,
and 214F) and a pool of reverse primers (FishR1, FishR2, and FishR7), with 1 uL of template
DNA in a total reaction volume of 25 yL. Thermal cycling conditions for both primer sets
are detailed in Table 1. The reaction conditions were independently optimized for each
primer set rather than standardized for quantitative comparisons of amplification efficiency;
therefore, comparisons between primer sets were limited to their qualitative taxonomic
coverage based on presence—absence data.

Table 1. Primer sets used to test the efficiency of COI metabarcoding for the identification of meso-
zooplanktonic species. Bold text indicates the primer-set names and the corresponding forward and
reverse primer names. (F)—forward; (R)—reverse; bp—base pairs.

Primer Set and Length Direction (5'-3") Reference PCR Fg‘)‘:g;;zggdmg
(F) mlCOIintF: GGWACWGGWT- . L '
mlCOlintF/LoboR1 GAACWGTWTAYCCYCC [31] (1)99850(:(:((2% 1;1)1n6)6 (02(% C(’>§0c557§1es.
(~313 bp) (R) LoboR1: TAAACYTCWGGRTG- [32] 72°C (30's); (3/) 72°C (5 g )
WCCRAARAAYCA 5); min).

FishATL_Cocktail2
(~400 bp)

(F) 219F: CCCGACATRGCATTCCCYC
217F: CCCCCGACATRGCMTTCCC

214F: GDGCCCCCGACATAGCATTY Eﬁ (1) 95 °C (3 min); (2) 5 cycles:
(R) Fish R1: TAGACTTCTGGGTGGC- ] 95°C (30's), 56 °C (60's), 72 °C
CAAAGAATCA (60's); (3) 30 cycles: 95 °C
Fish R2: ACTTCAGGGTGACCGAA- Eg% (30s), 60 °C (60's), 72 °C
GAATCAGAA 60s); (4) 72 °C (10 min).
Fish R7: TARACTTCTGGRTGDC- [46] (605); () ( :
CRAAGAAYCA

Following the combination of PCR replicates for each sample, a second PCR reac-
tion was performed to add Nextera XT indexes and sequencing adapters to both ends
of the amplified target regions in accordance with the manufacturer’s guidelines [47].
PCR products were purified, normalized, and pooled together before being subjected to
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paired-end sequencing on an Illumina MiSeq® sequencer using the MiSeq Reagent Kit v3
(600 cycles), following the manufacturer’s instructions (Illumina, San Diego, CA, USA).
The sequencing was conducted at Genoinseq (Cantanhede, Portugal). The raw sequence
data generated from the marine and estuarine samples have been deposited in the NCBI
Sequence Read Archive (SRA) under BioProject accession numbers PRJNA1329156 and
PRJNA1334324, respectively.

2.3. Bioinformatic Processing

Amplicon COI datasets generated through Illumina sequencing were processed us-
ing PMiFish version 2.4.1 (available at https://github.com/rogotoh/PMiFish (accessed on
8 July 2026); [48]). Based on USEARCH version 10.0.240 [49], the pipeline processed the
HTS raw data through a series of steps, including paired-end read merging, primer removal,
quality filtering, dereplication, denoising, and chimera removal (see Ferreira et al. [40] for
a detailed description of each step). The remaining ASVs (Amplicon Sequence Variants)
were taxonomically assigned to species using an identity threshold of >97% and subse-
quently grouped into molecular operational taxonomic units (MOTUs). Each MOTU was
represented by a single representative sequence, corresponding to the ASV with the highest
read count within its group of sequences.

The COI reference database was compiled using an R script adapted from the BAGS soft-
ware [50]. Records corresponding to marine and brackish invertebrate phyla and the ‘COI-
5P” marker were extracted from the BOLD database [51] using the “bold” R package [52]
in RStudio 4.0.4 [53]. Records lacking species names or Barcode Index Number (BIN)
were removed, and the remaining data were carefully reviewed to address synonyms and
unaccepted names. Taxonomic consistency was ensured by aligning with the accepted
nomenclature in the World Register of Marine Species Records [54].

2.4. Data Curation

To maximize the detection of potentially rare taxa, including non-indigenous species,
no minimum read threshold was applied to preserve identifications with small number
of sequence reads, which are often associated with such taxa. This methodological choice
required a rigorous data curation workflow to minimize the risk of false-positive detections
while avoiding an overly conservative approach. All taxonomic assignments obtained using
the compiled reference database were subsequently re-checked against WoRMS to standard-
ize the nomenclature and resolve taxonomic inconsistencies. Each COI sequence was linked
to a BIN, a molecular operational taxonomic unit based on sequence similarity [55], and BIN
assignments were cross-validated against the BOLD reference database. Representative se-
quences associated with each taxonomic assignment generated by the PMiFish pipeline were
then independently verified using BLASTn searches against GenBank [56], with sequence
identity, query coverage, and E-values evaluated to assess assignment confidence.

