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A B S T R A C T   

The richness of plankton communities determines the fish productivity in the ocean, including important re
sources that rely on extractive fisheries, such as hakes (genus Merluccius) and tunas (genus Thunnus). Their preys 
forage on zooplankton, and the latter feed on phytoplankton. Inventories of plankton communities for scientific 
advice to sustainable fishing are essential in this moment of climate change. Plankton is generally inventoried 
using conventional methodologies based on large water volumes and visual morphological analyses of samples. 
In this study, we have employed metabarcoding on environmental DNA (eDNA) samples extracted from small 
water volumes for plankton inventory from twelve distant sampling stations in the East Atlantic Ocean. Zones 
rich in hake and tuna prey were detected from eDNA, and multivariate multiple regression analysis was able to 
predict those zones from diatom-based indices and planktonic diversity based on functional groups. Salinity was 
negatively correlated with the proportion of diatoms in phytoplankton, highlighting expected impacts of current 
global change on marine plankton communities. The results emphasise the importance of the plankton richness 
for fish productivity and support the utility of environmental DNA as a tool to monitor plankton composition 
changes.   

1. Introduction 

Overfishing has led to an important erosion of wild fish stocks; sus
tainable fishing supported by scientific advice is an urgent need in re
gions that rely on extractive fisheries for livelihoods and food such as 
West African countries (Sumaila et al., 2016). In this moment of climate 
change such scientific advice is especially important because species are 
shifting due to changing oceanographic conditions, and productivity 
may sharply oscillate over years (Karp et al., 2019). Hakes of the genus 
Merluccius and tunas of the genus Thunnus are fishing targets of enor
mous economic value. Although the bluefin tuna Thunnus thynnus 
aquaculture is taking place including the full cycle, attempts to farm 
Merluccius species in Norway (Bjelland and Skiftesvik, 2006), Spain 
(Iglesias et al., 2010) or Chile (Bustos et al., 2007) showed high mor
tality in aquaculture conditions. Therefore, global production relies on 
extractive fisheries that are very important from the economic point of 
view. 

These hakes and tunas are carnivorous. They prey upon a variety of 

zooplankton taxa and/or ichthyoplanton depending on the life stage (e. 
g., Bozzano et al., 2005; Ménard et al., 2006; Mahe et al., 2007). Many of 
their direct preys, such as Euphausiacea krill for fish juveniles (e.g., 
Bozzano et al., 2005), feed on phytoplankton. Therefore, both phyto
plankton and zooplankton are important components in the trophic 
chain(s) where hakes and tunas occupy high positions. 

Satellite data of sea-surface chlorophyll-a has been routinely 
employed as an indicator of fish productivity (Sachoemar, 2015). 
However, not all the phytoplankton species have the same value for 
zooplankton to graze, and there are differences between species. Di
atoms provide a large part of carbon to zooplankton consumers (Fry and 
Wainright, 1991). Although some macrozooplankton like Cladocerans 
may select dinoflagellates and green algae over diatoms and crypto
phytes (Levine et al., 1999), diatoms contribute substantially to the 
growth of shrimp (Fernandes et al., 2019), and are key in determining 
the abundance of large copepods (Benedetti et al., 2019). On the other 
hand, diatom dominance over dinoflagellates indicates good environ
mental status (Wasmund et al., 2017). The composition of the 
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phytoplankton can be determined from conventional plankton surveys 
that comprise plankton sampling using nets of different types and mesh, 
visual sorting and counting under the microscope and taxonomic iden
tification with the help of specialized guides (e.g., Ferronato et al., 2021; 
Kasyan et al., 2022). To shorten this process, some methodologies such 
as pigment signatures, using the photosynthetic pigment to estimate the 
phytoplankton abundance in field populations by HPLC method (e.g., 
Llario et al., 2020), have been applied. 

Environmental DNA (eDNA) has been employed to inventory 
plankton, detect changes in the ocean community structure with depth, 
and study the spatial distribution of species (Chavez et al., 2021). The 
results obtained using eDNA approaches reflect the plankton community 
composition: DNA concentration is significantly correlated with 
chlorophyll-a, the number of 18S rDNA reads corresponding to diatoms 
is correlated with diatom biomass, and the same happens roughly with 
the Cytochrome c oxidase subunit I (COI) reads and the biomass of co
pepods (Chavez et al., 2021). Diversity estimations from metabarcoding 
reads are robust and can be considered reliable in aquatic environments 
(Nguyen et al., 2020; Drummond et al., 2021), being able to identify 
microalgae at a species level (e.g. Ardura et al., 2021). The preys that 
form part of carnivorous fish diet can be identified from eDNA meta
barcoding on plankton samples; even small water volumes can be suf
ficient for this purpose (Garcia-Vazquez et al., 2021). 

