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Abstract  The increasing prevalence of non-indige-
nous species (NIS) in marine ecosystems poses sig-
nificant challenges for biodiversity conservation and 
ecosystem management. Advances in molecular tech-
niques enable early detection and long-term monitor-
ing of such taxa, especially when coupled with spa-
tio-temporally wide sampling by networks such as the 
European ARMS Marine Biodiversity Observation 
Network (ARMS-MBON). This initiative performs 

standardised sampling campaigns using autonomous 
reef monitoring structures (ARMS) along European 
coasts and adjacent regions, providing open-access 
DNA metabarcoding data sets. We tested the poten-
tial of genetic observatory networks to detect and 
monitor marine NIS by analysing all publicly avail-
able ARMS-MBON cytochrome c oxidase subunit I 
(COI) and 18S rRNA amplicon sequencing data as 
of February 2024 using a customised bioinformatic 
pipeline. Screening against the World Register of 
Introduced Marine Species (WRiMS) and applying 
manual curation, we identified 63 marine taxa con-
sidered non-indigenous at one or more locations. This 
included widespread taxa and potential new introduc-
tions, such as Eucheilota menoni in the Adriatic Sea. 
We found no significantly higher number of NIS in 
samples from locations particularly impacted by mar-
itime traffic compared to other areas. Our results sug-
gest that the genetic observatory network approach is 
powerful for detecting and monitoring marine NIS, 
and that manual curation still is an essential step 
for obtaining reliable results. We recommend key 
improvements including more spatially intense sam-
pling across diverse environments as well as enhance-
ment of NIS reference checklists and genetic data-
bases to ensure accurate identification of both known 
and unknown NIS across Europe.
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Introduction

Marine ecosystems play crucial environmental and 
socio-economic roles, yet they face significant threats 
such as biodiversity loss and degradation (Luypaert 
et al. 2020; Mazaris et al. 2019; O’hara et al. 2021), 
often exacerbated by non-indigenous species (NIS). 
These species, usually introduced through global 
maritime traffic, pose significant risks to native 
marine communities (De Poorter et  al. 2008; Kat-
sanevakis et al. 2023; Pyšek et al. 2020; Tsiamis et al. 
2020). Rapid identification and management of NIS 
are crucial, especially when introduced populations 
are still localised and manageable (Pyšek et al. 2020; 
Trebitz et al. 2017).

In the scientific literature, various terms are 
used—often interchangeably—to refer to introduced 
taxa in marine systems, oftentimes describing dif-
ferent stages of establishment or levels of impact. 
These terms include invasive species, alien species, 
introduced species, non-native species, or neobiota 
(Kuhlenkamp and Kind 2018). We here use the term 
NIS throughout this study to refer to taxa introduced 
to marine regions outside of their known native range 
likely through anthropogenic activities. This term 
does not necessarily imply a potential harmful sta-
tus of a taxon (often termed invasive in this context), 
which may yet to be determined for various NIS.

Historically, marine NIS have been recorded 
through visual surveys based on morphological iden-
tifications, which requires taxonomic expertise and 
tends to overlook small and cryptic organisms (Leray 
and Knowlton 2016). Recently, DNA-based methods 
have emerged as an innovative tool for the detection 
and identification of NIS (Ammon et al. 2018; Coster 
et al. 2021; Darling and Mahon 2011; Fonseca et al. 
2023; Holman et al. 2019; Othman et al. 2023; Pear-
man et  al. 2020; Wu et  al. 2023). Combining DNA 
metabarcoding with high-throughput sequencing 
(HTS) represents a non-disruptive approach utilising 
unique genetic signatures present in environmental 
or bulk community samples to determine taxonomic 
composition of biotic communities and screen rap-
idly for the presence of potentially harmful organisms 
(Hablützel et al. 2023). While in this context metabar-
coding often refers to the analysis of environmental 
DNA (eDNA) present in soil, water, or air, it can also 
be applied to other genetic material, such as whole 
organism community DNA (wocDNA) (Creedy et al. 

2022) or DNA from gut contents (Trujillo-González 
et al. 2022) and faecal samples (McInnes et al. 2017). 
Molecular techniques also tackle the challenges posed 
by morphological identification of species at early life 
stages, such as the egg and larval stage (Gallage et al. 
2023; Hoffman et  al. 2021), and through their abil-
ity to detect rare and elusive species (Goldberg et al. 
2016). In fact, molecular methods are extremely sen-
sitive, able to detect DNA of NIS and other rare spe-
cies making up only a small fraction of total biomass 
in a sample (Hatzenbuhler et al. 2017).

To this date, despite the immense potential of 
DNA metabarcoding for marine invasion ecology, 
studies applying this method across large spatial 
scales remain relatively scarce. Previous works have 
analysed eDNA to assess marine metazoan diversity 
in a regional context (Fraija-Fernández et al. 2020; 
West et al. 2021). Recently, the Tara Oceans initia-
tive—through its global sampling campaigns and 
provision of resulting metabarcoding data sets—has 
enabled groundbreaking research on marine plank-
ton communities on a planetary scale (Bork et  al. 
2015). Brown et  al. (2016) were the first to apply 
metabarcoding on marine and freshwater samples 
to screen for NIS on a (semi)continental scale but 
this approach has not yet been integrated into long 
term ecological research. However, in the context 
of global change and resulting species migrations, 
large-scale studies of marine biodiversity and inva-
sion patterns are essential to understand global eco-
system dynamics (Lacoursière-Roussel et al. 2018).

Previous research on NIS in aquatic environ-
ments typically employed molecular techniques 
aimed at detecting specific species like the Ameri-
can bullfrog (Lithobates catesbeianus) (Dejean 
et  al. 2012), Asian carps (Hypophthalmichthys 
nobilis and Hypophthalmichthys molitrix) (Jerde 
et  al. 2013; Mahon et  al. 2013), the bluegill sun-
fish (Lepomis macrochirus) (Takahara et al. 2013), 
the New Zealand mudsnail (Potamopyrgus antipo-
darum) (Goldberg et  al. 2013), and the red swamp 
crayfish (Procambarus clarkii) (Tréguier et  al. 
2014). Although these methods are efficient for 
tracking well-known invaders, they fail to account 
for other potentially significant NIS (Lawson Hand-
ley 2015). A more beneficial approach to NIS man-
agement could involve passive surveillance based 
on the description of entire communities through 
metabarcoding.
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A number of studies have used metabarcod-
ing to detect NIS among whole marine communi-
ties, however they have primarily focused on limited 
geographic areas (Borrell et  al. 2017; Günther et  al. 
2018; Westfall et  al. 2020; Zarcero et  al. 2024) or 
used customised reference libraries tailored to known 
NIS (Couton et al. 2019), thereby limiting the detec-
tion to already known species in an area. In such spa-
tially and taxonomically more limited contexts, it is 
common to compile a preliminary list of target taxa 
to screen for, which can be more challenging for stud-
ies on a larger geographical scale. Previous studies 
have relied on such databases to screen for NIS on a 
national scale (Holman et al. 2019), while Grey et al. 
(2018) for example, used previous records from data-
bases such as the World Register of Marine Species 
(WoRMS) (Ahyong et  al. 2024) and the IUCN Red 
List to assess if a putative NIS truly was introduced in 
a specific area.

Developing global and curated databases that cat-
alogue NIS and their known introduction regions is 
crucial for large-scale screening efforts. Several ini-
tiatives, among others, have been contributing to this 
goal. These include the World Register of Introduced 
Marine Species (WRiMS; Costello et  al. 2021), 
which is based on the larger and widely recognized 
WoRMS; the marInvaders web application (Verones 
et  al. 2023), which integrates data from the Ocean 
Biodiversity Information System (OBIS; Intergov-
ernmental Oceanographic Commission of UNESCO 
2024), WoRMS, the Global Invasive Species Data-
base (GISD; Invasive Species Specialist Group ISSG 
2015), and a database from the Nature Conservancy 
(Molnar et  al. 2008); the Global Register of Intro-
duced and Invasive Species (GRIIS; Pagad et  al. 
2018); and the AquaNIS database (AquaNIS, 2015).