Additionally, when a species-level assignment remained ambiguous for one COI primer
set but was strongly supported by the complementary primer through consistent BIN as-
signment, BLASTn results, and taxonomic agreement, the species record was retained
based on cross-primer validation. As a final step, if assignments still could not be confi-
dently resolved to species level or multiple closely related species could not be reliably
distinguished, records were conservatively reassigned to the genus or family level. This
multi-step curation procedure was implemented to maximize the detection of ecologically
relevant taxa, including potential NIS, while minimizing taxonomic misassignments and
spurious detections.
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2.5. Diversity Analysis

All data analyses were conducted within the RStudio environment version 4.0.4 [53]
using the vegan R package (v2.6-4) [57]. Due to potential amplification-associated biases,
only presence/absence data were considered. Treemap plots illustrating the composition of
mesozooplankton recovered through COI metabarcoding of ichthyoplankton from marine
and estuarine samples were generated using the “treemap” function from the treemap
R package [58]. The R package ggplot2 [59] was employed to enhance graphical data
representation. Additionally, this package was used to generate the fluctuation plot showing
seasonal variations in the number of detected taxa for each phylum and the heatmap
representing the presence and absence of non-indigenous species identified within the
samples. NIS identification was based on the 2024 Marine Non-Indigenous Species report
from the Marine Strategy Framework Directive (MSFD) for the Bay of Biscay and the
Iberian Coast region [60]. These visualizations were further supported by the use of the
“tidyr” [61] and “dplyr” [62] R packages, which facilitated data manipulation and the
creation of appropriate data frames for visualization. The Jaccard dissimilarity index was
calculated for each sampling location using the “vegdist” function from the vegan R package.
To visualize data-specific patterns, separate non-metric multidimensional scaling (NMDS)
analyses were performed using R scripts with the vegan R package. For the marine dataset,
NMDS was used to visualize variation in taxonomic composition among coastal-distance
categories. For the estuarine dataset, NMDS was used to assess variation among sampling
seasons. No NMDS or PERMANOVA analysis directly compared the marine and estuarine
samples. Differences within each dataset were evaluated using Permutational Multivariate
Analysis of Variance (PERMANOVA) conducted with the “adonis2” function from the
vegan package in R, employing 999 permutations. When applicable, additional “pairwise”
comparisons were performed to assess differences between variable categories, providing a
more detailed understanding of the observed patterns. For the estuarine seasonal analyses,
as described in the Sampling Design section, NMDS and PERMANOVA were performed
using a single monthly presence—absence profile generated by combining detections from
the three sampling points, with the 13 monthly profiles grouped according to their respective
seasons. The homogeneity of multivariate dispersion among seasons was evaluated using
the “betadisper” function from the vegan package, and differences in dispersion were tested
using analysis of variance.

3. Results
3.1. HTS Data Processing and Global Mesozooplanktonic Composition

Among the 94 COI amplicon libraries expected from 47 biological samples (8 marine
and 39 estuarine), 92 were successfully generated and analyzed, yielding a total of
8,921,839 reads. Of these, 4,962,691 were generated using the mlCOlintF/LoboR1 primer
pair and 3,959,148 using the FishATL_Cocktail2 primer cocktail (Table S1). Following
bioinformatic processing, 90.44% of the reads from the mlCOIlintF/LoboR1 primer pair
were retained for taxonomic assignment compared to 69.07% for the FishATL_Cocktail2
primer cocktail. Approximately 37% of the total COI reads were successfully assigned to
aquatic metazoan species (45% in the case of the generalist mlCOlintF/LoboR1 primer
versus 28% for the fish-specific cocktail). The mlCOIlintF/LoboR1 primer identified 471 taxa,
of which 453 were assigned to species level, comprising 375 invertebrate (Table S2) and
78 fish species. Following taxonomic curation, 15 records were conservatively reassigned to
genus level and 3 to family level. In contrast, FisShATL_Cocktail2 primer recovered 272 taxa,
including 265 species-level assignments, but showed greater efficiency in detecting the
target fish fauna, identifying 93 fish species alongside 172 invertebrate species (Table S3).
After taxonomic curation, 6 records were reassigned to genus level and 1 to family level.
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(a)

Fish taxa data were excluded from the subsequent analyses, as they have already been thor-
oughly explored in previous studies [39,40]. The following section provides a descriptive
summary of the combined taxonomic diversity obtained from the marine and estuarine
datasets. This combined inventory is presented solely to characterize the total non-target
diversity detected, while all spatial and temporal analyses were conducted separately for
each dataset.

Across the combined taxonomic dataset, a total of 424 mesozooplanktonic invertebrate
taxa were identified across all analyzed samples, comprising 403 species-level, 17 genus-
level, and 4 family-level assignments (Table S4). These taxa spanned 10 metazoan phyla: An-
nelida, Arthropoda, Bryozoa, Chaetognatha, Chordata, Cnidaria, Echinodermata, Mollusca,
Nemertea, and Porifera. They were classified into 22 classes, 63 orders, and 207 families,
reflecting the extensive taxonomic diversity captured through DNA metabarcoding analysis.
The three most represented phyla accounted for 84.12% of the total species-level diversity:
Arthropoda with 196 species, Mollusca with 98 species, and Cnidaria with 45 species. This
overall pattern remained consistent across both case studies and sample types (Figure 2).
In marine samples (Figure 2a), Arthropoda was the dominant phylum with 157 species
(53.77%), followed by Mollusca with 76 species (26.03%), Cnidaria with 26 species (8.90%),
and Annelida with 22 species (7.53%). The remaining phyla collectively represented 3.77%
of the total diversity, including seven species of Echinodermata, two species of Bryozoa, and
one species each of Chaetognatha, Nemertea, and Porifera. In the estuarine monthly sam-
ples (Figure 2b), a similar pattern was observed, with Arthropoda dominating (135 species,
46.55%), followed by Mollusca (67 species, 23.10%) and Cnidaria (34 species, 11.72%).
Annelida was also well represented with 31 species (10.69%). The remaining phyla ac-
counted for 7.93% of the total diversity, including Bryozoa (seven species), Echinodermata
(five species), Chaetognatha (four species), Porifera (three species), and Chordata and
Nemertea (two species each). Globally, at the class level, five classes stood out, collectively
accounting for 79.95% of the total diversity across all samples: Malacostraca (112 species)
and Copepoda (57 species) within Arthropoda, Gastropoda (79 species) within Mollusca,
Hydrozoa (41 species) within Cnidaria, and Polychaeta (33 species) within Annelida.

