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Abstract

Environmental DNA (eDNA) metabarcoding is revolutionizing biodiversity monitoring, but comparisons against traditional
data rarely include long-term historical inventories. We targeted eukaryotes by amplifying a fragment of the 18S gene from
eDNA isolated from seawater samples at 20 sites in the Gulf of California (GC) and contrasted regional taxonomic diver-
sity against 316 simultaneous visual surveys and a historical database with over 5k species. From 61k Amplified Sequence
Variants, we identified 850 eukaryotic families, of which half represent new compiled records, including 174 families
of planktonic, benthic, and parasitic invertebrates. The 18S eDNA metabarcoding analysis revealed many overseen taxa,
highlighting higher taxonomic ranks within micro-invertebrates, microscopic fungi, and other micro-eukaryotes from the
supergroups Stramenopiles, Alveolata, and Rhizaria. The database combining all methods has doubled the number of distinct
phyla, classes, and orders compared to the historical baseline, indicating biodiversity levels in the GC are much higher than
previously assumed. The estimated proportion of historical taxa included in public reference databases was only 18% for
species, partially explaining the small portion of 18S eDNA reads that were taxonomically assigned to species level (13%).
Each method showed different taxonomic biases, with 18S eDNA metabarcoding detecting few vertebrates, visual surveys
targeting only seven metazoan phyla, and the historical records focusing on macroinvertebrates, fish, and algae. Although
all methods recovered the main known biogeographic regionalization, the 18S eDNA metabarcoding data did not support
the historical pattern of higher diversity in the Central than Northern GC. While combining methods provides a novel view
of biodiversity that is much more comprehensive than any individual approach, our study highlights many challenges in
synthesizing biodiversity data from traditional and novel sources.

Keywords Micro-eukaryotes - Plankton - Invertebrates - Biomonitoring - Tree of life

Introduction

All levels of marine biodiversity play key roles in support-
ing human life, including food provision, nutrient cycling
and climate regulation, among others (Blasiak et al. 2020).
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Biodiversity can be described within three main nested com-
ponents, including genetic (within species), species, and eco-
systems (Convention on Biological Diversity 1992). Recent
evidence shows species and habitats are shifting in response
to ocean warming and other biogeochemical changes in the
environment driven by anthropogenic activities (Lenoir et al.
2020; Pinsky et al. 2020). Changes include geographic range
extensions and the development of new ecological interac-
tions that could cascade into altered ecosystem structure and
function (Portner et al. 2019). Thus, there is a growing need
to improve the estimations and monitoring of biodiversity
to track the current rate of environmental change (Hoban
et al. 2020; Pollock et al. 2020). A key step in understanding
and predicting tipping points in marine ecosystem health is
a detailed and comprehensive description of the taxonomic
diversity present across the tree of life, as biodiversity could
be linked to ecological interactions related to nutrients, bio-
mass, and energy fluxes (D’Alelio et al. 2016; Pawlowski
et al. 2018; Seymour et al. 2020).

To address current needs, environmental DNA (eDNA)
metabarcoding has emerged as an innovative technique
that aims to discriminate multiple species simultaneously
by capture, amplification, and high-throughput sequencing
of conserved genomic regions (i.e., metabarcodes) from
traces of eDNA occurring in water, air, and sediment sam-
ples (Taberlet et al. 2012). The resultant DNA variants are
compared against a genetic reference database (e.g., BOLD,
maintained by the International Barcode of Life) (Ratnasing-
ham and Hebert 2007) to match them to a species, or lowest
common ancestor known (Jo et al. 2021). Public sequence
repositories like GenBank (Pruitt et al. 2005) also provide a
diverse array of DNA sequences from which metabarcodes
associated with described species could be extracted and
used as references (Deiner et al. 2017a; Rodriguez-Ezpeleta
etal. 2021; Jo et al. 2021). The method is considered a cost-
effective and replicable tool for complementing biodiversity
assessments of particular taxa (Fediajevaite et al. 2021) and
across the tree of life (Keck et al. 2022).

Studies conducting eDNA metabarcoding in aquatic
environments have made comparisons against traditional
approaches, yet many have focused on freshwater sys-
tems, with fewer marine studies, frequently focused on fish
(Fediajevaite et al. 2021; Takahashi et al. 2023), revealing
higher diversity than previously assumed and considerable
complementarity (Yamamoto et al. 2017; Gold et al. 2021;
Valdivia-Carrillo et al. 2021). Other ground-truthing stud-
ies of marine eDNA metabarcoding have compared local
taxonomic inventories resulting from simultaneous visual
surveys or species collection methods targeting specific
taxonomic groups, including stony corals (Nichols and
Marko 2019; Dugal et al. 2022; Nishitsuji et al. 2023), ses-
sile benthic fauna (West et al. 2022), or multiple invertebrate
phyla (Leduc et al. 2019; Robinson et al. 2023). Compared
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to traditional methods, DNA and eDNA metabarcoding of
benthic and planktonic marine communities typically uncov-
ers higher local but similar regional diversity, and different
sets of taxa, particularly for macroinvertebrates, plankton,
and microphytobenthos (Keck et al. 2022). Traditional
marine biodiversity monitoring in coastal oceanic areas has
focused on the diversity and abundance of a limited set of
conspicuous benthic macroinvertebrates, limiting our ability
to describe ecosystem-level structure and function (Mora
et al. 2011; Baird and Hajibabaei 2012). Field validation
of species presence in the oceans is logistically challeng-
ing and time-consuming, and very few marine studies have
compared eDNA metabarcoding data across the tree of life
against regional long-term observational data (Deiner et al.
2017a; Fediajevaite et al. 2021).

Despite its perceived potential, eEDNA metabarcoding
monitoring is still developing worldwide, and its perfor-
mance and effectiveness considering traditional surveys
needs to be systematically assessed (Calderén-Sanou et al.
2019; Fediajevaite et al. 2021; Jo et al. 2021). In contrast
to time-specific local surveys, historical biodiversity data-
bases can represent a more comprehensive description of
local and regional taxa, often built over a longer period and
accumulating distinct monitoring campaigns, including
multiple techniques by numerous people. Although marine
biodiversity databases are available for some hotspots world-
wide (e.g., OBIS; https://obis.org), taxonomic representation
varies by region and lineage (Mugnai et al. 2021). Curated
databases of regional marine biodiversity across the tree of
life are scarce or non-existent in most cases (Appeltans et al.
2012). Thus, regional eDNA metabarcoding studies moni-
toring entire marine ecosystem biodiversity (by targeting all
animal and plant phyla) usually cannot put their contribu-
tions in perspective using long-term baselines (Stat et al.
2017; Bakker et al. 2019).