In this study, we aim to disentangle the elements that contribute to 
the landscape of the planktonic resources using eDNA as a data source. 
We will focus on the East Atlantic Ocean, where Merluccius and Thunnus 
species are fished by the European fleet in European waters, and in West 
African waters under Sustainable Fisheries Partnership Agreements 
(SFPA; https://oceans-and-fisheries.ec.europa.eu/fisheries/internati 
onal-agreements/sustainable-fisheries-partnership-agreements-sfpas 
_en, accessed June 2023). Results obtained from eDNA metabarcoding 
will be employed to explore on its use to identify plankton and other 
marine organisms, estimating the richness of phytoplankton and 
zooplankton as well as grazing indices. Departure hypotheses were. 

i) From Chavez et al. (2021) results of eDNA, we expected a cor
relation between chlorophyll-a and eDNA concentration.  

ii) From the variety of zooplankton preys and the importance of 
diatoms for zooplankton to graze (e.g., Benedetti et al., 2019; 
Fernandes et al., 2019), we expected that planktonic diversity 
and diatom-based indices would predict the richness of Merluccius 
and Thunnus preys.  

iii) Since diatoms are indicators of good environmental status 
(Wasmund et al., 2017), the relative abundance of diatoms would 
correlate with Molecular Operational Taxonomic Units 
(MOTU)-based biodiversity indices. 

2. Material and methods 

2.1. Oceanic transect studied, physic-chemical parameters and sampling 
locations 

Water samples were taken from twelve points along a latitudinal 
transect on board RV Polarstern in the research cruise PS116 (Supple
mentary Table 1). The cruise across the East Atlantic was from Bre
merhaven (North Sea) to South African waters (Fig. 1) between 
November and early December 2018. The cruise details are in Hanfland 
and König (2019). Water temperature and salinity were continuously 
recorded during the cruise (Hanfland et al., 2019); their values during 
the water sample uptake and the ship position (coordinates) in each 
sampling point are in Supplementary Table 1. Chlorophyll concentration 
data were taken from the NASA Earth Observation (NEO - https://neo. 
gsfc.nasa.gov/). A map was generated considering the period of sam
pling, from 12/11/2018 to 5/12/2018 and the exact coordinates of the 
sampling points in the latitudinal transect (Fig. 1, Supplementary 
Table 1). The chlorophyll values as mg*m− 3 are given in Supplementary 

Table 1. The chlorophyll concentration detected varied between 1.8 
mg*m− 3 in Bremerhaven port (location #1) to 0 mg*m− 3 in the sam
pling locations #6 to #9 coinciding with the known oligotrophic area at 
the northwest of the Gulf of Guinea due to coastally trapped eddies in 
this area (McGillicuddy et al., 2007; Djakourke et al., 2014). 

The research cruise crossed three FAO major fishing areas (https 
://www.fao.org/fishery/en/area/search): 27 (Atlantic European wa
ters), 34 (north central west African waters) and 47 (central south west 
African waters). These include territorial waters of African countries 
that have SFPA with Europe. Going southwards, there are three mixed 
agreements that include explicitly tuna and hake (with Morocco, 
Senegal and The Gambia), four tuna agreements (Cabo Verde, Cote 
d’Ivoire, Gabon, Sao Tomé e Principe), and other two mixed agreements 
that contain tuna and a variety of cephalopods, shrimp, small pelagic 
and demersal fish thus hake may be caught (Mauritania, Guinea-Bissau). 
The agreement with Morocco includes other pelagic and demersal spe
cies in addition to tuna and hake (https://oceans-and-fisheries.ec.eu 
ropa.eu/fisheries/international-agreements/sustainable-fisheries-part 
nership-agreements-sfpas_en). 

2.2. Sampling procedure 

Sampling details can be found in Garcia-Vazquez et al. (2021). 
Briefly, three replicates of 2L water each were taken from twelve sam
pling points using an underwater pump system integrated in the 
Research vessel Polarstern. Water samples were filtered on board using 
PES Supor 200 Membrane Filters (Pall Corporation, Life Sciences) with 
0.2 μm pore size and 47 mm diameter. The filters were preserved in 
100% ethanol at room temperature. 

Some individuals retained in the filters were carefully taken with 

Fig. 1. Map showing the sampling points (#1 to #12) and concentrations of 
satellite-derived chlorophyll in mg*m− 3 in the sampling dates. The map was 
produced through the Nasa Earth Observations (NEO) tool (https://neo.gsfc. 
nasa.gov/). The black areas show where the satellite could not measure 
chlorophyll. 
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tweezers and put on separate glass slides. They were classified de visu 
under the microscope with the help of taxonomic guides, for validation 
of the metabarcoding methodology. 

All the material was sterilized with 10% bleach after and before 
samplings to avoid cross contamination. Laboratory coat and disposable 
gloves were worn all time. Onboard, an independent wet laboratory 
with working surfaces cleaned with 10% at the beginning and at the end 
of each working day, was employed for these filtrations to prevent 
contamination. 

2.3. DNA analysis 

Once in the laboratory facilities at the University of Oviedo, eDNA 
was extracted from filters using PowerWater DNA Isolation Kit (Qiagen) 
following manufacturer’s instructions. A previous step to pellet the 
ethanol content and add it in the extraction process was included. All 
extractions were performed in a pre-PCR laboratory under a flow 
laminar hood equipped with UV light. Negative controls were added to 
each extraction process. 