(b)

Ostracoda I " : T
Branchiopoda POIyChaeta ||
Copepoda Gastropoda suasprreig
Thecostraca Hyd rozoa . Ostracoda c
Biva Ivialcﬁpﬁa|ﬂwda| Thecostraca| Branchiopoda Polychaeta

MalacostracalGastropoda Copepoda

zoa | Hexacorallia|
Malacostraca e

Hydrozoa

Phylum

l:l Annelida |:| Arthropoda D Bryozoa I:] Chaetognatha D Chordata [:l Cnidaria |:| Echinodermata D Mollusca l:] Nemertea |:| Porifera

Figure 2. Taxonomic composition of mesozooplankton invertebrates recovered through COI metabar-
coding: (a) marine samples collected along coastal transects and (b) estuarine samples from the
Guadiana River Estuary. The tree maps are color-coded by phylum, illustrating the taxonomic diver-
sity retrieved. Taxonomic composition was characterized independently for each dataset and was not
used for direct comparisons between the marine and estuarine communities.
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3.2. Influence of Coastal Distance (Marine Samples ) on Mesozooplanktonic Species Richness
and Composition

The number of mesozooplankton taxa recorded across the different coastal categories
for each marine transects (F1-F4 and A1-A4) varied among sampling points, with generally
higher richness observed at sites closer to the coast and lower richness at sites farther
offshore. Sampling points closer to the coast (F1-Al and F2-A2, representing inner shore
and middle shore categories) exhibited the highest species richness compared to the more
distant sites (F3-A3 and F4-A4, representing outer shore and offshore categories). The
highest richness was observed at site F1, with 168 taxa identified, while the middle shore
sites showed contrasting patterns, with A2 recording the highest diversity (124 taxa) and
F2 displaying the lowest richness of all locations, with only 48 (Figure 3). Across all marine
sites, Arthropoda, Mollusca, and Cnidaria emerged as the dominant phyla, with Arthropoda
consistently representing the largest proportion of species across all sampling locations. The
remaining phyla, including Bryozoa, Chaetognatha, Nemertea, and Porifera, contributed
minimally to the overall taxonomic composition.

1751 168
150+ Phylum
o Annelida
o 1251 Arthropoda
(5}
o 102 Bryozoa
v 100 91 Chaetognatha
kS 82 Cnidaria
L 75 ;
g 751 69 Echinodermata
g Mollusca
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Figure 3. Number of taxa detected using COI metabarcoding across the marine sampling locations.
Bar heights represent the total number of mesozooplankton diversity identified, with colors indicating
their distribution among phyla. Sampling locations are grouped into four categories according to the
maximum depth at each point: Inner (Inner shore: <30 m), Mid (Middle shore: 30-100 m), Outer
(Outer shore: 100-200 m), and Off (Offshore: >500 m). Numbers above each bar indicate the total
taxa richness detected at each sampling location.

3.3. Influence of Seasonal Variation (Estuarine Samples) on Mesozooplanktonic Species Richness
and Composition

In the estuarine environment, species richness displayed pronounced seasonal fluc-
tuations, with the highest number of records (1 = 155) recorded in April and the lowest
(n = 49) in August (Figure 4). A clear pattern emerged, with spring months showing the
highest species richness, while summer months, except for September, exhibited lower
diversity. The estuarine samples also displayed a taxonomic distribution pattern similar to
the marine environment, with Arthropoda, Mollusca, and Cnidaria as the most abundant
phyla. However, Annelida exhibited a more noticeable presence in the estuarine samples
compared to marine sites. When assessing seasonal variation, spring (April to June) stood
out as the most diverse period, with 208 taxa detected, followed by winter (January to
March) with 126 and autumn (October to December) with 112. In contrast, the summer
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period (July to September) recorded the lowest diversity, with only 105 mesozooplankton
species identified.

175
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Figure 4. Number of taxa detected using COI metabarcoding across the estuarine monthly samples.
Bar heights represent the total number of mesozooplankton diversity identified, with colors indicating
their distribution among phyla. Monthly samples span from April 2022 (APR) to April 2023 (APR*)
and are grouped by the corresponding season. Numbers above each bar indicate the total species
richness detected in each monthly sample. SPR.—Spring.

Seasonal fluctuations in mesozooplankton diversity revealed distinct trends across
the ten identified phyla in the lower section of the Guadiana River Estuary (Figure 5).
Arthropoda, the dominant phylum, exhibited marked seasonal variation, with the highest
species richness recorded in spring (n = 92), followed by a pronounced decline in summer
(n =59) and a gradual increase through autumn (n = 71) and winter (n = 76). Mollusca
also peaked in spring (n = 60) but experienced an intense decline in summer (17 = 9) and
autumn (n = 4); a similar pattern was observed for Annelida, although at a smaller scale
(decrease from 23 species to 7). Cnidaria, another prominent phylum, maintained relatively
stable species richness throughout the year, with a slight increase in winter (24 species),
one more than in spring. The remaining phyla contributed less to the overall seasonal
mesozooplankton composition but still displayed distinct seasonal patterns. The decline in
species richness observed during the summer months aligns with the overall reduction in
diversity patterns seen in Figure 4, emphasizing the seasonal influence on mesozooplankton
community composition.
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Figure 5. Seasonal fluctuations in species richness for the ten identified phyla in the lower Guadiana
River Estuary. Monthly detections were grouped by season, illustrating the contrasting temporal
patterns of the dominant and less abundant phyla.