Some important challenges in the application of eDNA
metabarcoding include the taxonomic resolution of the
selected metabarcode and the incompleteness of public
reference databases that generally have strong taxonomic
and geographical biases (Ruppert et al. 2019; Cordier
et al. 2021; Mugnai et al. 2021). The fast-evolving mito-
chondrial COI gene, which is commonly used as a bar-
code for metazoans, shows high variability and excellent
resolution at the species level, but poses challenges for
designing conserved primers that usually have multiple
degenerate bases and varying amplification efficiencies
across broad taxonomic groups (Geller et al. 2013; Col-
lins et al. 2019). The slower-evolving nuclear 18S gene
shows conserved sections that allows anchoring primers
for a broader array of taxa (e.g., all eukaryotes), while dis-
playing comparatively lower variability that compromises
species-level resolution (Leray and Knowlton 2016; Wan-
gensteen et al. 2018). Estimates of macrofaunal coverage
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in public genetic reference databases have been reported
for the global north in sites where marine biodiversity has
been characterized with multiple techniques over decades
(Lacoursiere-Roussel et al. 2018; Hestetun et al. 2020).
However, reports on proportional taxonomic coverage in
public reference databases are less common in tropical and
subtropical regions of the ocean around developing coun-
tries, which are both more biologically diverse (Rogers
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et al. 2022), and significantly less studied (de Santana
et al. 2021; Keck et al. 2022; Takahashi et al. 2023).

The Gulf of California, Mexico (GC; Fig. 1) is a 1130
km long and 80-200 km wide semi-enclosed subtropical
sea in the Eastern Pacific. It is a marine biodiversity hotspot
(Roberts et al. 2002) that provides about half of Mexico’s
national fisheries catch (Lluch-Cota et al. 2007; Munguia-
Vega et al. 2018). The GC has a history of biodiversity
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Fig. 1 The Gulf of California. Monitoring locations for 18S eDNA metabarcoding, visual surveys, and historical records. Biogeographic regions
following Brusca et al. (2005) are shown using dashed lines (see Table 1 and S1 for metadata)
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monitoring that goes back more than 150 years (Brusca et al.
2005) and has continued into modern times. Monitoring has
mainly focused on reef fish (Hastings et al. 2010; Galland
et al. 2017; Olivier et al. 2018; Valdivia-Carrillo et al. 2021),
benthic macro-invertebrates (Brusca and Hendrickx 2010;
Munguia-Vega et al. 2015; Ulate et al. 2016), and planktonic
fish eggs and larvae (Peguero-Icaza et al. 2008; Sanchez-
Velasco et al. 2017; Ahern et al. 2018). Recently, Morzaria-
Luna et al. (2018) compiled a comprehensive, curated,
and georeferenced historical database for the biodiversity
of the GC that combines monitoring information available
in regional and international public repositories, as well as
subtidal reef monitoring campaigns. This historical com-
pilation includes 12,105 species of terrestrial and marine
prokaryotes and eukaryotes, providing a unique opportunity
to contrast the performance of 18S eDNA metabarcoding
against a regional historical baseline.

Most studies recognize three distinct biogeographic
regions within the GC: Northern, Central, and Southern
(Thomson et al. 2000; Brusca et al. 2005). These biogeo-
graphic regions possess different oceanographic and envi-
ronmental conditions, and distinguishable species assem-
blages (Brusca et al. 2005; Munguia-Vega et al. 2018). The
central GC has been recognized for having the highest spe-
cies diversity (Morzaria-Luna et al. 2018; Munguia-Vega
et al. 2018), gradually decreasing towards neighboring sub-
regions (Ulate et al. 2016; Galland et al. 2017; Fernandez-
Rivera Melo et al. 2018). For example, out of 5228 named
species of invertebrates in the Gulf of California (16% of

which are endemic), 3467 occur in the Central Gulf, 2348
in the Northern Gulf, and 3464 in the Southern Gulf (Brusca
and Hendrickx 2023).

Our goal was to assess the challenges and benefits of com-
bining 18S eDNA metabarcoding data to long-term histori-
cal baselines and simultaneous visual surveys. Specifically,
we (1) compared the number and identity of taxa recovered
across techniques at species to phylum levels for different ad
hoc groups of eukaryotes: invertebrates, vertebrates, algae,
fungi, and other eukaryotes. We then (2) mapped and com-
pared family richness and community structure per method
across the Northern and Central GC (Fig. 1).

Material and methods
eDNA collection and underwater visual surveys

Environmental DNA collection and underwater visual
surveys were carried out simultaneously at 20 rocky reefs
within the GC onboard a research vessel during fall 2016.
The focus was set on comparing global patterns of bio-
diversity within the GC, and between the North (n = 7)
and Central (n = 13) regions of the GC (Fig. 1, Table 1),
rather than individual per-site comparisons. Likewise, our
experimental design was focused on comparing taxonomic
inventories per method based on presence/absence, without
attempting to thoroughly identify rare or abundant taxa. At
each location, one replicate consisting of 1 L of seawater was

Table 1 Characteristics of

. . Date Site ID Site name Latitude Longitude Depth Temp (°C) Region
sampling sites for underwater
visual surveys and eDNA 11/11/2016 O1.PLO  Puerto Lobos 30.22188 -112.96634 3 222 North
collection 11/11/2016 02.PLI  Puerto Libertad 2990258 -112.72910 4.6  20.6 North
11/10/2016 03.SLG San Luis Gonzaga 29.80552 -114.37281 8.2 239 North
11/9/2016  04.AGU1 1. Angel de la Guarda NO 29.55492 -113.55855 10.7 239 North
11/9/2016  05.AGU2 1. Angel de la Guarda NE 29.55194 -113.51441 14.6 244 North
11/12/2016  06.PAT 1. Patos 29.26635 -112.46409 8.5 194 North
11/8/2016  07.LOR 1. San Lorenzo 28.58472 -112.75922 152 233 North
11/7/2016  08.SPM 1. San Pedro Martir 28.38201 -112.29588 13.1 21.1 Central
11/6/2016  09.SPN 1. San Pedro Nolasco 27.96585 -111.37097 20.1 239 Central
11/4/2016  10.TOR 1. Tortuga 27.43053 -111.86171 16.8 26.1 Central
11/4/2016  11.MAR 1. San Marcos 27.26016 -112.08899 7.6 25 Central
11/3/2016  12.PUL Punta Pulpito 26.51492 -111.44327 4.3 26.7 Central
11/2/2016  13.CAR 1. Carmen 26.01657 -111.16914 6.4 25.6 Central
11/1/2016  14.DAN  IL.Danzante 25.81281 -111.25526 12.8 27.2 Central
11/1/2016  15.MON 1. Monserrat 25.74411 -111.04932 7.3 28.3 Central
10/31/2016 16.CAT I Catalana 25.71534 -110.77560 119 27.8 Central
10/31/2016 17.MAT 1. San Mateo 25.37902 -110.99271 7.9 28.3 Central
10/30/2016 18.CRU 1. Santa Cruz 2531262 -110.68939 10.7 27.8 Central
10/30/2016 19.DIE 1. San Diego 2520403 -110.6949 4.6 28.3 Central
10/29/2016 20.POR  EI Portugues 24.74921 -110.67361 5.5 27.8 Central
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collected simultaneously to visual surveys at depths of 3-21
m (Table 1 and S1). A group of six experienced monitoring
divers conducted underwater visual surveys (25 m long x
4 m wide x 2 m high) targeting conspicuous bony fish at a
minimum of eight transects per site. The same transects were
used to record all visible benthic macroinvertebrates within
the phyla Annelida, Arthropoda, Cnidaria, Echinodermata,
Mollusca, and Platyhelminthes. All species surveyed were
at least 3 cm long and identified underwater to the lowest
taxonomic level possible, and in few cases, underwater
pictures were taken and used to confirm identifications.
Seawater samples were taken simultaneously at approxi-
mately 1-3 m from the bottom using sterile Nalgene bot-
tles (Thermo Scientific) by 2-3 divers close (~10 m) to the
group of divers conducting the surveys and at an intermedi-
ate location from where the fourth transect was placed. On
board the vessel, eDNA filtration was done using 0.45-pm
hydrophilic nitrocellulose Millipore filters placed in a Mil-
lipore Sterifil filtration system connected to a vacuum pump.
A decontaminated area was set for filtration using sterile
material, carefully cleaning the space and materials with
a 1% sodium hypochlorite solution before and after each
sample was processed. No filtration negative controls were
processed in the field, but negative controls were included
in the laboratory (see below). Further details of field meth-
ods have been previously described for these eDNA samples
(Valdivia-Carrillo et al. 2021).