Fragments from two genes were amplified with polymerase chain 
reaction (PCR) from the extracted eDNA using universal primers. A 
fragment of the cytochrome oxidase subunit 1 gene (COI), using primers 
from Leray et al. (2013) that were modified with a PGM sequencing 
adaptor, the barcodes (one per sample) needed to differentiate the reads 
belonging to each water sample, and a “GAT” spacer. Amplification was 
carried out in a total volume of 20 μL including Green GoTaq Buffer 1X, 
2.5 mM MgCl2, 0.25 mM dNTPs, 20 pmol of each primer, 4 μL of tem
plate DNA, 200 ng/μL of bovine serum albumin (BSA), and 0.65 U of 
DNA Taq polymerase (Promega). PCR conditions in a Veriti Thermal 
Cycler (Applied Biosystems, Foster City, California) were 95 ◦C for 1 
min, followed by 35 cycles of 95 ◦C for 15 s, 46 ◦C for 15 s, 72 ◦C for 10 s, 
and a final extension of 72 ◦C for 3 min. 

For the second gene, a fragment of the eukaryotic V4 region of the 
nuclear small subunit ribosomal DNA (18S rRNA gene) was amplified 
using the universal primers Uni18SF and Uni18SR from Zhan et al. 
(2013), properly modified with the PGM sequencing adaptor and the 
barcodes to differentiate between samples, as well as the “GAT” spacer. 
Amplification was carried out in a total volume of 20 μL including Green 
GoTaq Buffer 1X, 2.5 mM MgCl2, 0.25 mM dNTPs, 20 pmol of each 
primer, 4 μL of template DNA, 200 ng/μL of bovine serum albumin 
(BSA), and 0.65 U of DNA Taq polymerase (Promega). PCR conditions in 
a Veriti Thermal Cycler (Applied Biosystems, Foster City, California) 
were 95 ◦C for 3 min, followed by 35 cycles of 94 ◦C for 30 s, 55 ◦C for 30 
s, 72 ◦C for 90 s, and a final extension of 72 ◦C for 8 min. Extraction of 
negative controls were also included in the PCRs and PCR blanks were 
also performed. 

The amplification success was visually assessed on 2% agarose gel. 
PCR amplicons were purified from agarose gel using the Montage DNA 
Gel Extraction Kit (Millipore) and quantified using the Qubit BR dsDNA 
Kit (Thermo Fisher Scientific). A Bioanalyzer 2100 (Agilent Technolo
gies) was employed to confirm the fragment size, the absence of by- 
products, and to accurately quantify DNA before sequencing. Ampli
con samples were diluted down to 26 pmol for the pooling in an equi
molar concentration. The pool was processed by liquid emulsion PCR in 
the One Touch System using the Ion PGM™ OT2 Supplies Kit (Life 
Technologies) following the manufacturer’s instructions. Then, it was 
loaded in the Ion Chip (Life Technologies) and sequenced employing the 
Ion Torrent Personal Genome Machine (Life technologies) following the 
specifications in the protocol Ion PGM™ Sequencing Kit. 

2.4. Bioinformatics and taxonomic assignation 

Adaptors from Ion Torrent platform were trimmed within the plat
form software and fastq sequences files were used to filter per quality. 
Qiime2 2020.2 (Caporaso et al., 2011) was used to trim the primers and 
to filter by length (amplicon size 200–400 bp reads were retained in COI 

and 100–600 bp reads in 18S) using Cutadapt software (Martin, 2011). 
Denoising option was employed where sequences are dereplicated and 
denoised using the unoise3 algorithm from vsearch 11.0.6 (Rognes et al., 
2016). For taxonomic classification, filtered sequences were compared 
against a public COI and 18S reference database (NCBI, accessed on 
June 16, 2020) and stored locally. The database was downloaded using 
the esearch queries “COI; NOT Bacteria; NOT environmental; NOT vi
ruses; NOT unclassified" and “18S; NOT uncultured; NOT bacteria; NOT 
unclassified” and constructed with the respective taxonomic informa
tion using the script “Entrez_qiime.py” by Baker (2017). Finally, “qiime 
feature-classifier” command was employed to assign the taxonomy, 
using a 97% and 80% for COI and 18S reads respectively as identity 
percentage and an e-value of 10− 50. Resulting MOTUs from taxonomic 
assignation were employed in further steps, choosing genus as the 
assignation level to be considered a MOTU. Taxonomic information was 
checked in World Register of Marine Species (WORMS; http://www. 
marinespecies.org/). 

2.5. Biota classification, functional groups and biological indices 
considered 

Plankton indices were calculated based on the MOTU table. There 
are many plankton indices of community functioning (e.g. Pomerleau 
et al. (2015) for zooplankton, and Weithoff and Beisner (2019) for 
phytoplankton), but most of them require the individuals of each species 
to be counted while in metabarcoding the number of sequence counts 
are correlated with the biomass (Ershova et al., 2021). In this study, the 
taxonomic diversity was estimated calculating Shannon index based on 
the number of MOTUs per class as a unit. Diversity based on functional 
groups was also estimated in each sampling location from the number of 
MOTUs in each of the following: phytoplankton, zooplankton, ich
thyoplankton and large predators (species with big eggs that cannot be a 
part of the plankton). Shannon index was calculated from these data. 
The rest of indices were based on the number of species as in Moncheva 
et al. (2002) but using MOTU instead of morphologically described taxa. 
These were: phytoplankton taxonomic dominance (Bacillariophyceae: 
Dinophyceae species ratio = Diatoms/Dinoflagellates), grazing pressure 
(phytoplankton: zooplankton species; and Bacillariophyceae: Copepoda 
= Diatoms/Copepods) where the higher value corresponds to the lower 
grazing pressure). 