3.4. Marine and Estuarine Mesozooplankton Community Structure

The NMDS analysis based on the Jaccard dissimilarity index was used to visualize
potential variation in mesozooplankton community composition across spatial and seasonal
gradients (Figures 6 and 7). Figure 6 illustrates the spatial distribution of samples catego-
rized by their distance from the shore and provides a low-dimensional representation with
a stress value of 0.034. Although the ordination visually suggested a potential gradient in
community composition with increasing distance from the coast, this pattern was based on
only eight marine observations and should therefore be interpreted cautiously. Specifically,
inner shore sites appeared relatively close in the ordination, while the middle shore site F2
was positioned separately from the other sampling points. In contrast, the outer shore and
offshore sites (F3, F4, A3, and A4) appeared to form a separate grouping, with samples
positioned close to one another. However, this apparent spatial gradient was not statistically
supported, as PERMANOVA indicated no significant differences among coastal-distance
categories (R? = 0.473, pseudo-F = 1.195, df = 3, p = 0.194; Table S5). Further pairwise
PERMANOVA comparisons between different coastal distance categories revealed no sig-
nificant differences, even between the most visually contrasting groups, inner shore and
offshore (pseudo-F = 1.928, df = 1, p = 0.333; Table S6).

Figure 7 highlights the seasonal variation in mesozooplankton composition, with
samples grouped by season. The NMDS ordination suggested visually distinguishable
seasonal groupings, with a slight overlap between January (winter) and the autumn cluster.
Spring samples (April, May, and June) appeared to form a distinct and more isolated cluster,
indicating a relatively unique community structure during this period. Autumn samples
(October, November, and December) appeared a more dispersed pattern, suggesting higher
variability in species composition within this season. In contrast, summer months (July,
August, and September) formed a more cohesive cluster, indicating greater similarity in their
composition. PERMANOVA analysis revealed significant differences in mesozooplankton
community composition among seasons and showed that season accounted for 34.61%
of the observed variation (R? = 0.346, pseudo-F = 1.588, df = 3, p = 0.002; Table S7).
Nevertheless, the analysis of multivariate dispersion revealed no significant differences
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NMDS2

among seasons (F = 0.764, df = 3, p = 0.542). Pairwise comparisons using PERMANOVA
further highlighted the distinct contribution of spring months to the observed differences,
with significant differences found when comparing spring to summer (p = 0.023) and
autumn (p = 0.026) and a near-significant difference with winter (p = 0.066) (Table S8). No
significant differences were observed among the remaining seasonal comparisons. These
findings indicate an overall temporal pattern in mesozooplankton community composition
during the sampled annual cycle, with the observed variation appearing to be mainly
associated with the distinct spring assemblage rather than clear separation among all
individual seasons.
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Figure 6. Non-metric Multidimensional Scaling (NMDS) plot based on the Jaccard dissimilarity
index illustrating variation in species composition across sampling locations grouped by distance
from shore (Stress = 0.034). Points are labeled by their corresponding sampling locations and colored
according to four distance categories: Inner Shore (light blue), Middle Shore (medium blue), Outer
Shore (blue), and Offshore (dark blue).
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Figure 7. Non-metric Multidimensional Scaling (NMDS) plot based on the Jaccard dissimilarity index
illustrating seasonal variation in species composition (Stress = 0.107). Points are labeled by their
corresponding sampling months and colored according to season: Spring (green), Summer (yellow),
Autumn (orange), and Winter (blue). Convex hulls delineate the distribution of samples within each
season, illustrating seasonal patterns in community composition. APR*—April 2023.
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3.5. Non-Indigenous Species (NIS) Detection

The DNA metabarcoding analysis of ichthyoplankton samples enabled the detection
of twenty-eight non-indigenous mesozooplanktonic species (NIS), according to the 2024
Marine Non-Indigenous Species report from the Marine Strategy Framework Directive
(MSFD) for the Bay of Biscay and the Iberian Coast region [60]. These NIS represented
6.95% of the total identified diversity and were distributed across five phyla: Arthropoda
(13 species), Bryozoa (5 species), Chordata (2 species), Cnidaria (5 species), and Mollusca
(3 species) (Figure 8).
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Figure 8. Detection of twenty-eight non-indigenous species (NIS) classified for the Bay of Biscay and
the Iberian Coast region, as reported in the 2024 MSFD report [60]. The figure illustrates the presence
of these species across varying distances from the coast in marine environments (F1-F4, A1-A4) and
their temporal occurrence in a temperate estuary in southern Portugal, based on monthly sampling.
APR*—April 2023.