eDNA laboratory work and data processing

Environmental DNA extraction was performed using the
DNeasy Blood and Tissue kit (Qiagen) in a dedicated
eDNA-only laboratory space. We used a two-step PCR pro-
tocol for library construction as previously described (Val-
divia-Carrillo et al. 2021). The first PCR round amplified
the v7 region of the 18S rDNA gene using 18s_allshorts_F
(5" TTTGTCTGSTTAATTSCG 37) and 18s_allshorts_R
(5 TCACAGACCTGTTATTGC 3’) primers (Guardiola
et al. 2015), with a documented average amplicon length
of 123 bp (min: 36, max: 892) (Taberlet et al. 2018). The
parameters for the thermocycling were the following: 98 °
C for 3 min, 35 cycles of 98 ° C for 30 s, 45 ° C for 30 s,
72 ° C for 30 s, and a final extension of 72 ° C for 5 min. A
second PCR step added multiplexing adapters (8 bp long
with three mismatches each) and Illumina sequencing adapt-
ers (Table S2). Three PCR1 replicates were done for each
sample, and 1 ul of each was used as a template in three
independent PCR2 replicates per sample that were pooled
and purified with AmpureXP beads (Beckman and Coulter).
Negative controls were included during each PCR to moni-
tor for external contamination. A mock community made
of equimolar DNA concentrations from 25 taxa within six
metazoan phyla (Table S3) was added to the sequencing

library to assess the efficiency of taxonomic assignments,
primer bias, and the relationship between DNA abundance
versus read abundance. Twenty eDNA samples, the mock
community, and a pool of four negative controls from the
PCR steps were sequenced in a single Illumina NextSeq 500
MID (35 Gb) v2 chemistry flow cell (2 x 150 bp pair-end).

Sequences were processed using the Anacapa toolkit
(Curd et al. 2019) which incorporates three analysis mod-
ules. Their first module, Creating Reference libraries Using
eXisting tools (CRUX), was implemented to obtain a 18S
custom reference database using default parameters. The
NCBI annotated nucleotide repository (5™ version, down-
loaded June 7% 2021; Pruitt et al. 2005) and the European
annotated nucleotide (ENA) repository of plants, fungi,
invertebrates, and vertebrates (143" version, downloaded
June 7" 2021; Kanz et al. 2005) were screened for available
18S references.

Anacapa’s second module, Sequence Quality Control and
ASV Parsing (QC-ASV), was used to get amplicon sequence
variants (ASVs). ASVs are sequence clusters obtained by
modelling study-specific error rates to discriminate expected
errors from rare diversity represented by sequence variants
with low read counts (Callahan et al. 2016). We chose ASVs
over Operational Taxonomic Units (OTUs) because using
a fixed similarity threshold to determine taxonomic iden-
tity has been shown to inflate diversity estimates (Callahan
et al. 2017), and it is likely that lineages within Eukaryota
have independent evolutionary identity rates (De Santiago
et al. 2021). The main parameters used in ASV parsing were
30% mismatch allowed for adapter and primer removal,
average minimum quality of 30 (Phred 33), minimum
sequence length before the alignment of 50 bp, and mini-
mum sequence overlap of 40 bp with up to two mismatches
(for complete parametrization see Table S4).

The third module, Anacapa Classifier, aligned ASVs to
the 18S custom reference database built in the first module,
using a modified version of the BCLA algorithm executed
in Bowtie 2 v2.3.5 (Langmead and Salzberg 2012) with 100
bootstrap replicates added to test assignment robustness (see
Table S4 for details). Anacapa executes ASV parsing and
taxonomic assignment for single forward and reverse reads,
aligned reads (merged), and paired reads (unmerged, with
no overlap region), taking the most advantage of good qual-
ity reads recovered. A raw annotated ASV table was cre-
ated containing ASV source (forward, reverse, merged, or
unmerged ASVs), ASV count per sample, sequence iden-
tity, and length, whether it was a single/multiple and full/
partial alignments to the 18S custom reference database,
along with taxonomic annotations (from phylum to species
level) and bootstrap score for each ASV recovered. Singleton
ASVs (with one global read count) and all ASVs found in
the negative controls were removed as likely contamination.
Uncertain taxonomic annotations with bootstrap test scores
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below 70 and wrong species-level annotations (i.e., higher
taxonomic rank annotations accompanied by “sp.,” “nan,”
“uncultured,” or “incertae sedis”) were also removed. A 18S
eDNA contingency table with phylum to species level anno-

tated ASVs per site was generated.
Visual surveys and historical data processing

Eight visual transects per site for fish and macroinvertebrates
were randomly chosen when needed and evaluated at each
site, except for two sites from Angel de la Guarda Island (04.
AGU1 and 05.AGU2), where only six invertebrate transects
were available. For each species detected, family to phylum
level taxonomic annotations were manually retrieved using
the NCBI taxonomy browser, generating a contingency table
of species occurrences per site.

A published database of historical species records of the
GC (Morzaria-Luna et al. 2018) was used as a third biodi-
versity source. The database has georeferenced historical
occurrences with taxonomic annotations from species to
class rank according to the World Record of Marine Spe-
cies (WoRMS; https://www.marinespecies.org), and local
expertise.