The proportion of tuna and hake preys over the total number of 
zooplankton MOTU were calculated from the MOTU table considering 
the sampling depth. Being the samples collected in the upper 6 m of the 
water layer, we focused on prey of tuna of any age – tunas are pelagic- 
and prey of juvenile hakes, because adult hakes are demersal and will 
rarely eat at that shallow depth. Preys occurring in Atlantic Thunnus diet 
were based on Ortiz de Zárate (1987), Ménard and Marchal (2003), 
Pusineri et al. (2005), Ménard et al. (2006), Rudershausen et al. (2010), 
Logan et al. (2011), Olafsdottir et al. (2016) and Valls et al. (2022). 
Those occurring in the diet of juvenile Merluccius species distributed in 
the East Atlantic (Old Continent species Merluccius merluccius, 
M. senegalensis, M. polli, M. capensis and M. paradoxus, from North to 
South) were taken from Maurin (1954), Alheit and Pitcher (1995), Pillar 
and Wilkinson (1995), Roel and Macpherson (1988), Garrison and Link 
(2000), Lloris et al. (2005), Mahe et al. (2007) and Wilhelm et al. (2015). 

2.6. Statistics 

Exploratory data analysis was run with correlations between vari
ables first, then a principal component analysis (PCA). For the PCA the 
correlation option was employed. We created a scatter plot with di
agonals proportional to the weight of each variable. The threshold 
considered sufficient for Eigenvalues was 0.7. 

Pairwise correlations between variables were estimated from Pear
son’s r after checking normality. Normality was tested using Shapiro- 
Wilk parameter. Comparison between sampling locations for the 
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distribution of MOTUs in taxonomic groups was done with contingency 
statistics, using chi-square and Cramer’s V as a proxy of effect size. 

Multivariate multiple regression analysis was run to identify the in
dependent variables (plankton indices) that predict significantly the 
dependent variables of interest, i.e. the proportion of hake and tuna 
preys. 

The significance threshold applied was 0.05. PAST software was 
employed (Hammer et al., 2001). 

3. Results 

3.1. NGS results 

DNA was extracted and successfully PCR-amplified from the water 
samples obtained in the twelve sampling points considered (Supple
mentary Table 2). DNA concentration varied between 0.170 ng/μL in the 
location #3 to 1.469 ng/μL in the location #12, and the total number of 
quality reads (summing COI and 18S metabarcodes) ranged from 846 to 
383,422 in locations #6 and #7, respectively (Supplementary Table 2). 
For a higher reliability we used a threshold of >30,000 quality reads for 
downstream functional and multivariate analysis; thus we excluded 
location #6 from those analyses. 

The NGS results are available in the Bioproject number 
PRJNA675458 and Biosample accession number SAMN16708468. After 
bioinformatics assignment, all reads assigned to non-marine species 
(human DNA, birds, terrestrial plants in locations near the coast) were 
discarded from the analysis, number of considered reads per sampling 
point is showed in Supplementary Table 2 (varying from 0.4 to 0.94 of 
the total reads recovered). The results of COI metabarcode for the 
sampling sites #5 to #8 were published in Garcia-Vazquez et al. (2021), 
where they were named WA#1 to WA#4 (WA for West Africa); the rest 
of data are novel. 

Merging the results obtained from the two primer sets, 77 putative 
marine genera (MOTU) were identified (Supplementary Table 3). Of 
those, the diatom Odontella sinensis, the copepods Nitokra spinipes and 
Delibus sp., and the krill Euphausia sp., were identified the visu con
firming the molecular result; some were also confirmed individually 
from DNA (Garcia-Vazquez et al., 2021). The taxonomic profile was 
significantly different between sampling locations (Fig. 2) with contin
gency χ2 = 77.65, d.f. = 54, p = 0.019, Cramer’s V = 0.29. In the two 
ports the majority of MOTUs were of marine mammals (four genera of 
Delphinidae), plus a few cartilaginous fish in Bremerhaven (two genera 
of Carcharhiniformes, one genus of Rajiformes), and a dinoflagellate 
(genus Alexandrium) in Las Palmas. In contrast, locations such as #2, #5 
or #12 contained a variety of different animals and algae classes (Sup
plementary Table 3, Fig. 2). Location #6 had only three MOTUs, as 
expected from small number of quality reads. 

3.2. Functional groups and plankton indices 

For small number of quality reads, the location #6 was excluded 
from this and further analysis. By functional groups, the sampling lo
cations were also different (χ2 = 70.37, d.f. = 30, p ≪ 0.001, Cramer’s V 
= 0.34) (Fig. 3). DNA of large predators (marine mammals, large fish) 
occurred in most sites, but in the two ports they were clearly dominant 
(Fig. 3). Phytoplankton was dominant in locations #5 and #12, 
zooplankton in #2, #9 and #11, and large predators in the rest except in 
#10 where phytoplankton and zooplankton were balanced and more 
abundant (in MOTUs) than the rest. The number of phytoplankton 
genera per location (or phytoplankton richness) varied greatly among 
sampling sites. In the locations #1 (Bremerhaven), #7 and #8 (both in 
front of the Gulf of Guinea, see Fig. 1) phytoplankton DNA was not found 
in this study (Fig. 3). Ichthyoplankton DNA occurred in the majority of 
locations but corresponding only to one or a few MOTU per location 
(Fig. 3). 