In the marine environment, thirteen NIS were detected, with their presence varying
across sampling points. Balanus trigonus Darwin, 1854 was consistently detected at all
sites, while Paracalanus quasimodo Bowman, 1971 was present at all locations except F4.
Additionally, nine species were recorded within the Ria Formosa transect (F1-F4), pre-
dominantly distributed from the inner shore to the outer shore. These included: Acartia
(Acanthacartia) tonsa Dana, 1849-1852; Austrominius modestus (Darwin, 1854); Caprella scaura
Templeton, 1836; Crepidula fornicata (Linnaeus, 1758); Membranipora membranacea (Linnaeus,
1767); Neomysis integer (Leach, 1814); Ostrea stentina Payraudeau, 1826; Pseudodiaptomus
marinus Sato, 1913; and Ruditapes philippinarum (A. Adams & Reeve, 1850). Furthermore,
two additional NIS, Ectopleura crocea (Agassiz, 1862) and Palaemon macrodactylus Rathbun,
1902, were recorded exclusively in samples from the Arade River transect (A1-A4). The
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Arade River dataset also included Membranipora membranacea and Austrominius modestus,
which were detected in the Ria Formosa transect as well.

In the estuarine environment, twenty-four NIS were identified, each displaying distinct
temporal distribution patterns. Paracalanus quasimodo was consistently detected throughout
all months, suggesting persistent occurrence in the Guadiana River Estuary. A similar
pattern was observed for Austrominius modestus and Balanus trigonus, with the former absent
only in November and February and the latter missing solely in November. Several species
demonstrated prolonged presence across multiple months; Bugula neritina (Linnaeus, 1758),
Clytia linearis (Thornely, 1900), and Palaemon macrodactylus were recorded in six or more
months. Bugula neritina exhibited seasonal permanence from spring to autumn, while
C. linearis and P. macrodactylus were primarily detected in spring and summer. Certain
species, such as Membranipora membranacea, Microcosmus squamiger Michaelsen, 1927, and
Neomysis integer, were predominantly associated with warmer months. In contrast, Acartia
(Acanthacartia) tonsa; Amphibalanus amphitrite (Darwin, 1854); Blackfordia virginica Mayer,
1910; Jassa slatteryi Conlan, 1990; Ostrea stentina; and Pseudodiaptomus marinus were more
frequently detected during colder months. Additionally, some species, such as Callinectes
sapidus Rathbun, 1896; Eucheilota menoni Kramp, 1959; and Grandidierella japonica Stephensen,
1938, exhibited a patchy distribution across the sampled months, suggesting intermittent
occurrences. Conversely, the following species were each detected in only one month:
Amphibalanus eburneus (Gould, 1841) in April 2023; Botrylloides diegensis Ritter & Forsyth,
1917 in September; Bugulina stolonifera (Ryland, 1960) in November; Celleporaria brunnea
(Hincks, 1884) in October; Gonionemus vertens A. Agassiz, 1862 in September; and Watersipora
subtorquata (d’Orbigny, 1852) in July.

4. Discussion

This study aimed to leverage additional data generated from previous COI-based
DNA metabarcoding studies primarily targeting ichthyoplankton to identify co-occurring
mesozooplankton diversity and explore distribution patterns across estuarine and coastal
environments. A total of 403 mesozooplankton species from 10 metazoan phyla were iden-
tified alongside the target fish species, demonstrating that ichthyoplankton metabarcoding
amplicon libraries can also provide valuable insights into non-target communities and
highlighting the potential of DNA metabarcoding to simultaneously recover biodiversity
information across multiple taxonomic groups from a single dataset.

The results of the separate analyses revealed higher diversity at nearshore sites in
the marine datasets, while the estuarine dataset exhibited marked seasonal variation in
mesozooplankton composition, with richness peaking in spring. Notably, atypical hydro-
logical and climatic conditions during the sampling year may have contributed to observed
lower diversity in summer (n = 105) compared to unexpectedly higher richness in winter
(n = 126). Furthermore, the detection of 28 non-indigenous species (NIS) highlights the
value of DNA metabarcoding in screening for potentially introduced taxa, even within
non-targeted monitoring programme.

4.1. COI Multi-Primer Metabarcoding Uncovered Extensive Mesozooplankton
Invertebrate Diversity

The primary objective of using surplus data from COI ichthyoplankton metabarcod-
ing was successfully achieved, as evidenced by the identification of over 400 additional
mesozooplanktonic taxa across marine and estuarine samples. Nevertheless, as in any
metabarcoding survey, the observed assemblage reflects the taxonomic diversity captured
under the methodological conditions applied and may not fully represent all taxa present,
given differences in primer-template affinity, amplification efficiency, DNA abundance
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among taxa, sequencing depth, and reference-database completeness. The mesh sizes
used in the marine and estuarine surveys (335 and 500 pm, respectively) may also have
under-represented small copepods, nauplii, and other early developmental stages while
favoring the retention of larger organisms. Consequently, the reported proportions at
the phylum and class levels characterize the size fraction retained by the sampling gear
rather than the entire community, as metabarcoding cannot recover taxa that were not
efficiently collected. Nevertheless, the consistent sampling approach within each dataset
supports comparisons of the sampled taxonomic fraction. As anticipated, the generalist
primer mlCOIlintF/LoboR1 was pivotal in broadening the taxonomic diversity detected in
this study, with 375 mesozooplanktonic species identified. Of these, 61.60% were detected
exclusively by this primer, corresponding to 231 species. These results align with prior
studies that have employed this primer pair in marine habitats, consistently highlighting its
good performance in retrieving metazoan species across various environments [27,34-37].
Despite its design specifically tailored for fish detection, the FishATL_Cocktail2 primer set
detected 172 mesozooplanktonic invertebrate species globally. Importantly, this primer
cocktail detected 28 species not captured by the generalist primer, including 4 annelids,
16 arthropods, 2 cnidarians, 4 echinoderms, and 2 mollusks. As the initial rationale was to
make use of the full COI datasets generated, it was surprising to observe the complementary
value provided by the fish-specific cocktail primer, contributing to a 6.95% increase in the
total mesozooplankton diversity recovered in the study, while demonstrating an unexpected
ability to detect taxa beyond its primary target group.