While visual surveys and eDNA were monitored simul-
taneously at each location, historical records encompass
hundreds of thousands of geographically referenced occur-
rences, posing a challenge when deciding how to match spa-
tial occurrences with 18S eDNA metabarcoding detections.
Environmental DNA in the ocean could be transported by
strong asymmetric currents in the GC (Munguia-Vega et al.
2018), as suggested by a previous study targeting the 12S
teleo metabarcode for the same eDNA samples used here,
that showed a high level of fish taxonomic discrimination
(119 Actinopterygii OTUs) over a broad geographic and
bathymetric scale (Valdivia-Carrillo et al. 2021). To address
this issue, we tested the degree of overlap between the 18S
eDNA metabarcoding detections and historical records using
two spatial scales (wide and narrow) representing distance
thresholds to assign historical records around our sampling
sites and establish the potential spatial fingerprint of the 18S
eDNA detections before comparing methods. Using QGIS
v3.14.1 (QGIS Development Team 2009), a wide merge was
set using a 0.5 latitudinal degree radius (~55 km) from each
location, which allowed occurrences to be included in up
to three nearby sites. A narrow merge was set to a radius
of 0.1 latitudinal degrees (~11 km) allowing occurrences
to be included only in the closest sampling location. These
distance criteria were established according to the poten-
tial eDNA transport and persistence. The wide merge was
assumed to have an eDNA transport and persistence of 48
h (Wood et al. 2020), considering an average particle flow
in the GC of 0.3 m s ! (Santiago-Garcia et al. 2014). In
contrast, for the narrow merge, eDNA would be transported
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at an equal current speed for approximately 10 hours before
sampling. The wide and narrow merge of historical occur-
rences were used to construct two contingency tables of spe-
cies counts with taxonomic annotations (up to phylum level)
per sampling location.

Homogenization of taxonomic annotations
across datasets

Taxonomic inconsistencies due to synonymies and unre-
solved phylogenetic relationships within Eukaryota for
all species-level entries of each biodiversity dataset were
homogenized using the biodiversity data cleaning package
bdc v1.0.0 (Ribeiro et al. 2022) in R (R Core team 2018).
We used the full NCBI annotated repository (https://www.
ncbi.nlm.nih.gov/taxonomy, accessed March 3%, 2022) as
a reference for taxonomic homogenization, allowing a 20%
mismatch between species query and reference. Each bio-
diversity dataset was compared using Venn diagrams built
with input from TaxonTableTools (Macher et al. 2021) to
identify, correct, and/or complete missing or inconsistent
annotations at all taxonomic levels. We manually removed
terrestrial species from the historical and 18S eDNA meta-
barcoding datasets to focus on marine eukaryotes based
on information from the WoRMS database. When missing
taxonomy at phylum level occurred due to unresolved phy-
logenetic relationships, “<group name> NA” was added
(e.g., Cryptophyceae were grouped as “Algae NA” at phylum
level). Likewise, for many taxa, not all higher taxonomic
ranks were assigned, i.e., taxa containing unresolved taxon-
omy at class, order, or family level were annotated as HLNA
(Higher-Level taxonomy Not Available). Since at least 15
major lineages of micro-eukaryotes uncovered by the 18S
eDNA metabarcoding data (and not previously compiled in
the historical baseline) did not have phylum assignment in
the NCBI taxonomy browser, we used the classification of
major lineages and supergroups following de Vargas et al.
(2015) to include them in our analyses, and collected infor-
mation about their main trophic/symbiotic modes and habi-
tats, to illustrate the potential ecological role of these cryptic
taxa within the ecosystem (Table S5).

Biodiversity estimates across methods

Above phylum level, we created five eukaryotic ad hoc groups
to highlight each method’s taxonomic composition: inverte-
brates, vertebrates, algae (containing mostly photosynthetic
entities), fungi, and all “other eukaryotes.” We compared
taxonomic y-richness (i.e., the total number of taxa for each
taxonomic rank in our sampled sites) using stacked barplots
for each method and calculated a merged list of taxa combin-
ing information from all methods for each taxonomic rank.
This was used to estimate the contribution of each source of
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biodiversity information to the total. We also compared over-
all eukaryotic taxonomic composition between methods from
species to phylum rank with Venn diagrams calculated using
TaxonTableTools (Macher et al. 2021), and plots were edited
using Inkscape (Inkscape Project 2020). We included a small
sample of those comparisons in the results to illustrate some of
the patterns observed. For the analyses and comparisons across
methods, we used richness estimates at the family level, since
this intermediate rank provided a balanced comparison (see
Results) and the best quantifiable resolution across sampled
sites (i.e., higher ranks were highly similar among sites, while
genus and species were poorly represented in the 18S eDNA
metabarcoding data, see Discussion). Examples included three
well represented phyla in the historical database and in visual
surveys (Arthropoda, Mollusca, Echinodermata), and Rhodo-
phyta, for which no visual survey data was available.

Contrasting spatial patterns of biodiversity

To evaluate the spatial patterns obtained with the three bio-
diversity sources, we visualized family level richness per
location in QGIS v3.14.1 (QGIS Development Team 2009),
plotted boxplots of family richness per region (following
biogeographic regions shown in Fig. 1; Table 1), and accu-
mulation curves across methods and regions (Fig. S1). We
tested for statistical differences between gamma family rich-
ness between methods, and between regions (Northern GC
n = 7; Central GC n = 13) within each method. We used the
Kruskal-Wallis rank test and post hoc Dunn test for multiple
comparisons using the stats and FSA packages in R (R Core
team 2018; Ogle et al. 2023).

We then analyzed community structure at family rank for
each method and all methods combined, to test for spatial
concordance with a recognized biogeographic break between
Northern and Central GC (Fig. 1), including comparisons
for each ad hoc group independently and for all eukaryotes
together. Family community structure was analyzed with
non-metric multidimensional scaling (nMDS) based on Jac-
card’s pairwise index with 5000 maximum initiations. We
tested for statistical differences between regions using an
analysis of similarity (ANOSIM) with 1000 permutations.
Accumulation curves, nMDS (metaMDS), and ANOSIM
were executed using the package vegan v2.5-7 (Oksanen
et al. 2018) in R, as previously described (Valdivia-Carrillo
et al. 2021).

Results
18S eDNA metabarcoding database

We obtained 20.6 million raw sequences, from which
83% were retained after quality control and ASV parsing

(Table S6). Raw sequences are available in the Short Read
Archive under Bioproject PRINA919092. Cleaned reads
comprised 16,085,704 (94.3%) paired merged reads,
433,868 (2.5%) paired unmerged reads, 512,184 (3.0%) sin-
gle forward reads, and 33,604 (0.2%) single reverse reads.
Read counts per sampled site ranged from 594k to 944k,
with an average of 811k reads. The custom reference data-
base contained 170,737 unique sequences from 119 phyla,
267 classes, 1220 Orders, 6438 families, 27,414 genus and
76,128 species of eukaryotes.