The molecular ecological indices calculated differed among loca
tions, according to different functional groups and taxa (Table 1). The 
highest taxonomic diversity corresponded to sampling point #5, where 
the ratio phytoplankton/zooplankton was also the highest, and the 
lowest to. The highest diversity based on functional groups occurred in 
location #10 and the lowest in Bremerhaven port (#1) where we found 
DNA of large predators only. Diatoms dominated over dinoflagellates in 
the sites with a high taxonomic diversity (Table 1). 

3.3. Hake and tuna prey richness and influencing variables 

Potential preys of hake identified in this study from DNA were: one 
genus of amphipod, three genera of Euphausiids (krill), two of decapods, 
and three fish from different orders (Blenniformes, Clupeiformes and 
Gobiiformes) (Table 2). In addition to those, one isopod and two genera 
of Pleuronectiformes can be preys of tuna. DNA of at least one tuna prey 
was found from all water samples except those taken from ports, while 
DNA of hake preys occurred from eight sampling sites, being absent from 
the sampling point #5 in front of Mauritania (Table 2). 

The landscape of the eleven locations regarding the analysed vari
ables is visualized in the PCA scatter plot (Fig. 4), and the PCA results, 
including Eigenvalues, proportion of the variance explained by each PC 
and loadings of the different factors, in the Supplementary Table 4. PC1, 
PC2, PC3 and PC4 had Eigenvalues >0.7. The two measures of diversity 
had the higher load in PC1; the proportion of tuna prey MOTUs and the 
grazing index Diatoms/Copepods in PC2; the proportion of hake prey 
MOTUs and salinity in PC3; and temperature and tuna preys in PC4 
(Supplementary Table 4). In the scatter plot of PC1 over PC2 (the two 
components summed 66.4% of the total variance), the two grazing 
indices were located close to each other, and the Phytoplankton domi
nance index (Diatoms/Dinoflagellates) was next to eDNA concentration 
(Fig. 4). The proportion of hake preys was between the two diversity 

Fig. 2. Taxonomic variation found from environmental DNA (eDNA), pre
sented as the proportion of MOTU (= putative genera) per phylum in the 
sampling locations considered. BH and LP stand for Bremerhaven and Las 
Palmas ports, respectively. 

Fig. 3. Number of MOTUs (= putative genera) of each functional group found 
in the 12 sampling locations analysed across a latitudinal gradient in the East 
Atlantic Ocean. BH and LP represent Bremerhaven and Las Palmas ports, 
respectively. 
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indices, closer to that calculated from functional groups than to the 
taxonomic diversity. The proportion of tuna preys was located also in 
the lower part of the scatter plot near temperature and not very far from 
the diagonal representing hake preys, which could be expected 

considering that the two fish are carnivorous and share crustaceans and 
fish in their diet. The locations with low phytoplankton richness (the 
two ports, #3, #6, #7, #8) were in the quadrants opposite to the lo
cations richer in phytoplankton (Fig. 4). The factor Chlorophyll was 
relatively separated of the rest of factors in this scatter plot, but closer to 
the phytoplankton-based indices and the DNA concentration than to the 
diversity indices, see Fig. 4. 

Pairwise correlations between the considered variables are presented 
in Supplementary Table 5. Correlations were generally in accordance 
with the PCA results. Regarding the physical variables (displayed in 
Supplementary Table 1), temperature (higher in the tropical zone where 
#7 to #9 sampling points are located) was highly and negatively 
correlated with chlorophyll: r = − 0.788, 9 d.f., p = 0.004. Chlorophyll 
was below detection levels in those locations over the sampling days in 
November (see Supplementary table 1). This is normal because upper 
chlorophyll levels generally decline with increased temperature in 
tropical oceans (Feng et al., 2015), and low chlorophyll in the study area 
in November is common, from the consistent seasonal variation of 
chlorophyll-a occurring in tropical East Atlantic Ocean (e.g., Dunstan 
et al., 2018). Another interesting result was the highly significant 
negative correlation between salinity and the dominance index Dia
toms/Dinoflagellates (r = − 0.882, p = 0.009), which is consistent with 
the known decrease of the density of large diatoms under low salinity 
conditions while the effect is much smaller on phytoflagellates (e.g., 
Hernando et al., 2015). 

Opposite to expectations, no significant correlation was found be
tween the DNA concentration and the chlorophyll concentration in the 
analysed samples (r = − 0.035, d.f. = 9, p = 0.92 n.s.). However, there 

Table 1 
Indices calculated for each sampling location based on eDNA metabarcoding. Number of MOTUs are shown in parenthesis after each sample code. BH and LP are 
Bremerhaven and Las Palmas ports, respectively. Plankton indices as in Moncheva et al. (2002), Diatoms/Dinoflagellates being Bacillariophyceae/Dinophyceae =
Phytoplankton taxon dominance.  