Various methodologies have been used to sample 
DNA in terrestrial and aquatic environments (Thom-
sen and Willerslev 2015). Autonomous reef moni-
toring structures (ARMS) are standardised, easy-to-
produce devices used for non-destructive sampling 
of marine benthic communities. These structures 
were originally designed to mimic natural coral reef 
habitats to facilitate the collection of genetic mate-
rial from cryptobenthic reef communities (Knowlton 
et al. 2010; Leray and Knowlton 2015; Plaisance et al. 
2011) but are now applied in a variety of marine eco-
systems (Obst et al. 2020; Thomasdotter et al. 2023; 
Cecchetto et  al. 2024). These sampling units offer a 

unique opportunity to study marine biodiversity on 
hard-bottom substrates and to detect NIS in a stand-
ardised and replicable manner by obtaining bulk sam-
ples of the communities that inhabit these structures.

In this study, we aim to explore the potential of a 
standardised sampling approach with DNA meta-
barcoding for detecting marine NIS on hard-bottom 
substrates and studying their potential range expan-
sion or new introduction across broad geographic 
scales using amplicon sequencing raw data generated 
by the European ARMS Marine Biodiversity Obser-
vation Network (ARMS-MBON) (Obst et  al. 2020). 
We hypothesise that genetic observatory networks, 
as implemented in ARMS-MBON, have the poten-
tial to detect specific non-indigenous species across 
diverse geographic locations and time points. This 
network continuously deploys ARMS in the vicinity 
of marine stations, ports, marinas, marine protected 
areas (MPAs), and long-term ecological research 
(LTER) sites distributed along the shores of Europe 
as well as in additional subtropical and polar regions. 
The raw and processed genetic data are then made 
open access to the public, as well as image data and 
important metadata (Daraghmeh et  al. 2024). We 
first harvested all publicly available genetic data (as 
of February 2024) of two universal marker genes 
from this network, which encompasses the entirety of 
ARMS-MBON sampling campaigns conducted from 
its initiation in 2018 up to the year 2021. We screened 
the processed data against the WRiMS database, 
because of its comprehensiveness and ability to filter 
the precise regions of the observatories (see detailed 
methods below). Furthermore, we hypothesise that 
manual curation of the resulting species lists is essen-
tial to ensure accuracy when using such databases, 
not only because of potential limitations in automatic 
taxonomic assignment and the occurrence of errone-
ous detections but also due to the inherent limitations 
of NIS databases themselves.

To the best of our knowledge, our study repre-
sents (i) the largest set of ARMS metabarcoding 
samples analysed to date; (ii) the first work using 
ARMS MBON metabarcoding data solely to com-
prehensively screen for NIS; and (iii) a NIS scan 
across one of the largest geographical areas to 
date. By analysing data of two universal molecular 
markers (i.e., one mitochondrial and one nuclear 
gene) and developing a custom pipeline for effi-
cient data processing and manual taxonomic 
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occurrence curation, we investigate on the poten-
tial of the genetic observatory network approach 
for the early detection and continuous monitoring 
of marine NIS. This study does not aim to provide 
a quantitative assessment of detection efficacy but 
instead offers a case study evaluating the capability 
of the genetic observatory approach for broad-scale 
NIS detection. We further describe the limitations 
encountered, suggest points for improvement, and 
give recommendations for future applications.

Materials and methods

Spatial and temporal coverage

The data set used for this study was generated by 
the European ARMS-MBON programme (Obst 
et al. 2020). It encompasses samples collected by 19 
observatories distributed across 14 countries, which 
deployed (and continuously deploy) ARMS units at 
one to seven sites each, in the vicinity of marinas, 

Fig. 1   Location of the 19 ARMS-MBON observatories which 
collected samples used in this study. The two Ravenna (Italy) 
observatories are presented as a single entity here due to their 

proximity. TZS—Tvärminne Zoological Station. Map pro-
duced using QGIS v3.34
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ports, MPAs, and LTER sites—from Svalbard in 
the north to the Red Sea in the south (Fig.  1). This 
comprises 112 ARMS units in total, which remained 
deployed for varying periods between April 2018 and 
November 2021. The duration of sampling events 
(i.e., deployment duration of individual ARMS units) 
ranges from 37 to 649 days. Observatories processed 
all ARMS units and for each unit preserved homog-
enised samples of the following three fractions: i) 
one sessile fraction (all 40-μm-filtered sessile mate-
rial attached to ARMS plates, hereafter referred to as 
“sessile fraction”); and ii) two motile fractions repre-
senting all biological material not attached to ARMS 
plates, i.e., one fraction of material with a size of 100 
to 500 μm (hereafter “motile fraction 100 μm”) and 
one fraction of material larger than 500 μm (hereafter 
“motile fraction 500  μm”). Details on observatories 
and deployments can be found in Supplementary File 
1. The descriptions of observatory design and field-
work procedures have been expanded upon since Obst 
et  al. (2020). ARMS units were deployed, retrieved, 
photographed, and processed by individual partners 
in the ARMS-MBON network following the ARMS-
MBON protocols (accessible through the ARMS-
MBON GitHub repository at https://​github.​com/​
arms-​mbon). See Table 1 for a list of the institutions 
and investigators who performed the sampling and 
Supplementary Table S1 for links to ARMS-MBON 
webpages and GitHub repositories.

Description of the amplicon sequencing data set

Molecular laboratory procedures (i.e., DNA extrac-
tion, PCR amplification and amplicon sequencing) for 
samples from ARMS units processed by each network 
partner (see above) were carried out centrally at the 
facilities of an ARMS-MBON network partner, the 
Hellenic Centre for Marine Research (HCMR), Crete, 
Greece. Protocols and documentation on this are 
accessible via the ARMS-MBON GitHub repository 
(https://​github.​com/​arms-​mbon), see Supplementary 
Table S1 for links. We obtained all publicly available 
(as of February 17th, 2024) amplicon sequencing 
raw data of the mitochondrial cytochrome c oxidase 
subunit I (COI) and nuclear 18S rRNA (18S) marker 
genes from ARMS-MBON. These markers amplify 
the 313-bp-long “Leray fragment” of COI (Geller 
et al. 2013; Leray et al. 2013) and a fragment of the 
hypervariable V9 region of 18S (Hardy et al. 2010). 

Contrary to the descriptions by Hardy et al. 2010, we 
observed that most amplicons of the ARMS-MBON 
18S data set were shorter than 200 bp.

In total, the data set encompasses 349 sequenc-
ing samples for COI (plus nine negative control 
samples) and 354 sequencing samples for 18S (plus 
eight negative control samples). Raw sequences of 
all samples are available on the European Nucleo-
tide Archive (ENA; https://​www.​ebi.​ac.​uk/​ena/​brows​
er/​home) (Yuan et  al. 2024) and accession numbers 
can be found in Supplementary File 2. We refer to the 
computational protocol described below (Daraghmeh 
2024) for details on how raw data was obtained for 
this study.

Procedure for NIS detection

A computational protocol with detailed descriptions 
of bioinformatics processing of sequencing data and 
subsequent NIS identification has been published 
(Daraghmeh 2024). We briefly describe the procedure 
below and refer to the published protocol for all code 
and Supplementary Text S1 for details on software 
used and parameter settings applied.