ASV parsing resulted in a total of 222,331 raw ASVs,
of which 93% aligned multiple times to the reference data-
base, 2% had a single alignment, and 5% did not match any
reference. As for alignment type, 51% of raw ASVs had
complete sequence length overlap, and the remaining 49%
had partial alignment. The average percent identity between
sequences in the custom reference database and the ASV
query sequences was 98.7 + 2.2. From the total raw ASVs,
61,346 ASVs (28%) remained after removal of singletons
(160,600 ASVs) and negative control sample (343 ASVs,
mainly assigned to fungus associated with human skin,
human DNA and few common edible plants, Table S7).
From these, 42,740 ASVs (69.8%) only appeared in a single
sampled site.

Homogenization of 18S eDNA metabarcoding taxonomic
annotations and removal of non-target taxa (mostly land
plants) resulted in a final database of 16,077,043 amplicon
reads from 61,197 ASVs, of which ~13K (22%) could not
be annotated at any level within Eukaryota with the criteria
used in our pipeline. Taxonomic annotations varied between
ranks, with most ASVs ~47K (77%) annotated to phylum
and class rank, ~31K (51%) identified to order, ~21K (34%)
to family, ~17K (28%) to genus, and only ~8K (13%) to
species-level, representing 1467 different species (Fig. 2a).
ASV distribution between groups of eukaryotes showed
a majority belonging to algae (~63%), followed by other
eukaryotes (~18%) and invertebrates (16%), while fungi
(2.1%) and vertebrate (~0.5%) ASVs showed smaller con-
tributions (Fig. 2b—f).

All 25 expected taxa were recovered from the sequenced
mock community to varying taxonomic resolutions
(Table S3), accounting for 91% of reads in the mock sample.
We did not recover any species level annotation. However,
only five species had a genetic reference in our custom ref-
erence database. Multiple observed ASVs matched various
single expected taxa, and taxa showed highly uneven read
representations ranging from 0.001 to 56.3%.

Visual surveys and historical databases
Visual surveys registered 28,269 occurrences within 316

transects conducted at all monitored sites, containing 79%
vertebrate (fish) and 21% invertebrate occurrences from 167
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Fig.2 18S eDNA metabarcoding rank taxonomic resolution. a Num-
ber of ASVs annotated to each taxonomic rank (from phylum to
species) for all eukaryotes, and each ad hoc group; b algae; ¢ other

taxa, of which most (83%) were annotated to species level.
Diversity here was composed of 96 vertebrate and 71 inver-
tebrate taxa.

The wide merge of historical records retained 131,980
occurrences, representing 60% of all eukaryotic records
in the original database. Kept occurrences were mostly of
vertebrates (58.19%), followed by invertebrates (25.89%),
algae (13.09%), other eukaryotes (2.77%), and very few
fungi (0.05%). Diversity within this database included 5054
species, of which 61% were invertebrates, 19% vertebrates,
28% algae, 5% other eukaryotes, and 0.6% fungi. The nar-
row historical merge retained 5892 occurrences (8% from
total) from 2103 species. Common taxa between historical
records and 18S eDNA metabarcoding were higher for the
wide merge (Fig. S2), particularly at lower taxonomic levels,
showing a 41% wide-to-narrow increase of shared species,
43% increase of shared genera, and 33% increase of shared
families. Shared orders, classes, and phyla also increased
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by 21%, 19%, and 12%, respectively with the wide merge,
which was employed for all subsequent analyses.

Biodiversity across methods

The global list of eukaryotes combining 18S eDNA meta-
barcoding, visual surveys, and historical data from the moni-
tored sites in the GC included 52 phyla (considering three
groups of lineages labeled as algae NA, dino NA for dino-
flagellates, and other NA), 160 classes, 577 orders, 1599
families, 3525 genera, and 6375 species (Fig. 3; complete
taxonomic list in Table S8). The main contribution of each
of the three sources of biodiversity information focused on
different levels of the taxonomic hierarchy. At higher taxo-
nomic ranks (from phylum to order), 18S eDNA metabar-
coding showed the main contribution to the total diversity
detected, representing 98% of all phyla, 93% of all classes,
and 73% of all orders. In contrast, historical data included
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48% of all phyla, 41% of all classes, and 57% of all orders.
At lower taxonomic ranks (from family to species), historical
data showed the greatest taxonomic contribution, ranging
from 79% of all species to 67% of all the families recovered,
whereas 18S eDNA metabarcoding had 23% of all species
and 52% of all families recovered.

We found a pattern of decreasing overlap in shared taxa
between 18S eDNA metabarcoding and historical data
from higher to lower ranks. Both methods shared 46% of
phyla and 33% of classes, while only 9% of genus and 2%
of species were shared (Fig. 4). The 18S eDNA metabar-
coding database increased taxonomic diversity by 164% at
phylum level (Fig. 5, Table S9), while increases at lower
taxonomic levels were 146% for class, 76% for order, 51%
for family, 38% for genus, and 26% for species (Fig. 5;
Table S9). The 18S eDNA metabarcoding contributed at
least 27 new phyla, including ten micro-eukaryotes, nine
invertebrates, seven fungi, and two algae phyla (Fig. 4,
Table S9). Additionally, at least 15 other major lineages

Phyla Al

of micro-eukaryotes with unresolved phylum level tax-
onomy were compiled within the supergroups Holozoa,
Stramenopiles, Alveolata, Rhizaria, Viridiplantae and
CRuMs (Table S5). The main contributions of 18S eDNA
metabarcoding in terms of new phyla and major lineages
were members of the plankton, with fewer benthic and
parasitic groups. Most of them are microscopic eukary-
otes, including fungi, algae, and invertebrates (Table S5).
In contrast, visual surveys covered 13% of phyla and 8%
of classes and orders, while recovering 2% of all species
and 5% of all families (Fig. 3). Visual surveys added five
species and one genus to the combined database (Fig. 4;
Table S10).

Matching the custom-made reference database against the
historical records allowed us to estimate the number of his-
toric taxa possessing a reference sequence in the NCBI and
ENA public repositories. For the fragment of the 18S gene
analyzed, historical taxa representation in public reference
databases was 100% at phylum rank, 98% at class, 87% at
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for each ad hoc eukaryotic group. The solid line depicts percentage
of historical taxa possessing a genetic reference for the segment of

order, 80% at family rank, and decreased to 51% and 18%
for genus and species ranks, respectively (Fig. 5; Table S9).