Sample Grazing pressure Taxonomic diversity Diversity based on functional groups 

Phytoplankton/Zooplankton Diatoms/Dinoflagellates Diatoms/Copepods 

#1 BH Port (7) – – – 1.95 0 
#2 (29) 0.5 6 0.46 3.37 1.07 
#3 (9) 0.5 0 0 2.20 1.15 
#4 LP Port (4) – 0 – 1.39 0.56 
#5 (33) 1.6 4 0.8 3.50 1.13 

#7 (8) 0 – 0 2.08 0.66 
#8 (8) 0 – 0 2.08 0.90 
#9 (30) 0.44 2.5 0.45 3.40 1.15 
#10 (17) 1 – 1 2.83 1.24 
#11 (20) 0.78 1.33 0.5 3.00 1.16 
#12 (28) 1.3 5 1.25 3.33 1.03  

Table 2 
Genera identified as preys of Merluccius (hake) and/or Thunnus (tuna) species from relevant literature. Presence/absence in each sampling site as 1/0. Port samples are 
excluded.  

Prey type Order Genus In the diet of Sampling site 

#2 #3 #5 #7 #8 #9 #10 #11 #12 

Invertebrates Amphipoda Sarothrogammarus Hake, tuna 0 0 0 0 0 0 0 0 1 
Decapoda Cambarellus Hake, tuna 0 0 0 1 0 0 0 0 0 
Decapoda Pugettia Hake, tuna 0 0 0 0 0 0 0 0 1 
Euphausiacea Euphausia Hake, tuna 0 0 0 0 0 1 0 0 0 
Euphausiacea Thysanoessa Hake, tuna 1 0 0 0 0 1 1 0 0 
Euphausiacea Thysanopoda Hake, tuna 1 0 0 0 0 1 0 0 0 
Isopoda Ligia Tuna 0 0 0 1 0 1 0 0 0 

Fish Blenniiformes Salarias Hake, tuna 0 0 0 0 0 0 0 1 0 
Clupeiformes Engraulis Hake, tuna 0 0 0 0 1 1 0 0 0 
Gobiiformes Eleotris Hake, tuna 0 1 0 0 0 0 0 0 0 
Pleuronectiformes Solea Tuna 1 0 1 0 0 1 1 1 0 
Pleuronectiformes Cynoglossus Tuna 0 0 0 0 0 0 0 1 0  

Hake prey richness 2 1 0 1 1 4 1 1 2  
Tuna prey richness 3 1 1 2 1 6 2 3 2  

Fig. 4. Eigenvalue-scaled scatter plot of the Principal Component Analysis 
constructed from the indices considered. The length of diagonals is proportional 
to the weight of each factor in the PCA. BH and LP are Bremerhaven and Las 
Palmas ports, respectively. Diversity of functional groups is abbreviated here as 
“Functional diversity”. 
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was a significant and positive correlation between eDNA concentration 
and the grazing index Diatoms/Copepods (r = 0.822, p = 0.007) (Sup
plementary Table 5). This result reveals the importance of diatoms in the 
community detected from eDNA, and would connect, although indi
rectly, primary productivity measures with eDNA. Logically, chlorophyll 
measures were positively correlated with the grazing index Phyto
plankton/Zooplankton (r = 0.671, p = 0.04). The proportion of tuna 
preys was not significantly correlated with any other variable, and the 
proportion of hake prey was positively correlated with the two measures 
of diversity: r = 0.79 with p = 0.004 with taxonomic diversity, and r =
0.73 with p = 0.03 with functional diversity (Supplementary Table 5). 

Only independent planktonic indices not significantly correlated to 
each other were employed for multivariate multiple regression analysis. 
For this reason, we excluded taxonomic diversity (correlated with the 
grazing indices and the diversity of functional groups), and the grazing 
index Phytoplankton/Zooplankton that was significantly correlated 
with the other grazing index Diatoms/Copepods (Supplementary 
Table 5). The analysis run with hake and tuna preys as dependent and 
the remaining indices as independent variables had a significant overall 
MANOVA, with F = 3.921, df1 = 6, df2 = 12, Wilks’ λ = 0.114 and p =
0.021. The multiple regression on the dependent variables (Table 3) 
showed that the proportion of tuna preys was significantly predicted by 
the diversity based on functional groups (t = 2.53, p = 0.039). The 
proportion of hake preys was significantly predicted by the dominance 
index Diatoms/Dinoflagellates (t = 2.54, p = 0.038, r2 = 0.26), that is, a 
phytoplankton richer in diatoms would predict hake preys. It was also 
significantly predicted by the functional groups diversity index with t =
3.676 and p = 0.008, r2 = 0.52 (Table 3), this meaning that both tuna 
and hake preys would be more abundant in functionally richer 
communities. 

4. Discussion 

4.1. Insights into eDNA-based analysis of plankton-based indices 

This study provides eDNA signals that support the importance of 
some phytoplankton elements, such as diatoms, in the richness of fish’ 
preys. Here, the proportion of diatoms (over dinoflagellates) signifi
cantly predicted the richness of hake preys, supporting our Hypothesis 
(ii), at least for hakes. eDNA data would support the importance of di
atoms for zooplankton grazing, as proposed by Benedetti et al. (2019) or 
Fernandes et al. (2019). Unlike the results by Sachoemar (2015), where 
chlorophyll-a was an indicator of fish productivity, in this study 
satellite-based data of chlorophyll were not directly related with the 

richness of hake and tuna preys. Remote-sensed patterns of primary 
productivity have some limitations (Sigman and Hain, 2012; Chen et al., 
2013; Babin et al., 2015); satellite-based productivity patterns are not 
sufficient to interpret the foraging behaviour of marine predators, as 
seen in the Benguela upwelling zone (Grémillet et al., 2008). 