Sequence denoising, clustering into molecular 
operational taxonomic units and taxonomic 
classification

We processed COI and 18S raw reads separately in R 
v4.3.1 (R Core Team 2021). We used cutadapt v4.5 
(Martin 2011) to remove primers from sequences still 
containing them (some of the demultiplexed sequence 
reads provided by ARMS-MBON were already 
devoid of primers). Quality assessment and read trim-
ming were conducted using DADA2 v1.28.0 (Cal-
lahan et al. 2016) prior to constructing error models 
and inferring amplicon sequence variants (ASVs). We 
subsequently merged paired-end reads and removed 
chimeric sequences via DADA2’s removeBimeraD-
enovo function. Read numbers remaining in each 
sample were tracked through each step of the pipeline 
(see Supplementary File 3).

Taxonomic classification for 18S ASVs was per-
formed within DADA2 via the RDP classifier (Wang 
et  al. 2007), using the SILVA v132 reference set 
(Quast et al. 2013) formatted for use in DADA2 (Cal-
lahan 2018) and a subset of its eukaryotic sequences 
clustered at 99% similarity (Morien and Parfrey 

https://github.com/arms-mbon
https://github.com/arms-mbon
https://github.com/arms-mbon
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
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2018); as well as the PR2 v5.0.0 (Guillou et al. 2013) 
database. An ensemble taxonomy was generated for 
18S ASVs using parts of the ensembleTax v1.2.2 
(Catlett et  al. 2023) package, merging the taxonomy 
tables of the three different reference assignments.

Putative nuclear mitochondrial pseudogenes 
(NUMTs) were identified using MACSE v2.05 (Ran-
wez et  al. 2018) in R v4.1.0 and removed from the 

COI data set. We applied a negative-control correc-
tion to remove all ASVs for which the read count 
within negative control samples amounted to 10% or 
more of their total read count. Subsequently, cluster-
ing of ASVs into molecular operational taxonomic 
units (mOTUs) was performed using swarm v3.0.0 
(Mahé et al. 2015), setting the parameter d to 13 and 
1 for COI and 18S, respectively. As described by 

Table 1   Contributing institutions and individuals involved in ARMS deployment, retrieval and processing for each observatory

Observatory Contributing institutes Investigators

Belgium Coast Flanders Marine Institute, VLIZ, Oostende, Belgium Rune Lagaisse, Klaas Deneudt, Sander Delacauw, 
Jonas Mortelmans

Bodo Nord University, Bodo, Norway Henning Reiss
Crete Hellenic Centre for Marine Research, Crete, Greece Thanos Dailianis, Vasilis Gerovasileiou, Christina 

Pavloudi, Eva Chatzinikolaou, Markos Digenis, Jon 
Bent Kristoffersen, Emmanouela Vernadou, Giorgos 
Chatzigeorgiou

Galway Plentzia Marine Station (PiE-UPV/EHU), University 
of the Basque Country, Spain

Anne Marie Power, Louise Allcock

Gdynia Institute of Oceanology Polish Academy of Sciences, 
University of Gdansk, Poland

Rafal Lasota, Maciej Chetchowski

Getxo Plentzia Marine Station (PiE-UPV/EHU), University 
of the Basque Country, Spain

Ibon Cancio, Oihane Diaz de Cerio, Javier Tajadura

Gulf of Piran Marine Biology Station Piran, National Institute of 
Biology (NIB), Slovenia

Borut Mavric

Eilat Interuniversity Institute for Marine Sciences, Eilat, 
Israel

Liraz Levy, Amatzia Genin

Koster Department of Marine Sciences, University of Goth-
enburg, Sweden

Matthias Obst

Laeso Limfjord Department of Ecoscience, Aarhus University, 
Denmark

Peter A.U. Staehr

Plymouth Marine Biological Association of the UK, The Labo-
ratory, Citadel Hill, Plymouth, UK

Nathan Chrismas

Ravenna Harbour Department of Biological, Geological and Environ-
mental Science, University of Bologna, Bologna, 
Italy

Federica Costantini, Alessandro Piazza

Ravenna Marina Department of Biological, Geological and Environ-
mental Science, University of Bologna, Bologna, 
Italy

Federica Costantini, Alessandro Piazza

Roscoff Station Biologique De Roscoff, Sorbonne University, 
France

Frederique Viard, Thierry Comtet

Svalbard Institute of Oceanology Polish Academy of Sciences, 
University of Gdansk, Poland

Matgorzata Zbawicka, Magdalena Matachowicz, Anita 
Pocwierz-Kotus, Piotr Kuklihski, Piotr Balazy

Swedish West Coast Department of Marine Sciences, University of Goth-
enburg, Sweden

Matthias Obst

TZS Tvarminne Zoological Station, Faculty of Biologi-
cal and Environmental Sciences, University of 
Helsinki, Finland

Laura Kauppi, Jostein Solbakken

Vigo Centra de Investigation Marina, Universidade de 
Vigo, Spain

Jose Gonzalez, Estefania Paredes, Jesus Souza Tron-
coso
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Mahé et al. (2014), the use of high d-values may be 
considered when working with relatively fast evolv-
ing marker genes such as COI. A comparatively 
high d-value of 13 has been identified as most suit-
able for the “Leray fragment” (Antich et  al. 2021) 
and has now been used widely in studies apply-
ing COI amplicon sequencing (Antich et  al. 2021; 
Atienza et al. 2020; Bakker et al. 2019; Siegenthaler 
et  al. 2019; Wangensteen et  al. 2018). The resulting 
mOTUs were further curated using the R package 
LULU v0.1.0 (Frøslev et al. 2017) to remove putative 
erroneous mOTUs after generating a match list using 
BLAST + v2.11.0 (Camacho et al. 2009).

Taxonomy was assigned to COI mOTUs using 
two reference databases via two classification tools. 
We queried against the Barcode of Life Data System 
(BOLD) (Ratnasingham and Hebert 2007) database 
using BOLDigger-commandline v2.2.1 (Buchner and 
Leese 2020). In addition, we assigned taxonomy to 
our COI data set using MIDORI2 (Leray et al. 2022) 
via the associated web server tool MIDORI server 
(Leray et  al. 2018). The latter was based on Gen-
Bank release 257 (Benson et  al. 2012) at the time 
of access (February 2024). In R, we then compared 
classification based on MIDORI2 and BOLD and cre-
ated a final taxonomy table using packages from the 
tidyverse v1.3.1 collection (Wickham et  al. 2019). 
Ultimately, both COI and 18S mOTUs with the same 
species classification were merged and the corre-
sponding read abundances summed. Additional R 
packages used during all previously described steps 
include ggplot2 v3.4.2 and v3.4.3 (Wickham 2016), 
Biostrings v2.68.1 (Pagès et  al. 2020), ShortRead 
v1.58.0 (Morgan et  al. 2009), hiReadsProcessor 
v1.29.1 and v1.36.0 (Malani 2021), dplyr v1.0.9 and 
v1.1.3 (Wickham, François, et al., 2023), tidyr v1.3.0 
(Wickham, et  al., 2023), seqinr v4.2.30 (Charif and 
Lobry 2007), argparse v2.2.2 (Davis 2023), stringr 
v1.5.0 (Wickham 2022), devtools v2.4.3 (Wickham 
et al. 2022), and remotes v2.4.2 (Csárdi et al. 2024).

Screening for non‑indigenous species

To screen for NIS across our data  set, we chose to 
base our analyses on the WRiMS database because of 
its focus on marine non-native species, and it is part 
of the larger and globally recognized World Register 
of Marine Species (WoRMS).