Comparing the contribution of each method at family
level for four selected phyla present in the historical database
illustrated some of the different patterns observed. Rhodo-
phyta, a phylum for which data is absent from visual sur-
veys due to challenges in identification in the field, showed
a similar number of taxa at family rank that were new and
exclusive to 18S eDNA metabarcoding (7) compared to
taxa exclusive to historical records (11), with most families
shared between these two methods (25; Fig. 6a). In contrast,
the contribution of 18S eDNA metabarcoding was propor-
tionately smaller for well-studied invertebrate phyla com-
pared to historical records. For example, for highly diverse
phyla like Arthropoda (201 families in the combined dataset
including all three methods) and Mollusca (225 families in
the combined dataset), 18S eDNA metabarcoding contrib-
uted 40 and 12 new and exclusive families (respectively).
For Arthropoda and Mollusca, visual surveys contributed
four and 21 families (respectively) but all of them were
already present within the historical records. For Echinoder-
mata, a phylum that is conspicuous and readily identifiable
in the field (66 families total), 18S eDNA metabarcoding
added only one new family, while visual surveys recorded
13 families already present in the historical database (Fig. 6,
Table S10 and S11).

Spatial patterns of biodiversity

Taxonomic beta diversity at the family level showed a simi-
lar pattern in the nMDS plots separating Northern and Cen-
tral GC regions for the combined database and each method
individually, with samples showing relatively weak ties

Family Genera Species

180% Invertebrates
0,
160% Vertebrates
140%
120% ™= Algae
100%  sseee Fungi
80%
60% mmm Other E ukaryotes
(o]
40% % Historical with gen.
20% reference
0% ——-% ASVs annotated

------- % Increase from Historical
baseline

the 18S gene analyzed in the custom reference database, dashed line
shows percentage of ASVs that were taxonomically annotated, and
point line shows the percentage increase in richness derived from 18S
eDNA metabarcoding data compared to the historical baseline (sec-
ondary y-axis, right side)

(stress range = 0.10-0.16; Fig. 7). ANOSIM tests for differ-
ences between regions were significant for all methods, with
historical records showing slightly better agreement than the
rest. Results for specific method and ad hoc eukaryotic group
combinations presented more nuanced results, although most
comparisons between Northern and Central GC were sig-
nificant except within invertebrates and algae (Fig. S3). For
invertebrates, only the historical records showed significant
differences between Northern and Central region (ANOSIM
R =0.597, p = 0.001), whereas 18S eDNA metabarcoding
(ANOSIM R =0.018, p = 0.335), visual surveys (ANOSIM
R =0.171, p = 0.063), and all methods combined (ANOSIM
R =0.032, p = 0.337) were not significant. For algae, results
were significant for 18S eDNA metabarcoding (ANOSIM R
= 0.417, p = 0.002) but not for historical data (ANOSIM R
=-0.003, p = 0.447)

We found significant differences in gamma family rich-
ness estimated by each method and all methods combined
(Kruskal-Wallis chi-squared = 72.655, df = 3, p-value =
1.153e-15; Table S12). The family richness map combin-
ing all methods for all eukaryotic taxa ranged from 503
to 743 families per site in the GC (Fig. 8a, Table S1). The
highest richness was found in the Central GC, with signifi-
cantly lower average richness in the Northern GC (Kruskal-
Wallis chi-squared = 5.465, df = 1, p-value = 0.019;
Fig. 8e). The 18S eDNA metabarcoding data recovered from
186 to 348 families per site (Fig. 8b) with non-significant
differences between Central and Northern GC family rich-
ness (Kruskal-Wallis chi-squared = 0.631, df = 1, p-value
= 0.427; Fig. 8f). Visual surveys (Fig. 8c) had between 22
and 41 families, and differences between regions were also
non-significant (Kruskal-Wallis chi-squared = 2.665, df =
1, p-value = 0.103; Fig. 8g). Historical records (Fig. 8d) had
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the largest contribution to family richness with 292-576 taxa
per site, showed high resemble to the combined methods
map, and family richness was likewise significantly higher at
the Central than Northern GC (Kruskal-Wallis chi-squared =
4.749, df = 1, p-value = 0.029; Fig. 8h). The Northern GC
(n = 7) accumulated 34% of 18S eDNA metabarcoding
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reads, 25% of visual surveys sightings and 21% of historical
occurrences, whereas 66% of eDNA reads, 75% of visual
surveys detections, and 79% of historical occurrences were
found in the Central GC (n = 13). Accumulation curves for
each method considering all sites and each region indepen-
dently did not plateau under any scenario (Fig S1).
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Central Gulf of California. a All methods; b 18S eDNA metabarcod-
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Discussion

Environmental DNA metabarcoding has revolutionized our
ability to produce taxonomic inventories at an unprecedented
scale, speed, and resolution, providing the opportunity to
revisit our understanding of marine biodiversity within his-
torically recognized hotspots. By combining a historical bio-
diversity database with traditional survey methods and 18S
eDNA metabarcoding, our study showed that marine eukary-
otic biodiversity in the GC is much higher than previously
recognized. Given the limitations in our study related to a
single replicate per site, in a single season and restricted to
< 21 m deep, the extent of biodiversity present in the Gulf of
California is likely much larger than presented here. While
combining methods provides a novel view of biodiversity
that is much more comprehensive than any approach alone,
our study also highlighted many challenges faced in synthe-
sizing biodiversity data from traditional and novel sources.

Environmental DNA’s contribution of eukaryotic taxa
to the compiled historical baseline peaked at higher taxo-
nomic ranks and included organisms that are only a few
millimeters long (or much smaller), highlighting a his-
torical bias of traditional monitoring techniques towards
macro fauna (Table S5). Previously unrecorded taxa

SIM test statistics based on Jaccard-distance of family composition
between North (blue) and Central (red) regions. Ellipses represent
standard deviation of points (site numbers follow Fig. 1)

included micro-invertebrate phyla (Kinorhyncha, Ento-
procta, Phoronida, Tardigrada, Hemichordata, Gastro-
tricha, Rotifera) and microscopic fungi (Basidiomycota,
Oomycota, Blastocladiomycota, Zoopagomycota, Chytrid-
iomycota, Mucoromycota, Cryptomycota). Protists (algae
and other micro-eukaryotes) accounted for 80% of all
taxonomically assigned sequencing reads in the library,
akin to other studies of marine eukaryotic diversity using
similar metabarcoding methods (de Vargas et al. 2015;
Bakker et al. 2019). Environmental DNA also showed a
large fraction of overseen diversity within micro-eukary-
otes, including many recognized phyla (Tubulinea, Disco-
sea, Euglenozoa, Hemimastigophora, Fornicata, Picozoa)
along with a large list of major lineages with unresolved
high-level phylogenetic relationships on NCBI. Particu-
larly diverse were the supergroups Alveolata (Apicom-
plexa, Ciliophora, Perkinsozoa), Rhizaria (Endomyxa,
Imbricata, Acantharea), Stramenopiles (Bigyra, Develo-
pea, Pirsoniales, Sticholonchida, Nassellaria, Spumellaria,
Collodaria) and Holozoa (Aphelidae, Choanoflagellatea,
Filasterea, Ichthyosporea; Table S5). These marine plank-
tonic protists are phylogenetically and ecologically diverse
and have been described previously in global metabarcod-
ing campaigns (de Vargas et al. 2015; Cordier et al. 2022).
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They represent a large but poorly understood fraction of
marine biodiversity, that could nonetheless play critical
roles in nutrient and energy cycles in the ocean. For exam-
ple, some mixotrophic taxa within Stramenopiles can flex-
ibly use both phototrophic and heterotrophic metabolism,
they can grow in limiting nutrient conditions, play a key
role in increasing carbon transfer to higher trophic levels,
and in the sinking of organic material (Cohen 2022). Large
rhizarians (>0.6 mm) have been estimated to contribute to
over 5% of the global carbon stock in the oceans (Biard
et al. 2016). Including these previously overseen micro-
eukaryotic groups to baseline inventories could signifi-
cantly improve our understanding of marine food webs.
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methods, and individually for: b, f 18S eDNA metabarcoding; ¢, g
visual surveys; d, h historical records. Letters within boxplot note the
Kruskal-Wallis statistical test results (see text) for each method (for
site names and full sampling metadata see Table 1 and S1)