The results obtained from eDNA are generally according to known 
characteristics of the species detected and oceanographic features. The 
negative effect of low salinity on the density (in this case the relative 
abundance) of large diatoms described for example in Antarctica (Her
nando et al., 2015) was confirmed here from a negative correlation 
between the dominance index Diatoms/Dinoflagellates and the salinity. 
This would support expected deep changes in phytoplankton commu
nities along current climate change, with a decrease of diatom diversity 
following an increase of temperature and the subsequent decrease of 
salinity for ice sheet melting (Sugie et al., 2020). 

Two areas rich in hake and tuna prey were found. One in the sub
equatorial zone around #9 (Fig. 1) is influenced by the cold Benguela 
current flowing northwards; for its upwelling it is rich in phytoplankton 
and ichthyoplankton (e.g., Hutchings et al., 2006), like Engraulis which 
is a prey of both hake and tuna. DNA of African sardines (Sardinops 
sagax) that are important prey of hakes and tuna were not found there, 
which is not surprising because the species collapsed due to overfishing 
and environmental change at the beginning of this century, with a 
cascade of changes in its predators (Erasmus et al., 2021). The zone of 
site #2, in south Portugal waters, contains rich fish assemblages that 
include the hake M. merluccius and its prey in both shallow and deep 
waters (e.g., Gomes et al., 2001). Prediction of hake and tuna prey from 
plankton diversity is logical, because diversity based on the functional 
groups ensures availability of food for such preys, especially for 
opportunistic feeders like Solea (Fanelli et al., 2022) here detected from 
eDNA. On the other hand, the predictive value of the dominance index 
Diatoms/Dinoflagellates for the proportion of hake preys can be also 
expected; for example, Euphausia and other Euphausiacea (krill) that are 
hake preys feed primarily on diatoms (e.g., Cavan et al., 2019), thus the 
dominance of diatoms would favour these species. 

4.2. Environmental DNA for the inventory of planktonic communities 

For the application of eDNA method of community inventory our 
results would agree with previous studies, at least partially. As in other 
studies, metabarcoding provides a complete view of the planktonic 
community including primary producers, zooplankton, ichthyoplankton 
and large predators (e.g., Ardura et al., 2021; Chavez et al., 2021). 
However, a direct correlation between chlorophyll-a and eDNA quantity 
(Chavez et al., 2021), expected in our Hypothesis (i), was not found. 
Instead, the importance of phytoplankton in the eDNA amount –which is 
essential for the application of eDNA-based community inventories-was 
here revealed from the significant correlation between the grazing index 
Phytoplankton/Zooplankton and the concentration of eDNA. Another 
interesting result was the significant correlation between the 
satellite-measured chlorophyll and the relative abundance of diatoms. 
The chlorophyll and the phytoplankton biomass can be differentially 
related depending on the type and composition of phytoplankton 
(Geider et al., 1997; Johnson et al., 2010), and in this case diatoms 
would be especially important. 

Supporting our expectations in Hypothesis iii) based on Wasmund 
et al. (2017), diatom-based indices correlated positively and signifi
cantly with MOTU-based Shannon’s diversity index. At the same time, 
the diversity based on functional groups significantly predicted the 
richness of hake and tuna preys. Altogether, the significant relationships 
between functional components of the plankton found in our study 
based on eDNA are consistent with the importance to diatoms as a key 
phytoplankton component indicator of a good environmental status 
(Wasmund et al., 2017). Despite being obtained from a relatively small 
number of locations at a large spatial dimension, these results support 
the validity of eDNA metabarcoding as a source of data with predictive 

Table 3 
Multiple regression analysis showing the predictive value of independent vari
ables for the proportion of hake and tuna preys. Regression coefficients and 
statistics are presented. SE, standard error. Significant p-values are marked in 
italics.    

β 
coefficient 

SE t p R2 

% tuna 
prey 

Constant 0.014 0.039 0.346 0.739  
Diatoms/ 
Dinoflagellates 

− 0.009 0.008 − 1.051 0.328 0.131 

Diatoms/ 
Copepods 

− 0.051 0.038 − 1.329 0.225 0.134 

Functional groups 
diversity 

0.096 0.038 2.533 0.039 0.27 

% hake 
prey 

Constant − 0.089 0.099 − 0.899 0.398   

Diatoms/ 
Dinoflagellates 

0.053 0.021 2.539 0.038 0.259  

Diatoms/ 
Copepods 

− 0.13 0.096 − 1.351 0.219 0.01  

Functional groups 
diversity 

0.349 0.095 3.676 0.008 0.524  
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value in fisheries sciences. 
This study indeed confirms the utility of eDNA for plankton in

ventories (Chavez et al., 2021), and opens a new application in the 
calculation of diatom-based indices where diatom richness is the main 
variable. Environmental DNA has been applied in phytoplankton studies 
with different purposes, like the identification of harmful algae (Ardura 
et al., 2020) and invasive species (Zaiko et al., 2020). Extending its 
application to the calculation of indices based on relative richness of 
plankton elements, as we did in this study, will contribute to a better 
understanding of ecosystem functioning, especially in areas difficult to 
sample like in the open ocean. Moreover, it will help to give scientific 
advice to sustainable fisheries. 