We queried against the WRiMS database (Costello 
et al. 2024) to obtain a list of putative NIS to screen 
for. Here, we downloaded lists of species registered in 
WRiMS for the regions corresponding to the obser-
vatory locations (accessed on February 26th, 2024). 
For details on how the standardised search was per-
formed, see Daraghmeh, (2024). All individual lists 
were then merged in R using packages mentioned 
above and the xlsx v0.6.5 package (Dragulescu and 
Arendt 2020) to obtain a list of taxa registered in 
WRiMS for regions corresponding to the ARMS-
MBON sampling locations.

We then filtered the COI and 18S data sets in R 
using the packages phyloseq v1.36.0 (McMurdie and 
Holmes 2013) and data.table v1.14.2 (Dowle and Srin-
ivasan 2021) to extract mOTUs classified at the species 
level. Species-level assignments were matched against 
the World Register of Marine Species (WoRMS) data-
base (Ahyong et  al. 2024) to obtain the respective 
accepted names for each species using the web services 
of LifeWatch Belgium (https://​www.​lifew​atch.​be/​data-​
servi​ces/). All mOTUs assigned to a species found 
in the compiled WRiMS list were subset with their 
respective occurrence information. We then tracked all 
ASVs throughout the pipeline to obtain information 
on which of these putative NIS mOTUs they ended up 
in. This was done to manually check every NIS occur-
rence (see below). Occurrences of ASVs with less than 
5 reads were set to zero. We also briefly assessed which 
additional NIS would be detected if no read threshold 
were to be applied (however, the data not filtered based 
on read number were not further considered in down-
stream analysis). All size fraction samples for each 
ARMS sampling event (i.e., an individual ARMS unit 
deployed for a given period) were merged and corre-
sponding read abundances were summed.

Manual curation of NIS occurrences

Taxonomic classification of sequences from DNA 
metabarcoding remains challenging, as the markers 
applied may lack sufficient species-level resolution 
and/or the amplicons may be too short to obtain spe-
cies-level classification with a high confidence (Por-
ter and Hajibabaei 2020). We meticulously curated 
potential NIS occurrences. For the COI marker, each 
ASV found in a putative NIS mOTU was again manu-
ally queried against BOLD (or NCBI’s GenBank in 

https://www.lifewatch.be/data-services/
https://www.lifewatch.be/data-services/
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some cases). For 18S, ASVs were manually queried 
against GenBank (or PR2 in some cases). Addition-
ally, we double-checked all occurrences to ensure that 
only species genuinely considered non-indigenous 
and potentially present in the studied regions were 
included. This extra curation step was necessary 
because we relied on WRiMS, which, while valu-
able, might have erroneous entries for some regions. 
As a result, we had to further validate the species to 
ensure accurate identification and avoid false posi-
tives, ensuring that the listed alien species were both 
biologically plausible for the region and aligned with 
reliable references.

During this process, we applied strict criteria for 
ASV inclusion:

1.	 For COI, we discarded ASVs if (i) a species level 
match could not be made according to BOLD and 
one of the likely species assignments given by 
BOLD was a native species; or (ii) there was no 
match in BOLD and where for these ASVs clas-
sification on GenBank had no hits with a query 
cover of 100% and similarity above 98%.

2.	 For 18S, ASVs were removed if (i) the highest 
valued match (i.e., based on E-value) in NCBI 
had no hits with a query cover of 100% and simi-
larity above 98% for the mOTU’s species assign-
ment and there was no hit in PR2 with similarity 
above 98%; or (ii) the top hits with the highest 
E-value in NCBI with a query cover of 100% and 
similarity above 98% represented several taxa 
and based on the ASV’s occurrence and the sci-
entific literature it could not be determined if the 
sequence likely belonged to the respective NIS.

3.	 For both genes, occurrences were set to zero if (i) 
all occurrences of the respective taxon appeared 
at locations where it can be considered native 
(this means the curated data set still contained 
occurrences of mOTUs where they are consid-
ered native, as long as they occurred at least at 
one location where they are a putative NIS); or 
(ii) there was no clear indication based on scien-
tific literature that a taxon was potentially con-
sidered as a NIS at any of the locations of occur-
rence; or (iii) if the literature review provided 
evidence that a taxon was highly unlikely to be 
present in a given area, e.g., taxa with little toler-
ance to low salinity found the Baltic Sea. The lat-

ter case occurred in five taxa and warrants further 
study.

Ultimately, curated data for COI and 18S mark-
ers were combined to generate a comprehensive data 
set detailing NIS distribution across sampling events. 
Details of this curation process, including thresholds 
and exclusion criteria, are provided in Supplementary 
Text S1 and Supplementary File 5.

Comparison to other NIS databases

The NIS list we obtained from WRiMS for our study 
area (see above) was compared to NIS lists from other 
databases for the same, or as similar as possible, area. 
We built 3 other lists (see Supplementary Table  S3 
for additional information on how they were built):

•	 with the AquaNIS database (407 species);
•	 with the marInvaders database (450 species);
•	 with the GRIIS database (943 species).

All species lists were obtained for comparable 
marine regions, except for the GRIIS database, which 
classifies NIS at the country level. To visualise the 
overlaps and differences between these NIS lists, 
we created an UpSet plot (Supplementary Fig. S11). 
Next, we examined how many of the species we 
detected (COI and 18S combined) were present in 
each database and how the databases complemented 
one another (Supplementary Fig. S12).

Analysis of NIS observations across the network

We initially assessed a data set including all occur-
rences of taxa considered as putative NIS at at least 
one of our study locations. This allowed us to obtain 
information on the pan-European distribution of 
these taxa across their range of introduction as well 
as across their native range (for cases where the lat-
ter included one or more of our surveyed locations) 
(see Supplementary File 6). Given varying taxonomic 
rank specifications in reference databases, we manu-
ally corrected the taxonomy of putative NIS mOTUs 
to obtain correct phylum-level assignments. We then 
assessed phylum-wise relative abundances of the 
NIS in our data set, as well as the number of obser-
vatories each NIS occurred at. To quantify and vis-
ualise unique and shared occurrences of NIS across 
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observatories, an UpSet plot was generated. For this, 
we considered only the occurrences representing non-
indigenous status at a given location (i.e., removing 
occurrences of a putative NIS at locations where it 
was considered native). Exploratory analyses were 
performed using R v4.3.1 and the packages dplyr 
v1.1.3 (Wickham, François, et  al., 2023), ggplot2 
v3.5.1 (Wickham 2016), scales v1.3.0 (Wickham 
et  al. 2023a, b, c), forcats v1.0.0 (Wickham 2023), 
tidyr v1.3.0 (Wickham et  al. 2024), RColorBrewer 
v1.1.3 (Neuwirth 2014), ggpubr v0.6.0 (Kassambara 
2023), UpSetR v1.4.0 (Conway et al. 2017), and phy-
loseq v1.44.0. All code utilised for analyses detailed 
below can be found at https://​github.​com/​Justi​nePa/​
study​NIS_​ARMS.

We then compared the occurrences of all detected 
NIS with their currently known range according to 
the information obtained during the manual cura-
tion, to identify potential range shifts (for details see 
Supplementary Text S2). For NIS that were found in 
previously unknown locations, we used the R pack-
age rgbif v3.8.0 (Chamberlain et al., 2024) to retrieve 
and plot their occurrences data from the Global Bio-
diversity Information Facility (GBIF) (GBIF 2024). 
We used GBIF occurrences as a proxy for the known 
range of each species (including both native and 
introduced ranges) and mapped occurrences depos-
ited in GBIF and occurrences from our data set using 
the R package rnaturalearth v1.0.1 (Massicotte and 
South 2024) to visualise potential range shifts. See 
Supplementary File 7 for information on retrieved 
GBIF occurrences for each investigated NIS.

Standardisation of data sets and comparative analysis

We used the most unfiltered data  set for a compre-
hensive assessment. However, to compare NIS preva-
lence between sites and monitoring areas, we ensured 
consistent sampling and sequencing efforts across 
data sets (see Supplementary Text S3).