Overall, 174 new metazoan families of macrofauna were
added by 18S eDNA metabarcoding, mainly from Arthrop-
oda, Cnidaria, Bryozoa, Foraminifera, Mollusca, Platyhel-
minthes, Annelida, Porifera, and Nemertea (Table S11).
These are phyla known to include large proportions of
undescribed species globally (Appeltans et al. 2012). Most
of the newly compiled taxa are planktonic (copepods, ostra-
cods, hydrozoans, sea anemones, and ctenophores), parasitic
(mites, trematodes, and nematodes), infaunal, or living in
cryptic or inaccessible habitats like the deep sea (includ-
ing anemones Actinostolidae and bivalves Xylophagaidae),
making them difficult to monitor using classic monitoring
techniques.
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The total eukaryotic diversity estimated via our eDNA
metabarcoding study (850 families) that targeted the V7
region of the 18S gene in the GC was larger than similar
studies from coastal regions. Differences in family richness
between studies can reflect real biological differences among
places, but results are also highly dependent on the choice
of the metabarcode leading to differential primer biases,
and are also affected by the spatial, temporal and bathym-
etric scale of the experimental design, level of replication,
sequencing depth, among other factors (Kelly et al. 2016;
Collins et al. 2019; DiBattista et al. 2019). Even within the
same 18S gene, the V9 region is known to have higher taxo-
nomic resolution than V7 (Taberlet et al. 2018). A study
using the 18S-V9 metabarcode in water samples from the
Black Sea reported 259 families at a similar spatial but wider
bathymetric scale than our study, also having higher replica-
tion (Zhang et al. 2020). Another study conducted within
a spatial scale of ~100 km detected 498 families using the
V1 region of the 18S metabarcode from water and sedi-
ment samples in Okinawa, Japan (DiBattista et al. 2020).
At a smaller spatial scale, the 18S-V4 metabarcode was the
main contributor (close to half) to a total of 287 families
recorded using diverse metabarcodes (including 18S, COI
and 16S genes) at a single bay in Ningaloo Reef, Australia
(Stat et al. 2017). Even though such comparisons should
be treated with caution given technical differences between
studies and variation in habitats and environmental gradients
among regions, our results reinforce the view that tropical
and subtropical regions of the ocean like the GC are highly
diverse (Rogers et al. 2022).

We estimated 22.5% of all ASVs were not assigned
taxonomically, similarly to other marine studies reporting
a proportion of taxonomically unassigned ASVs or OTUs
between 14 to 50 % (de Vargas et al. 2015; Leray and Knowl-
ton 2015; Bakker et al. 2019; Cordier et al. 2022). These
results indicate that a significant global fraction of marine
diversity remains to be included in reference databases even
at higher taxonomic ranks, and thus, their sequences found
in our 18S eDNA metabarcoding data cannot be placed yet
with confidence within Eukaryota. Metagenome analyses
of field samples aided by models to predict taxonomy and
ecological function could help fill some of these gaps (Manu
and Umapathy 2021; Cordier et al. 2021).

We found that no single method provided complete taxo-
nomic coverage within every ad hoc eukaryotic lineage
(Table S1). Visual surveys depend on knowledge of diag-
nostic traits of many species and the ability of trained scuba
divers, allowing detection of taxa with specific characteris-
tics (i.e., conspicuous, living in shallow reefs, commercially
important, endangered). Visual surveys included a particular
subset of species from only seven out of 25 phyla included
in the historical database (Annelida, Arthropoda, Cnidaria,
Chordata, Echinodermata, Mollusca, and Platyhelminthes).

While 18S eDNA metabarcoding targeted a much larger
set of phyla and major lineages, it had a poor representa-
tion of some groups, including vertebrates that represented
only 0.4% of all ASVs but that are major components of the
visual surveys and historical datasets. As mentioned earlier,
a 128 fish-specific metabarcode applied to the same eDNA
samples successfully recovered the diversity of bony fish
(Valdivia-Carrillo et al. 2021), indicating eDNA from fish
was present but overall represents a small fraction of the
total eukaryotic eDNA detected with the 18S metabarcode
used. The historical database contains mainly fish, macroin-
vertebrates, and algae records from multiple sources over
several decades, with a marginal representation of fungi
and other microeukaryotes. In contrast, visual surveys and
eDNA metabarcoding measure biodiversity at a particular
time point. These snapshots have the advantage of capturing
biodiversity dynamics in response to particular protection
efforts (e.g., the establishment of a no-take marine reserve)
or anthropogenic stressors (e.g., overfishing or climate
change).

The differences in the array of taxa targeted by each
method could help explain some of the dissimilar patterns
observed. For example, differences in spatial richness at
the family level between the two GC regions. Historical
data showed higher average family richness in the Central
compared to the Northern GC, reproducing a known pat-
tern (Morzaria-Luna et al. 2018; Munguia-Vega et al. 2018).
The fact that 79% of occurrences in the historical database
are in the Central GC could imply a bias related to a larger
sampling effort over time, due to better accessibility of field
work, leading to more documented species per site in the
Central than the Northern GC. However, 18S eDNA meta-
barcoding data (and visual surveys) suggested similar rich-
ness values for sites between the two regions while also most
reads were allocated to the Central GC. Despite the men-
tioned differences, accumulation curves for the compared
sub-regions appear far from reaching saturation, especially
for eDNA data (Fig S1). This indicates that the number of
samples (20 in total for 18S eDNA metabarcoding and visual
surveys) and the sequencing effort (average 800k reads/site
for 18S eDNA metabarcoding, and eight transects/site for
visual surveys) was insufficient to describe the full diversity
present, therefore similar richness between regions would be
likely related to under-sampling, than a true biological pat-
tern. Another clue supporting the need to increase effort was
that only 30% of all the taxonomically assigned ASVs were
observed in more than one site. Overall, 18S eDNA metabar-
coding taxonomic diversity from the Midriff Islands might
be indicative of higher eukaryotic diversity in the Northern
GC than previously recognized for macro-fauna (Brusca
et al. 2005; Ulate et al. 2016; Munguia-Vega et al. 2018).