These detailed taxonomic identifications were supported by the availability of com-
paratively extensive COI reference databases for the study region [63—-67]. The curation
process, which involved BIN inspections [68], auditing of COI reference records [50], and
nomenclature verification, was used to increase confidence in species-level assignments
and minimize potential taxonomic misassignments. The application of this molecular
approach marks a significant advancement in planktonic community research for the Gua-
diana Estuary region, which has previously relied primarily on traditional morphological
inspection methods [69-74].

76 historical species represented in the database resulted in an overlap of 62.5% (15 of
24 species) between the historical and molecular data. These percentages represent compar-
isons between datasets rather than estimates of metabarcoding detection efficiency, since
the historical and molecular surveys may have differed in aspects such as sampling gear,
effort, season, and taxonomic methodology. Despite the availability of a robust COI barcode
library for the study region, many species remain underrepresented or lack suitable COI
reference sequences, emphasizing the need for ongoing efforts to complete these reference
libraries [75]. Consequently, historically documented species not recovered in the metabar-
coding dataset cannot be considered biologically absent, as their non-detection may reflect
incomplete reference-library coverage, insufficient marker resolution, primer bias, low abun-
dance, or other methodological factors. In particular, the 500 pm mesh used for estuarine
sampling may have reduced the retention of smaller taxa and early developmental stages,
further contributing to differences between the historical records and the taxa detected
in this study. The molecular dataset should therefore be regarded as a complementary
biodiversity assessment rather than an exhaustive inventory, and molecular non-detection
should not be interpreted as evidence of local absence without additional supporting data.
In addition, previous morphological studies have identified the genera Idotea, Pleopis, and
Podon without achieving species-level resolution. Our HTS data provided species-level
identifications within these genera, likely corresponding to these historical records that
remained taxonomically unresolved. This demonstrates the potential of DNA metabar-
coding to generate valuable taxonomic information, aiding in more precise morphological
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identifications and addressing some of the inherent limitations of traditional morphological
methods [39]. The first-time application of DNA-based approaches in this region establishes
a valuable baseline for future monitoring assessments.

4.2. Coastal Proximity and Seasonality Effects on Mesozooplankton Invertebrate Diversity and
Community Structure

The results from the marine samples indicated a trend of higher mesozooplanktonic
invertebrate diversity at nearshore sites (inner and middle shore) compared to outer shore
and offshore locations. This apparent pattern reflects only the upper water-column fraction
sampled at night during this campaign, a limitation that may be particularly relevant at
the outer shore and offshore sites because of their greater depths. It should therefore not
be interpreted as evidence of lower richness throughout the entire water column. The
marked difference in richness between F1 (168 taxa) and F2 (48 taxa) indicates substantial
site-specific variability and suggests that distance from shore alone is insufficient to explain
the observed pattern. Local environmental conditions, habitat characteristics, and hydrody-
namic processes may also have contributed to this variation, although these factors were not
directly evaluated. Despite this apparent trend, the differences in species composition were
not significant, aligning with a pattern previously reported by Ben-Hamadou et al. [76]
for the Portuguese southern coastal zone. Because marine sampling was limited to a sin-
gle campaign in June 2022, the observed spatial patterns may reflect conditions specific
to that sampling period and should not be generalized to the annual marine community.
Future studies in these areas should enhance sampling efforts to generate robust data on
community variability that can validate potential spatial patterns.

Regarding the estuarine samples, mesozooplanktonic invertebrate composition showed
significant seasonal variation, with differences in species richness across seasons. Spring
emerged as the most diverse season, characterized by a distinct community structure com-
pared to other seasons, particularly summer and autumn. This peak in diversity follows
expected patterns and may be associated with favorable environmental conditions such
as increased water temperature, higher nutrient availability, and enhanced primary pro-
ductivity, which could promote zooplankton proliferation. The dominance of Arthropoda,
Mollusca, and Cnidaria across all seasons was consistently observed, with Annelida show-
ing a marked increase during spring months. Copepods were among the most frequent taxa
in our samples, something consistent with previous morphology-based studies that identi-
fied them as a dominant group [70,72,73]. In addition, the increased presence of copepods
in the lower section of the Guadiana River Estuary across the year [69] was corroborated by
our data. Interestingly, in terms of species richness, Malacostraca crustaceans exhibited the
highest diversity, with 72 recorded species. The greater richness of Malacostraca relative
to Copepoda may partly reflect the 500 pym mesh used in the estuarine survey, which fa-
vored the retention of larger organisms while potentially under-sampling smaller copepods
and early developmental stages, meaning that this pattern may not represent the relative
richness of these classes across the entire estuarine community. This outcome may also
have been influenced by a bias in our reference library, as this taxonomic group can be more
represented compared to others. Species from the genera Acartia, Centropages, Paracalanus,
Paracartia, and Temora were detected nearly every month of the study period, highlighting
their persistent role in the estuarine mesozooplankton community. Additionally, the pattern
observed by Chicharo et al. [71] of a decline in Insecta and Mysida records due to reduced
freshwater habitats in the lower Guadiana Estuary is consistent with our findings. Insecta
were absent from our samples, while only five Mysida species were detected, with sporadic
occurrences found throughout the study period. For instance, Mesopodopsis slabberi, previ-
ously documented as a common presence in the estuary, was only recorded in December,
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indicating a potential reduction in suitable habitat conditions for this group. Once again,
this underrepresentation may be attributed to a bias in our reference databases, as species
from this taxonomic group may lack available reference sequences needed for accurate
taxonomic assignments.