We analysed data from both marker genes sepa-
rately, removed certain replicate samples, and rarefied 
them to ensure even sequencing depth. We then again 
only considered the occurrences representing non-
indigenous status at a given location (i.e., removing 
occurrences of a putative NIS at locations where it 
was considered native). Using the Kruskal–Wallis test 
in R, we assessed whether NIS prevalence was higher 
in areas impacted by maritime traffic (e.g., marinas, 

harbours, ports) compared to other areas. However, 
limited and unbalanced data across observatories 
prevented robust intra-observatory or intra-regional 
comparisons (Supplementary File 1). Future ARMS-
MBON expansions may enable such analyses.

To standardise the data  set, we accounted for 
variations in the number of sampled locations and 
deployed ARMS units across observatories by 
grouping ARMS units into “sites” based on spa-
tial proximity. Using the R package geosphere 
v1.5.18 (Hijmans 2022), we calculated the dis-
tances between deployed ARMS units and grouped 
those with a maximum distance of 20 km from each 
other into a single “site.” This grouping allowed us 
to standardise the terminology and contrast “sites” 
from “observatories.” Since the number of ARMS 
units varied between sites, we randomly sub-sam-
pled ARMS units within each site to equalise the 
sampling effort, ensuring comparability across sites. 
For comparability, we generated five “fraction” 
data  sets for each marker gene based on the avail-
able size fractions after bioinformatic processing: 
(i) all three fractions, (ii) both motile fractions, (iii) 
sessile fraction, (iv) motile fraction 100 μm, and (v) 
motile fraction 500 μm. This allowed us to compare 
NIS counts across sites and fractions under equal 
sampling and sequencing conditions. The number 
of detected NIS per site and fraction was visualised 
using QGIS 3.34 (Supplementary File 8).

Results

General description of the sequencing data set

After sequence filtering, denoising and cluster-
ing, the COI data set used for comprehensive NIS 
screening comprised 305 remaining samples with 
a total of 7,711,978 reads in 10,646 mOTUs com-
posed of 24,317 ASVs. The 18S data set com-
prised 343 remaining samples containing a total of 
14,722,467 reads in 13,771 mOTUs composed of 
18,440 ASVs. Only around 27% of COI mOTUs 
could be classified at the phylum level, but these 
accounted for ~ 78% of the total read number. In the 
case of 18S, ~ 47% of mOTUs representing ~ 85% 
of all reads could be classified at the phylum level. 
For COI, 807 mOTUs (~ 8%) making up ~ 58% of 

https://github.com/JustinePa/studyNIS_ARMS
https://github.com/JustinePa/studyNIS_ARMS
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all reads could be assigned a species name. Classi-
fication to species level could be obtained for 1,076 
18S mOTUs (~ 8%) which amounted to ~ 34% of the 
total read number.

Curation of putative NIS identification

We found 842 species registered in WRiMS for the 
larger marine regions covered in our study. Screening 
against this list, we obtained species matches for 78 
COI mOTUs (equalling 78 species) containing 447 
ASVs and for 35 mOTUs of 18S rRNA (equalling 35 
species) comprising 154 ASVs (see Supplementary 
File 4).

We excluded 93 ASVs from the COI data set due 
to ambiguous classification or insufficient taxonomic 
resolution, and four ASVs that also matched native 
species. The exclusion of these 97 ASVs led to the 
removal of nine COI mOTUs. Additionally, two 
mOTUs matched with reference sequences for both 
Watersipora subtorquata and W. subatra and these 
were separately kept as Watersipora sp. as both spe-
cies are considered NIS at their location of occur-
rence in our data set.

For 18S, 71 ASVs displayed ambiguous taxonomic 
assignments, and it could not be clearly determined if 
they represented a NIS, hence, these were discarded. 
The exclusion of these ASVs led to the elimination 
of ten mOTUs. Five mOTUs were manually assigned 
to a higher taxonomic rank as they were assigned to 
more than one taxon considered as NIS at the location 
of occurrence, and it could not be determined which 
species they belonged to.

We reviewed the origin and introduction status 
of each putative NIS based on available literature. 
Consequently, 16 mOTUs (43 ASVs) were excluded 
from the COI data  set, and 5 mOTUs (52 ASVs) 
from the 18S data set, due to insufficient evidence of 
non-indigenous status at any location. Details of the 
manual curation process and consulted references are 
provided in Supplementary File 5.

We detected one more low-abundance NIS mOTU 
for the COI data set and two more low-abundance 
NIS mOTUs for the 18S data set when no threshold 
of 5 reads per ASV occurrence was applied. Only 
the low-abundant COI mOTU could be considered 
a potential NIS at its locations of occurrence (Rada-
shevsky et al. 2020). See Supplementary Text S1 for 
details on these three taxa.

Overall description of the curated NIS data set

After validation of taxonomic classification and puta-
tive NIS status, 52 species (i.e., 52 mOTUs with 
307 ASVs) and 20 species (i.e., 20 mOTUs with 31 
ASVs) remained as putative NIS in the COI and 18S 
data sets, respectively (see Supplementary Fig.  S1). 
These represented 63 unique taxa which were puta-
tively non-indigenous at one or more locations of 
their occurrence. Of these, 43 NIS were detected with 
the COI marker only, eleven with the 18S marker 
only, and nine were detected by both genes.

The majority of detected NIS were arthropods 
(n = 16), followed by molluscs (n = 9), chordates 
(n = 8), and bryozoans (n = 8) (Fig. 2a). We analysed 
all occurrences of taxa classified as putative NIS at 
any study location to assess changes in their known 
distribution. The most widespread NIS, based on 
occurrences across observatories (not implying NIS 
status at all sites), included Amphibalanus improvisus 
(14 observatories), Bonnemaisonia hamifera (12), 
Corella sp. (8), Bugula neritina (7), Balanus trigonus 
(7), Acartia (Acanthacartia) tonsa (7), and Hydroides 
elegans (7) (Fig.  2b). Detailed pan-European occur-
rences of all 63 NIS are provided in Supplementary 
File 6.

Of the 12 observatories with multiple sampling 
events at the same location, 11 showed repeated 
detections of NIS (Supplementary File 6). Nota-
bly, the Koster observatory in Sweden consistently 
identified five NIS (Acartia (Acanthacartia) tonsa, 
Bonnemaisonia hamifera, Corella sp., Dasysipho-
nia japonica, and Fenestrulina delicia) from 2018 
to 2020 across its three deployment sites. Similarly, 
Limfjord, Denmark, detected five species (Caprella 
mutica, Dasysiphonia japonica, Fenestrulina delicia, 
Fibrocapsa japonica, and Polydora cornuta) consist-
ently between June 2019 and November 2021. These 
repeated detections indicate the continuous presence 
of these NIS in the monitored ecosystems.

Prevalence of NIS across observatories

Each of the 19 investigated ARMS-MBON observa-
tories displayed occurrences of taxa considered non-
indigenous at the respective location or at any of the 
other study locations (Supplementary Fig.  S2) and 
all showed occurrences of at least one taxon that was 
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considered as NIS in the respective area (Supplemen-
tary Fig. S3).

As shown in Fig. 3, 40 NIS were detected at more 
than one observatory while 23 NIS were detected at 
one observatory only. A similar UpSet plot display-
ing all occurrences of all NIS (i.e., occurrences across 
native ranges and locations of putative introduction) 
can be found in Supplementary Fig. S4.

The largest NIS sets were found in Plymouth, UK, 
and the Gulf of Piran, Slovenia, with 17 NIS at both 
locations, suggesting significant hubs for NIS. Four 
taxa were unique to Plymouth (Boccardia probos-
cidea, Botrylloides violaceus, Schizoporella japonica 
and Watersipora sp._3), while two were exclusive to 
Piran (Asparagopsis taxiformis and Polycerella emer-
toni), both known Mediterranean NIS.