The nMDS plots for family level beta diversity showed
consistent differences between Northern and Central regions
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for every method, in agreement with previous studies, and
despite targeting different taxa (Fig. 7) (Brusca et al. 2005;
Ulate et al. 2016; Galland et al. 2017; Olivier et al. 2018).
However, 18S eDNA metabarcoding suggested that inverte-
brate communities were more similar between regions than
suggested by historical records. Previous studies have found
distinct levels of agreement in eDNA community structure
depending on taxa and region. On the coast of South Africa,
animals, protists, and bacteria shared a similar community
structure pattern following three previously recognized bio-
geographic regions (Holman et al. 2021). In turn, DiBattista
et al. (2022) found a more nuanced result on the coasts of
the Arabian Sea and Sea of Oman, recovering the expected
geographic breaks with varying degrees of concordance
between corals, sponges, and other eukaryotes, while verte-
brates showed mixed results.

We showed a close relationship between diminishing pro-
portions in the availability of genetic references and the suc-
cess of the 18S eDNA metabarcoding taxonomic assignment
from higher to lower taxonomic ranks. This pattern could be
explained both by the lack of reference sequences and the
taxonomic resolution of the 18S metabarcode. At higher
taxonomic ranks, we showed that many ASVs could not be
taxonomically assigned (33% at phylum and 66% at family
levels), likely due to a lack of reference sequences match-
ing higher branches of the tree of life within an established
similarity threshold. This problem could be alleviated in
the future by complementing reference databases of meta-
barcodes by strategically sequencing the missing branches.
Although the 18S metabarcode proved useful to survey very
diverse phyla of marine eukaryotes using conserved prim-
ers, its slower evolutionary rate also means that low levels
of variation, or complete lack of it, might be present at lower
taxonomic ranks (e.g., family, genus and species), particu-
larly among closely related or recently diverged taxa. Thus,
a low taxonomic resolution for the 18S metabarcode might
persist at these lower taxonomic levels, even if the propor-
tion of reference sequences increases within these taxa, due
to observed ASVs matching multiple species in the reference
database. For example, the taxonomic resolutions reported for
the 18S gene segment used in our study are 67-68% (Order
and Family), 59% (Genus) and 47% (Species) (Taberlet et al.
2018). The issue of taxonomic resolution could be improved
by simultaneously analyzing multiple metabarcodes with dif-
ferent evolutionary rates (e.g., Questel et al. 2021). The avail-
ability of genetic references for species from the GC (18%
based on the historical dataset) seems low compared to other
regions. For example, the North Sea showed a coverage of
36% for the 18S metabarcode and 50% for the COI meta-
barcode from 1800 species, when considering macro-fauna
(Hestetun et al. 2020). Similarly, there was 50% coverage from
900 metazoans for the COI metabarcode in the Canadian Artic
(Lacoursiere-Roussel et al. 2018). In comparison, coverage
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for COI varied between 37 and 62% at the species level for
metazoans among five marine biodiversity hotspots (Mugnai
et al. 2021).

The limitations of 18S eDNA metabarcoding at lower
taxonomic ranks forced us to focus our analyses at the fam-
ily level to match the historical and visual survey datasets,
an alternative used previously by other authors (DiBat-
tista et al. 2020). This provided a balance for maximiz-
ing several parameters, including resolution (1599 total
families present in the combined dataset), the amount of
18S eDNA metabarcoding data used (dictated by the pro-
portion of ASVs that were taxonomically assigned to that
level, 43% from all assigned reads), and representation of
the historical biota in reference databases (estimated at
80%). Another challenge to merging datasets was related
to the spatial scale at which biodiversity is captured by
each method. While historical records and visual surveys
are based on direct observations, the indirect inference of
the presence of a taxon based on its DNA in the environ-
ment makes the spatial fingerprint of eDNA records much
more dynamic and dependent on several factors, includ-
ing eDNA release and degradation rates, and transport by
ocean currents (Harrison et al. 2019). Our analyses indi-
cated that this fingerprint tends to be a few dozen kilom-
eters wide around the point of sampling for the strong cur-
rents found in the GC, although this parameter is expected
to be specific for each region. Further studies that explic-
itly consider eDNA transport based on ocean currents at
the time of sampling could improve our estimates about
the spatial signature of eDNA detections.

Our study has some other limitations. Although the lack
of field and DNA extraction negative controls did not allow
us to rule out the amount of eDNA contamination between
field sites or in the DNA extraction step, the fact that 70%
of ASVs were found exclusively within single sites sug-
gests that cross-contamination in the field does not seem
to be a major concern. Also, the sequencing of the PCR
negative controls indicated the presence of a limited set of
human fungus, human DNA, and terrestrial species associ-
ated with contamination in the laboratory steps that were
excluded from the analyses. While the historical database
represents a vast effort and has been manually curated as
thoroughly as possible, some taxa mentioned here as new
or eDNA exclusive could have been reported previously in
taxon-specific individual studies or gray literature that was
overseen in our analyses, thus overestimating the contribu-
tion of taxa by eDNA. Additionally, even with the help of
dedicated software to harmonize taxonomy between differ-
ent datasets, some uncertainty remains due to human errors
and the constant state of flow in marine taxonomy (Miya
and Nishida 2014; Ruggiero et al. 2015), particularly in the
process of merging the historical and eDNA datasets with
the NCBI taxonomy for thousands of different entries.
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Future studies could take advantage of developments
in the fast-paced evolving field of eDNA metabarcoding,
such as incorporating multiple metabarcodes (Questel et al.
2021), sequencing with long-read technologies (Patin and
Goodwin 2022), sequencing complete mitogenomes ampli-
fied via long-range PCR (Deiner et al. 2017b), the use of
taxonomy-free methods (Apothéloz-Perret-Gentil et al.
2017; Marques et al. 2020), and custom-built genetic refer-
ence databases (Valdivia-Carrillo et al. 2021; Dugal et al.
2022). We showed 18S eDNA metabarcoding is an untapped
source to improve biodiversity inventories in marine ecosys-
tems, showing many eukaryotic lineages that are difficult to
observe and underrepresented in historical data. Although
we showed that ASVs abundance was unrelated to eDNA
abundance, recent research lines show promising results in
estimating relative abundance using allometric scaling in
taxon-specific studies with fish (Yates et al. 2020), or spiking
eDNA with different standards (Harrison et al. 2020; Tsuji
et al. 2022). If the frequent use and concomitant decrease
in cost persist, molecular screenings of biodiversity could
become routinely used for decision-making and for contin-
ued updating of eDNA biodiversity baselines.
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tary material available at https://doi.org/10.1007/s12526-024-01415-x.
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