Interestingly, while we expected higher zooplankton diversity during the warmer
months, in line with historical trends in the Guadiana Estuary [69,70], our results revealed
lower richness in summer (n = 105) than in winter (# = 126). Summer months are gen-
erally expected to support greater zooplankton diversity, with meroplankton reaching its
highest densities, due to stable environmental conditions and warmer temperatures [69,70].
However, summer exhibited lower richness compared to other seasons. The climatic and
hydrological conditions observed during the sampling period offer a possible explanation
for this pattern, although some environmental variables were not directly evaluated. In
particular, the hydrological conditions associated with an exceptionally dry year may have
had a stronger influence than seasonal temperature, given the reduced rainfall and po-
tential decrease in freshwater discharge from the Alqueva Dam into the estuary, similar
to the pattern observed by Chicharo et al. [70]. In fact, the summer of 2022 was classi-
fied as extremely hot and very dry, ranking as the fourth hottest since 1931, with less
than half of the usual summer rainfall being recorded [77]. This scenario of reduced
freshwater inflow during the sampling period could have induced changes in both bi-
otic components—including reduced planktonic productivity and altered phytoplankton
composition and prey availability—and abiotic conditions—including increased salinity,
reduced nutrient inputs, and modified turbidity—potentially affecting the entire food web
and the typical mesozooplankton community structure of the estuarine ecosystem [70,78].
Conversely, winter, traditionally characterized by lower zooplankton richness, emerged as
the second most diverse season. This result coincided with positive precipitation anoma-
lies recorded at the end of summer and throughout autumn 2022 [77]. If these increased
precipitation translated into greater freshwater inflow from the Alqueva dam to the lower
estuary, the consequent freshwater pulses may have renewed nutrient inputs, promoting
phytoplankton diversity and consequently increasing prey availability for zooplankton, as
previously reported by Chicharo et al. [70], which could help explain the comparatively rich
mesozooplankton assemblage recorded during the colder months. As a complementary
observation, the fish community did not exhibit the same seasonal pattern. Although spring
presented the highest species richness (n = 78), as expected, summer (1 = 59) remained
slightly richer than winter (n = 52), while winter exceeded autumn (n = 46) [40]. The
temporal patterns observed here represent a single annual cycle from April 2022 to April
2023 and should not be interpreted as recurrent seasonal dynamics. Although the unusual
climatic conditions recorded during this period may have contributed to the observed vari-
ation, their influence cannot be separated from other environmental and biological drivers.
Multi-year monitoring is therefore required to distinguish consistent seasonal patterns from
year-specific variability.

The seasonal fluctuations observed in this work reinforce the dynamic nature of meso-
zooplankton communities in estuarine systems and demonstrate the capability of molecular
tools to detect these patterns even when analyzing non-target communities recovered
through DNA metabarcoding. This level of sensitivity enabled the detection of variations
in community structure caused by unusual hydrological and climatic conditions, which is
particularly relevant in environments such as the Guadiana River Estuary, where seasonal
variability can strongly influence ecosystem functioning.
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4.3. DNA Metabarcoding Revealed to Be Highly Efficient for Detecting Non-Indigenous
Species (NIS)

Twenty-eight non-indigenous species were identified across the mesozooplanktonic
marine and estuarine samples, as referenced in the 2024 MSFD report [60], accounting
for 6.95% of the total mesozooplankton diversity recovered. From this recent list, eigh-
teen species have already been documented as NIS in Portuguese coastal areas, coastal
lagoons, estuaries, and islands by Chainho et al. [79], with established references to their
initial records.

Specifically, within the Guadiana Estuary, the species Blackfordia virginica and Palaemon
macrodactylus were first documented by Chicharo et al. [80], highlighting potential impacts
on the estuary’s nursery function and competition for food with native species. Subsequent
records of B. virginica were also reported in the following years by Bode et al. [69] and
Muha et al. [72]. Additionally, two species listed in the 2024 MSFD report, Acartia (Acan-
thacartia) tonsa and Pseudodiaptomus marinus, were recently documented in the estuary by
Reyes-Martinez et al. [73]. Several species detected in this study, including Botrylloides
diegensis, Clytia linearis, Eucheilota menoni, Jassa slatteryi, and Neomysis integer, may represent
the first records of these taxa in the sampled region. Conversely, four NIS listed for the
Bay of Biscay and the Iberian Coast had previously been recorded in Portuguese waters,
and their detection in this study provides additional confirmation of their presence. Ostrea
stentina was described in the Ria Formosa Lagoon by Lépez-Sanmartin et al. [81], and
its identification in the marine samples of this study aligns with previous findings. Pseu-
dodiaptomus marinus was recently identified in 2023 along the western coast of Portugal;
its known adaptability to adverse environments and multiple introduction vectors likely
explain its dispersal [82]. Additionally, Grandidierella japonica was previously reported
in aquaculture facilities associated with the Ria Formosa Lagoon, where it was one of
the most abundant amphipod species identified [83]. Paracalanus quasimodo, a copepod
recorded in the Berlengas Archipelago through COI metabarcoding [84], was among the
most frequently detected species in terms of read abundance in that study. In our samples, P.
quasimodo was identified in nearly all, except for one offshore marine site, which suggests its
persistent occurrence within the region. This species may have been previously overlooked
due to misidentifications, either morphologically—owing to its similar traits to congeners
Paracalanus parvus parvus and Paracalanus indicus Wolfenden, 1906—or molecularly, due to
their relatively low genetic differentiation [5,85].