RavennaM, Italy, showed a high number of 
detected NIS (n = 14), five of which were unique 
to this observatory: Cutleria multifida, Eucheilota 
menoni, Paracerceis sculpta, Haloa japonica, and 
Paranthura japonica. All of them were previously 
known in the area, except E. menoni. In contrast, 
nearby RavennaH detected only 8 NIS, with Mawia 
benovici and Xenostrobus securis being unique to this 
site.

The Baltic Sea observatories (Gdynia, Poland, and 
TZS, Finland) detected fewer NIS (n = 6 and n = 8, 
respectively) including a number of taxa exclusively 
detected there. TZS had two unique taxa: Dreisseni-
nae sp. (likely Dreissena polymorpha or Mytilopsis 
leucophaeata) and Marenzellaria sp. (reclassified as 
Marenzellaria neglecta). Both are known Baltic NIS. 
Gdynia uniquely detected Pleurosira leavis.

Detection and mapping of potential new 
introductions and range shifts

We detected several potential new introductions or 
range shifts, i.e. species in our curated NIS list that had 
occurrences in places where they had not been recorded 
previously according to GBIF and our literature search. 
For all these cases, occurrences were represented by a 
relatively low number of sequences reads.

Eucheilota menoni was detected on the north coast 
of the Adriatic Sea, at the RavennaM observatory in 
Italy, with 54 reads in the COI data set. At the obser-
vatory located in the Red Sea (Eilat, Israel), Bugula 
neritina was detected with 15 reads. Fenestrulina 
delicia, known on the Atlantic coasts of Europe, 
showed 8 reads in Crete, Greece, in the COI data set. 

Fig. 2   a Taxonomic composition of the 63 identified NIS 
using the COI and 18S marker genes. Values represent the 
absolute number of NIS detected per phylum; b Bar chart 
depicting the most prevalent NIS based on the number of 

observatories they occurred at (number above each bar). Note 
that this does not imply putative NIS status at every observa-
tory the respective taxon was present
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Additionally, a few species originating from regions 
with warmer water temperatures occurred with a low 
number of reads in observatories at higher latitudes. 
In Koster, Sweden, Ostreopsis ovata was found with 
8 reads in the 18S data set. In the COI data set, Api-
onsoma (Apionsoma) misakianum, originating in the 
Indo-Pacific, was detected with 273 reads in Eilat, 
Israel, 10 reads in Getxo, Spain, 7 reads in Piran, 
Slovenia, and 7 reads in Roscoff, France. Herdmania 
momus, a known invader in the Mediterranean Sea 

from the Indo-Pacific Ocean, occurred with 6 reads in 
Limfjord, Denmark.

Mapping these novel detections against known 
occurrences from GBIF, we observed that they fell 
outside of the respective species’ current known 
range (see examples in Fig.  4 and Supplementary 
Figs. S5–S9). Some were located further north com-
pared to the current known distribution range (e.g., 
Ostreopsis ovata or Herdmania momus), some were 
found in marine regions they had not been observed 

Fig. 3   UpSet plot showing the number of occurrences and co-
occurrence of NIS across observatories. The upper vertical bar 
plot shows the number of NIS detected in any given combina-
tion of observatories; e.g., a specific set of five co-occurring 
NIS was only found at RavennaM and a set of four co-occur-
ring NIS only at Plymouth, while there were eight cases of two 
NIS co-occurring at one or two observatories, etc. This only 
displays the occurrences representing non-indigenous status at 
a given location. The matrix below shows which sets of obser-

vatories are represented by each vertical bar. Importantly, each 
dot in the matrix below represents an occurrence at the respec-
tive observatory, but a single dot may correspond to multiple 
species. This explains why, for example, Plymouth shows 
fewer dots (in the matrix) than the total number of NIS, as 
some dots represent multiple NIS that co-occur across observa-
tories. The horizontal bar plot on the left shows the number of 
taxa considered non-indigenous at each observatory
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in before (e.g. Fenestrulina delicia found in the Medi-
terranean, but previously only known in the Atlantic).

Comparative analyses across observatories

Spatial distribution of non‑indigenous species

Maps of NIS abundance (Fig.  5) revealed locations 
with high NIS abundance. The north of the Adriatic 
Sea appeared as the area with most NIS: Ravenna 
had 10.2 NIS per data  set on average (Fig.  5a) and 
the Gulf of Piran had 2.8 NIS per data set on average 
(Fig.  5b). Figure  5a highlighted that Plymouth also 
hosted many NIS with an average of 5.4 per data set.

Detection of non‑indigenous species in marinas 
and harbours

We tested for statistically significant differences in the 
number of taxa that could be considered NIS at their 
location of occurrence between types of deployment 
sites. Here, we compared the number of NIS (i.e., the 
number of taxa considered NIS at a specific location) 
detected in individual samples from locations asso-
ciated with maritime traffic to the number of NIS in 

samples from all other locations. For the COI data 
set, after manual curation, on average 2.50 ± 2.08 NIS 
were detected in samples from ARMS deployed in 
marinas, harbours, and ports. Samples from all other 
locations displayed a mean number of 2.00 ± 1.51 
detected NIS. Given that a lower number of putative 
NIS was recovered using 18S compared to COI data, 
the mean number of detected NIS per 18S sample was 
substantially lower. On average, 0.55 ± 0.83 NIS were 
detected in samples from ARMS deployed in marinas, 
harbours, and ports, while samples from all other loca-
tions recovered 0.50 ± 0.79 NIS. For both genes, dif-
ferences between the two sample types were not sta-
tistically significant (COI: Kruskal–Wallis χ2 = 1.273, 
p = 0.259; 18S: Kruskal–Wallis χ2 = 0.144, p = 0.705). 
See Supplementary Table S2 for details on test results.

Discussion

Broad monitoring of NIS across regions, habitats, 
and taxa

In recent years, genetic methods have gained 
attention in the field of marine conservation and 

Fig. 4   Global extent of occurrences of Herdmania momus (in 
red) according to the GBIF database (red points), and the loca-
tions where this species has been detected in the present study 

(blue points). This species was detected in the COI data set in 
Crete, Greece, with 98 reads and in Limfjord, Denmark, with 
6 reads
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management (Darling and Blum 2007; Westfall 
et  al. 2020) and DNA metabarcoding has been 
promoted as a tool to monitor biological inva-
sions (Comtet et  al. 2015). While earlier surveil-
lance efforts for aquatic NIS have primarily moni-
tored one or a few species and have been limited 
geographically (Ficetola et  al. 2008; Mahon et  al. 
2013; Tréguier et al. 2014), the methods used in this 
study allow for broad and continuous screening of 
NIS across the European regional seas, with sample 
locations in various habitats, and detecting a wide 
range of eukaryotic taxa.

During this study, 63 non-indigenous taxa were 
detected from 1,828 identified species across 112 
ARMS-MBON sampling events in 19 observatories 

in 14 countries. Most of these NIS were previously 
known in the areas where they have been detected.

The most widespread NIS throughout the data set 
were Amphibalanus improvisus, Bonnemaisonia 
hamifera, Bugula neritina, Balanus trigonus, Acartia 
tonsa and Hydroides elegans, all well-documented 
marine invaders in European waters (details in Sup-
plementary Text S4). Their widespread detection con-
firms that our approach reliably identifies established 
NIS and can monitor their future range expansion. 
This study highlights that a genetic monitoring net-
work like ARMS-MBON, through continuous long-
term deployments, is effective in detecting estab-
lished NIS and offers valuable insights for ongoing 
marine management efforts.