It must be noted that eDNA of Merluccius and Thunnus species was not 
found in this survey. Not finding hake larvae in the majority of sampling 
points is not strange because many sampling stations are far off the 
continental shelves, while hake larvae are generally found on the con
tinental shelf or at the shelf break (García-Fernández et al., 2021). 
However, older individuals –especially pelagic tuna-could be there. A 
failure of the primers to amplify these fish is not a likely explanation 
(although cannot be totally ruled out), because we found sequences of 
other fish and of large predators – that logically correspond to floating 
eDNA. Bluefin tuna adults undertake long displacements between 
foraging and spawning areas and could be around the northern sampling 
points at the sampling time, but they exhibit a diel pattern of depth use, 
occupying shallower depths at night and deeper depths in the day 
(Horton et al., 2020). Since the samples were taken during the day, 
eDNA from adult Bluefin tuna would not be expected at the sampling 
depth of 6m. On the other hand, foraging grounds of young and 
adolescent Thunnus thunnus aggregations are mainly visited in spring 
and summer in East Atlantic waters (Logan et al., 2011), and the same 
happens for T. alalunga that is in turn associated with chlorophyll-a 
distribution (e.g., Sagarminaga and Aguirrezabalaga, 2014); thus, 
November would not be a good timing for the detection of young tunas 
in the studied zone. 

4.3. Limitations of this study 

This study has some limitations. One is that, likely for low eDNA 
concentration in open ocean waters, the replicates had to be merged for 
obtaining sufficient eDNA for metabarcoding. This could be solved 
sampling larger water volumes (50L or higher volumes), although 
filtering high volumes can be challenging to afford. 

On the other hand, the study could be enriched taking samples at 
different depths; here all the samples were taken at the same depth, 6m 
below sea level. Surface sampling would likely allow to detect other 
community components, principally phytoplankton. Another improve
ment could be additional sampling at night, not only during the day. 
Nocturnal sampling would allow to detect organisms with diel vertical 
migration, like many copepods and squid (e.g., Rosa and Seibel, 2010; 
Holliland et al., 2012), and even tunas that prefer shallower waters at 
night (Horton et al., 2020). 

Finally, samples were obtained in North Hemisphere winter and 
South Hemisphere summer. In temperate regions a seasonal variation in 
plankton composition is expected (e.g., Benedetti et al., 2019); but the 
results obtained in this study correspond to a single season in each 
hemisphere. Seasonal sampling in the future would enrich the results, 
reflecting better the plankton communities and consequently the fish 
species that feed on those plankton in different stages of their life cycle. 
Altogether, these improvements could provide a much better view of the 
plankton diversity in the study area. 

5. Conclusions 

In this study plankton communities were inventoried from environ
mental DNA, and planktonic indices calculated. 

The proportion of prey of hake and tuna was significantly predicted 

from planktonic diversity, and hake prey from the relative abundance of 
diatoms that, although not direct prey of hake, are grazed by hake prey. 

Significant negative correlation between an abiotic factor, salinity, 
and an index calculated from eDNA, Diatoms/Dinoflagellates, would 
confirm the potential impact of current global change on planktonic 
communities. 

These results support the utility of eDNA for the inventory of 
plankton communities and scientific advice for fisheries sustainability. 
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source tool for metagenomics. PeerJ 4, e2584. https://doi.org/10.7717/peerj.2584. 

Rosa, R., Seibel, B.A., 2010. Metabolic physiology of the Humboldt squid, Dosidicus 
gigas: implications for vertical migration in a pronounced oxygen minimum zone. 
Prog. Oceanogr. 86 (1–2), 72–80. https://doi.org/10.1016/j.pocean.2010.04.004. 

Rudershausen, P.J., Buckel, J.A., Edwards, J., 2010. Feeding ecology of blue marlins, 
dolphinfish, yellowfin tuna, and wahoos from the North Atlantic Ocean and 
comparisons with other oceans. Trans. Am. Fish. Soc. 139, 1335–1359. https://doi. 
org/10.1577/T09-105.1. 

Sachoemar, S., 2015. Variability of sea-surface chlorophyll-a, temperature and fish catch 
within Indonesian region revealed by satellite data. Mar. Res. Indones. 37 (2), 
75–87. https://doi.org/10.14203/mri.v37i2.25. 

Sagarminaga, Y., Arrizabalaga, H., 2014. Relationship of Northeast Atlantic albacore 
juveniles with surface thermal and chlorophyll-a fronts. Deep Sea Res. Part II Top. 
Stud. Oceanogr. 107, 54–63. https://doi.org/10.1016/j.dsr2.2013.11.006. 

Sigman, D.M., Hain, M.P., 2012. The biological productivity of the ocean. Nature 
Education Knowledge 3 (10), 21. 

Sugie, K., Fujiwara, A., Nishino, S., Kameyama, S., Harada, N., 2020. Impacts of 
temperature, CO2, and salinity on phytoplankton community composition in the 
Western Arctic Ocean. Front. Mar. Sci. 6, 821. https://doi.org/10.3389/ 
fmars.2019.00821. 

Sumaila, U.R., Bellmann, C., Tipping, A., 2016. Fishing for the future: an overview of 
challenges and opportunities. Mar. Pol. 69, 173–180. https://doi.org/10.1016/j. 
marpol.2016.01.003. 
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