The molecular detection of these species raises important questions regarding their
plausibility and potential ecological impact on the south coast of Portugal, emphasizing
the utility of DNA metabarcoding for early detection and biosecurity monitoring [5,86].
Nevertheless, NIS assignments supported by only one or a few reads should be regarded
as provisional molecular detections, as sequencing-level artifacts cannot be completely
excluded. Further surveys are crucial to validate these findings and assess whether the
detected taxa represent established populations in the area, particularly through continued
sampling and complementary morphology-based assessments. Additionally, conducting
targeted sampling efforts specifically designed for detecting NIS would enhance their
identification accuracy and contribute to a better understanding of their distribution and
potential establishment within the estuarine ecosystem.

5. Conclusions

This study demonstrated the effectiveness of DNA metabarcoding in providing valu-
able insights into mesozooplankton invertebrate diversity across estuarine and coastal
environments, extending beyond the targeted characterization of ichthyoplankton. By
employing a multi-primer approach, an extensive assessment of the mesozooplankton
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community was achieved without requiring a separate sequencing effort, capturing a wide
range of taxa beyond the targeted fish species. The separate analyses revealed differences
in species richness within the marine dataset and significant temporal variation within the
estuarine dataset. The detection of DNA assigned to taxa classified as NIS highlights the
potential of DNA metabarcoding to complement early-detection initiatives and biodiversity
monitoring programmes.

Despite these promising results, molecular methodologies still require further refine-
ment, particularly through improved sampling strategies, more comprehensive reference
databases, and robust validation procedures to reduce false-positive and false-negative
detections, thereby enhancing the accuracy and reliability of species identification. Addi-
tionally, these findings reinforce the need for future efforts to integrate DNA-based methods
with traditional morphological assessments to maximize detection precision and deepen
our understanding of ecosystem dynamics. Finally, this study contributes to a more compre-
hensive understanding of mesozooplankton diversity in the Guadiana Estuary and adjacent
coastal areas, showing that the integration of DNA metabarcoding into routine monitoring
surveys will improve the assessment of the impacts of environmental and anthropogenic
pressures on marine communities, contributing to the management and conservation of
these ecologically important ecosystems.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/jmse14212112/s1, The supplementary material provides
sequencing summaries, taxonomic assignments and classifications, statistical analyses, and historical
zooplankton records supporting the results presented in the main text. Table S1: Total number of Raw
reads generated through Illumina MiSeq high-throughput sequencing for DNA metabarcoding, Us-
able reads retained after bioinformatics processing steps (including primer removal, demultiplexing,
quality filtering, and denoising), reads taxonomically assigned to the species level (Assigned reads),
and reads specifically assigned to mesozooplankton invertebrate taxa (Fish reads) for each COI primer
set; Table S2: Number of reads assigned to each mesozooplankton invertebrate identified using the
COI primer pair mICOlintF/LoboR1, together with the percentage identity obtained from PMiFish,
the corresponding Barcode Index Number (BIN) in BOLD, and the percent identity, E-value, and
query coverage (%) of the best GenBank BLAST match; Table S3: Number of reads assigned to each
mesozooplankton invertebrate identified using the COI primer set FishATL_Cocktail2, together with
the percentage identity obtained from PMiFish, the corresponding Barcode Index Number (BIN) in
BOLD, and the percent identity, E-value, and query coverage (%) of the best GenBank BLAST match;
Table S4: Taxonomic classification of the mesozooplankton species identified in this study, listed at
the species level together with their respective authorities, according to the World Register of Marine
Species (WoRMS; accessed 8 July 2026). Species are arranged alphabetically by phylum (l); Table S5:
Summary of PERMANOVA results (based on 999 permutations) assessing differences in species
composition across coastal categories of marine samples. The table includes Df (degrees of freedom),
SumOfSqs (sums of squares), R? (explained variation), F (F-test value), and p (p-value of the F
score); Table S6: Pairwise PERMANOVA results (based on 999 permutations) assessing differences in
species composition across coastal categories of marine samples. The table includes Df (degrees of
freedom), SumOfSqs (sums of squares), R? (proportion of explained variation), F (F-test statistic),
and p-value (significance level). Comparisons were made between different coastal zones: Inner
Shore, Middle Shore, Outer Shore, and Offshore; Table S7: Summary of PERMANOVA results (based
on 999 permutations) assessing differences in mesozooplanktonic species composition across seasons
for estuarine samples from the Guadiana River Estuary. The table includes Df (degrees of freedom),
SumOfSqs (sums of squares), R? (proportion of explained variation), F (F-test statistic), and p-value
(significance level). Significant values are indicated with ””.**; Table S8: Pairwise-PERMANOVA
results (based on 999 permutations) assessing differences in mesozooplanktonic species composition
across seasons in estuarine samples from the Guadiana River Estuary. The table includes Df (degrees
of freedom), SumOfSqs (sums of squares), R? (proportion of explained variation), F (F-test statistic),
and p-value (significance level); Table S9: Historical records of zooplanktonic species identified
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morphologically in the Guadiana River Estuary, based on findings from previous studies. Species are
organized alphabetically by phylum name ().
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