Fig. 5   Comparative distribution of NIS detected using COI 
(a) and 18S (b) molecular markers. Each bar graph shows the 
number of NIS per site across five data sets represented by 
distinct colours: ARMS with all fractions present (orange), 
ARMS with all motile fractions present (blue), ARMS with 
only the sessile fraction present (green), ARMS with only the 
motile 100 µm fractions present (pink), and ARMS with only 

the motile 500 µm fraction present (red), ensuring comparabil-
ity across locations. Bars marked with an asterisk indicate data 
derived from a single ARMS replicate unit instead of two rep-
licate units used for all other sites. Where data for a particular 
data set is absent (N/A), a tick mark is present instead of a bar 
to indicate no data was available for that category
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Early warning potential

Our study relied on WRiMS to screen for NIS, aim-
ing to minimise false positives and negatives. While 
this approach enhanced result reliability, it limited 
the detection of newly introduced species to the 842 
registered in WRiMS for our study regions. Despite 
these constraints, our large geographic scope enabled 
the identification of several potential new introduc-
tions, classified as such due to the absence of prior 
detections in the literature or other NIS databases 
(Supplementary Text S5).

Eucheilota menoni was detected on the north coast 
of the Adriatic Sea, in Ravenna, with 54 reads (Sup-
plementary Fig. S9). We only detected it in our study 
as it is registered in WRiMS for both the Bay of Bis-
cay and the Belgian coast where some of our obser-
vatories were located. However, we found no occur-
rences of this species on ARMS from observatories in 
these two regions.

Potential new invaders were also detected in the 
Red Sea. Bugula neritina, a colonial bryozoan of 
unknown origin, potentially from the Mediterranean 
Sea or the US, is widespread in Europe (Ryland 
et al. 2011) and serves as one example. No previous 
records of this species in the Red Sea were found in 
GBIF (Supplementary Fig.  S6) or in OBIS, nor in 
WoRMS or in other scientific literature. Only one 
study from 1980 found it in the Suez Canal (Gho-
bashy and El Komy 1980). However, it appeared in 
our data set because Bugula neritina is recorded in 
WRiMS for four of our selected areas. It was detected 
with 15 reads during one sampling event in the Gulf 
of Aqaba.

Similarly, Bougainvillia muscus, which we 
detected manually and not based on WRiMS 
records, is also a potential new invader in the Red 
Sea. This species is a hydrozoan native and com-
monly reported in the Mediterranean Sea, the North 
Sea and English Channel (Lee II and Reusser, 

Fig. 5   (continued)
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2012), which was detected with a total of 25 reads 
in Eilat, Israel, in the COI data set (Supplementary 
Fig. S10).

Apionsoma (Apionsoma) misakianum was found 
beyond its native Indo-Pacific range, detected in Eilat, 
Slovenia, and the Atlantic coasts of Spain and France. 
It had previously been detected and considered non-
indigenous in the Aegean Sea in 2007 (Açik 2008) 
and in other Mediterranean areas according to SeaL-
ifeBase (Palomares and Pauly 2024), but in GBIF no 
record of this species can be found further north than 
the Red Sea (Supplementary Fig.  S5). Our results 
suggest a potential range extension of this species 
outside of the Mediterranean Sea.

Fenestrulina delicia, a fouling bryozoan, showed 8 
reads in Crete, Greece, in the COI data set. This spe-
cies is known on the European Atlantic coasts from 
France to Norway (Supplementary Fig. S7) and could 
have been recently introduced in the Mediterranean 
(De Blauwe et al. 2014).

Ostreopsis ovata, a toxic dinoflagellate, coming 
from tropical regions was found with 8 reads in the 
18S data  set in the observatory located in Sweden 
(Supplementary Fig.  S8). Granéli et  al. 2011 con-
cluded that current global warming can influence the 
geographical expansion to higher latitudes and bio-
mass accumulation by blooms of O. ovata. It was pre-
viously known in the Mediterranean, on the Atlantic 
coasts of France and the Iberian Peninsula (Accoroni 
et al. 2024; Chomérat et al. 2022; David et al. 2013; 
Fabri-Ruiz et al. 2024).

Herdmania momus, a Lessepsian migrant from the 
Indo-Pacific (Evans et al. 2013; Gewing et al. 2014; 
Shenkar and Loya 2008), occurred with 6 reads in 
Limfjord, Denmark (Fig. 4). This species appears to 
be adapted to tropical climates; however, according to 
Gewing et al., (2019), the invasive population in the 
Mediterranean demonstrated significantly greater sur-
vivability under cold conditions than the native popu-
lation from the Red Sea.

These results should be interpreted with caution, 
not only due to the relatively low read numbers with 
which these species were detected in the respective 
areas, but also because of the inherent limitations in 
taxonomic assignment. These detections, often based 
on low read numbers, could signify early introduc-
tions or sequencing artefacts. The reliability of spe-
cies-level identification depends on genetic mark-
ers and reference databases. Further bioinformatic 

refinements and ARMS-MBON data will enhance 
confidence in these observations.

Some detections may reflect gaps in historical 
records rather than actual new introductions, par-
ticularly in under-sampled regions like the Red Sea. 
While our study focused on a three-year timeframe, 
it has already detected potential new introductions, 
demonstrating the early warning capabilities of DNA 
metabarcoding. However, given that many species 
lists, such as WRiMS, span longer timeframes and 
geographical regions, we recognize that certain spe-
cies known to be present in Europe may not have 
been detected during this short-term survey. This 
does not undermine the effectiveness of metabarcod-
ing as a surveillance tool, but rather emphasises the 
importance of long-term, continuous monitoring to 
align short-term detections with long-term data sets.

Mapping potential range shifts

By comparing our data set with GBIF records, which 
include many species already detected outside their 
native range, we identified discrepancies suggesting 
potential range expansions and recent introductions. 
The proximity of new detections to known occur-
rences provides insight into possible causes of these 
shifts. For instance, species detected slightly further 
north may reflect climate-driven expansion, while 
distant occurrences, such as European species in the 
Red Sea, could indicate shipping as a vector.

Scaling up the integration of recent sightings with 
established extent of occurrence data from databases 
like GBIF can help track range shifts, introduction 
pathways, and habitat suitability for NIS. This can 
also enable predictions of species’ responses to vari-
ous environmental conditions. As ARMS-MBON 
and global ecological data sets grow and adopt FAIR 
principles (Tanhua et  al. 2019; Tenopir et  al. 2020), 
this approach offers a robust framework for studying 
species distribution shifts. Combining these data with 
species distribution models and machine-learning 
algorithms can efficiently detect new NIS range shifts 
and predict their responses to changing environments.

Identification of potential NIS hotspots

We argue that large-scale monitoring networks like 
ARMS-MBON hold strong potential for study-
ing NIS hotspots in the future. Here we tested here 
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the hypothesis that marinas and harbours tend to 
have higher NIS richness due to increased anthro-
pogenic influence such as ballast water discharge 
(Bailey 2015) and the transport of fouling organ-
isms (Ashton et  al. 2022; Bailey et  al. 2020; Chan 
et  al. 2022; Georgiades et  al. 2021). Although the 
three observatories with the highest NIS diversity 
(Ravenna, Gulf of Piran, Plymouth) were located 
near marinas or ports, we did not find a signifi-
cantly higher number of NIS in samples from mari-
nas and harbours compared to other locations in 
our data  set. This suggests that additional environ-
mental factors may also play a role in shaping NIS 
distribution.

Climate-driven factors like water temperature, 
salinity changes (Floerl et  al. 2013; Occhipinti-
Ambrogi 2021), and ocean currents, which facili-
tate the dispersal of species with planktonic larvae 
or rafting capabilities (e.g., Hydroides elegans, 
Amphibalanus modestus, Bugula neritina, Water-
sipora sp.), may contribute significantly to NIS 
spread. Thus, while marinas and harbours are 
critical entry points, they may not always coincide 
with the highest NIS prevalence. This highlights 
the complex interplay between anthropogenic and 
environmental drivers in shaping NIS distribution. 
Large-scale observatory networks such as ARMS 
MBON, when combined with environmental data, 
can help model these dynamics and improve predic-
tions of NIS hotspots over time.

Methodological challenges

This study demonstrates the potential of our cho-
sen methods for monitoring NIS across extensive 
geographical areas like the European coastline. We 
advocate for the increased use of DNA metabarcod-
ing to detect and track NIS, but also for the applica-
tion of this method at a large geographic scale, to 
have a better understanding of species migrations 
beyond the boundaries of countries or single marine 
regions. However, we also acknowledge various 
technical and practical challenges associated with 
this approach and emphasise the need for further 
methodological development. Each of the following 
challenges is further developed in Supplementary 
Text S6.

Challenges with large‑scale marine biological 
monitoring and standardization

Recently, the concept of Essential Biodiversity Vari-
ables (EBVs) was developed to structure biodiversity 
monitoring at larger geographic scales and thereby 
enable continuous assessments of status and change 
of biodiversity as well as the driving forces behind 
these changes (Kissling et  al 2018). EBVs critically 
depend on the implementation of consistent and com-
parable data collection campaigns across diverse eco-
systems and regions (Canonico et  al. 2019; Patrício 
et  al. 2016). Here we showed that the standardised 
sampling protocols can be used to collect biodiversity 
variables for invasive species monitoring and man-
agement including tracking of non-indigenous species 
distributions and early detection of invasive species 
across borders (Lehtiniemi et al. 2015). Nevertheless, 
genetic monitoring demands transparent management 
of large and complex data according to FAIR data 
principles (Tanhua et  al. 2019) as well as access to 
taxonomic expertise for manual curation steps. These 
resources need to be developed alongside the moni-
toring network and its sampling protocols. In addi-
tion, sampling needs to be intensified to cover more 
habitats and regions to deliver EBVs for non-indige-
nous species monitoring in the future.

Challenges in Taxonomic Identifications through 
DNA Metabarcoding

DNA metabarcoding is an effective tool for biodi-
versity monitoring but faces several limitations that 
impact its utility, particularly for the detection of 
NIS (Ruppert et al. 2019). One of the primary chal-
lenges is the incompleteness of reference databases 
and checklists, which often lack critical entries for 
taxa commonly identified as potential invaders (Hes-
tetun et al. 2020; Chorlton 2024). In this study, many 
molecular operational taxonomic units (mOTUs) 
were only classifiable at higher taxonomic levels, 
with only 8% reaching species level, consistent with 
other studies (Pearman et al. 2021). This limits accu-
rate NIS identification and contributes to knowledge 
gaps that affect management decisions and predic-
tive models (Golo et al. 2023). Global initiatives like 
BOLD and GenBank are essential for this purpose, 
but are currently insufficient (Holman et  al. 2019). 
Fontes et al. (2021) found in their study that only 42% 
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of NIS had records in BOLD, with significant dis-
crepancies in over half of these records.

A related challenge is primer specificity. Universal 
primers, such as those targeting COI and 18S, are not 
truly universal and may introduce biases by amplify-
ing certain taxa while excluding others (Jeunen et al. 
2019). Multi-marker strategies have been recom-
mended to improve taxonomic coverage (Portas et al. 
2022) and provide more accurate community compo-
sition estimates (Günther et  al. 2018; Stefanni et  al. 
2018). However, this approach requires careful opti-
mization to avoid underrepresentation of key taxa. 
Additionally, suboptimal protocols and the transient 
nature of environmental DNA further complicate 
detection, potentially leading to false negatives (Col-
lins et al. 2018).

Incomplete sampling across habitats, space, and 
time also presents significant challenges. ARMS, for 
instance, target specific habitats and may miss species 
that do not settle on artificial structures (Zhan et  al. 
2014). Temporal limitations can further skew results; 
since our data set spans only three years, natural fluc-
tuations or delayed introductions might explain the 
absence of certain species.

Bioinformatic errors in taxonomic assignment 
introduce another layer of complexity. Clustering 
methods can misidentify closely related species or 
split a single species into multiple mOTUs (Brown 
et al. 2016) and manual curation of each NIS mOTU 
is needed to minimise such errors (Antich et  al. 
2021). Continued refinement of bioinformatics pipe-
lines, coupled with manual validation, is crucial for 
accurate species identification.

Contamination remains an inherent risk, particu-
larly in low-biomass samples. Laboratory contami-
nation or cross-sample contamination can introduce 
false positives, hence the need for a curation. Rigor-
ous protocols, including the use of negative controls 
and decontamination procedures, are essential to mit-
igate this risk.

Despite these limitations, metabarcoding offers 
many advantages over conventional NIS surveys, 
which are also prone to errors such as observer bias 
and under-detection of cryptic species. Metabarcod-
ing provides broader taxonomic coverage and can 
reveal hidden biodiversity, but it is inherently semi-
quantitative. The number of reads does not directly 
correlate with species abundance, emphasising the 
need for presence-absence analysis. Complementing 

metabarcoding with traditional morphological assess-
ments and visual surveys can enhance monitoring 
accuracy (Cowart et al. 2015; Thomas et al. 2016; Yu 
et  al. 2012). Programs like EMO BON (Santi et  al. 
2023), which integrate metabarcoding of soft-bottom 
habitats and water columns, demonstrate the value of 
a multi-faceted approach.

Challenges with NIS databases and the importance of 
manual curation

Multiple databases record the introduction status 
of marine species, and for this study, we relied on 
WRiMS. However, WRiMS, like all current data-
bases, is neither fully curated nor comprehensive. Our 
comparison of WRiMS with GRIIS, marInvaders, 
and AquaNIS (Supplementary Figs.  S11 and S12) 
highlights that combining databases provides the 
most comprehensive coverage.

Manual curation is essential in any metabarcod-
ing study (Deagle et al. 2018; Westfall et al. 2020). In 
our study, manual curation filtered out around 40% of 
potential NIS misclassifications. For instance, Carci-
nus maenas, native to European waters, was flagged 
as an NIS due to its potential introduction to the Red 
Sea in WRiMS, though it was not detected in our Red 
Sea observatory and was thus excluded (Roman et al., 
2004). Conversely, Juxtacribrilina mutabilis, an 
expanding bryozoan, was detected in several observa-
tories but is not listed in WRiMS for Europe, reveal-
ing a database gap (Ito et  al. 2015; Martaeng et  al. 
2023; Dick et al. 2020). Similarly, Bougainvillia mus-
cus was detected in the Red Sea but was absent from 
WRiMS for this region. Manual literature searches 
confirmed its introduction status, demonstrating the 
limitations of relying solely on databases.

Despite the limitations of current NIS databases, 
including WRiMS, we acknowledge these challenges 
and caution future users to approach them critically. 
However, by employing a rigorous manual curation 
process and cross-referencing multiple databases, 
accuracy and reliability can be ensured.

Conclusion

This study investigated the potential of a genetic 
observatory network to detect and monitor 
marine non-indigenous species and advance our 
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understanding of such taxa, which is crucial to pre-
serve biodiversity and maintain healthy ecosystems. 
By identifying 63 non-indigenous species, we showed 
that genetic observatory networks can monitor distant 
phylogenetic groups across a vast geographical region 
and detect potential new introductions and range 
shifts at the earliest possible stage. We also showed 
the need for a manual curation to obtain reliable 
results. We highlight the potential of these networks 
to identify areas with high NIS abundance and habi-
tats vulnerable to NIS establishment.
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