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Introduction:Maritime traffic and coastal urbanisation significantly contribute to

the introduction and proliferation of non-indigenous species (NIS). However, the

lack of information might prevent effective monitoring in data-limited regions,

particularly in areas experiencing demographic growth, where monitoring

biofouling communities could offer crucial insights into the dynamics of NIS

invasions. This study represents a baseline characterization of the biofouling

communities in the northern Saudi Arabian Red Sea (NEOM region) prior to

extensive urban, industrial, and commercial development.

Methods: Samples were collected in November 2023 and February 2024 from

seven sites within the region. At each site and time, three settlement structures,

each with a PVC panel attached to a brick and rope, were sampled after 3-

months deployment. Panels were analysed with photo quadrat analysis (PhQd),

examined to manually collect sessile macroinvertebrate specimens for

taxonomic identification using morphological and DNA barcoding analysis, and

scraped for bulk DNA analyses using DNA metabarcoding. Five water samples

were also collected for environmental DNA (eDNA) analysis. The environmental

characteristics of each site were obtained by deploying temperature data loggers

and through an environmental risk assessment.
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Results: Community patterns observed from the PhQd and bulk DNA datasets

revealed a clear separation of two sites within Sharma lagoon from the remaining

sites. The eDNA analysis of seawater confirmed these spatial differences, also

detecting a variation between sampling times that was not observed with the other

approaches. A total of 20 NIS and 18 cryptogenic species were recorded, from which

12 were identified morphologically and the remaining detected with molecular

methods only. The generally low NIS coverage confirms that the NEOM region is

less affected by marine biological invasions compared to other anthropized habitats

within the Red Sea. However, sites in the Sharma lagoon showedhigh humanpressure

levels and comparatively higher coverage of cryptogenic bryozoans on panels.

Discussion: This study provides the first detailed assessment of biofouling

communities in NEOM, establishing a baseline and contributing to a regional

species reference library for non-indigenous and cryptogenic species. As coastal

development spreads, it presents both challenges and opportunities, highlighting

the need for sustainable, ecosystem-based approaches to protect valuable

natural areas. This baseline is essential for future monitoring of biofouling

dynamics as the region develops.
KEYWORDS

marine bioinvasions, coastal sprawl, biofouling, settlement panels, barcoding,
metabarcoding, eDNA, biodiversity management
1 Introduction

Coastal urbanisation plays a pivotal role in shaping coastal

marine ecosystems, contributing to habitat destruction and

modification, and is a major cause of biodiversity loss globally

(Bulleri and Chapman, 2010; Firth et al., 2016; Sempere-Valverde

et al., 2023). This process involves the proliferation of artificial

coastal structures, such as hardened shorelines, trade and leisure

infrastructure and activities, such as aquaculture and maritime

traffic, all of which facilitate the introduction, establishment and

spread of non-indigenous species (NIS) (Ros et al., 2023; Sempere-

Valverde et al., 2023). These species are typically transported via

maritime vectors, such as ballast water discharge and biofouling on

hulls, as well as through commercial activities like aquaculture trade

(Bailey et al., 2020). They possess the potential to become invasive,

resulting in significant and often irreversible ecological, economic,

and social consequences (Carlton and Geller, 1993; Campbell et al.,

2017; Komyakova et al., 2022). While some countries have

developed and enforced regulations to mitigate the risks posed by

biofouling, a comprehensive understanding of how marine systems

respond glogally to human pressures remains incomplete (Borja

et al., 2016; Korpinen and Andersen, 2016; Ros et al., 2023). The

natural complexity of marine ecosystems, characterized by diverse

biological interactions, habitat variability, and intricate ecological

processes, presents significant challenges in studying the effects of

coastal urbanisation and maritime traffic. Coastal urbanization

often transforms natural habitats into artificial structures, altering
02
species composition and creating new niches that can facilitate

marine bioinvasions. Meanwhile, maritime traffic contributes to the

introduction and spread of NIS through vectors such as ballast

water discharge and hull biofouling (Todd et al., 2019;

Espinosa, 2023).

The early detection and monitoring of NIS can be achieved

through various collection methods and species identification

techniques (Carvalho et al., 2023). These include (1) rapid

assessment surveys, which usually involve collecting mature

biofouling communities from existing underwater structures (e.g.,

Campbell et al., 2007; Ferrario et al., 2017; Chebaane et al., 2019),

(2) the deployment of experimental structures for recruitment, such

as settlement panels and collectors (e.g., Marraffini et al., 2017; Ros

et al., 2020; Tempesti et al., 2022a), and (3) the collection of water

and sediment samples (Couton et al., 2022; Aylagas et al., 2024).

These methods are followed by morphological and/or molecular

techniques for species identificat ion, including DNA

metabarcoding of biofouling assemblages or environmental

samples such as water and sediment (Rey et al., 2020; Couton

et al., 2022). When combined, these techniques can synergistically

enhance the detection, monitoring and management of NIS

(Holland, 2000; Couton, 2020; Carvalho et al., 2023; Ros

et al., 2023).

The early detection and monitoring of NIS depend on

comprehensive knowledge on species taxonomy, ecology, natural

history and distribution (Puillandre et al., 2012; Ojaveer et al., 2014;

Marchini and Cardeccia, 2017). This expertise is essential for
frontiersin.org
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identifying species and species complexes, disentangling the native

and non-indigenous distribution of species, as well as predicting

their risk of spread, proliferation and impact (Ros et al., 2023).

However, this knowledge must be combined with a continuous

surveillance of marine regions and habitats to ensure sustained

monitoring of NIS and early detection of colonisation events

(Carvalho et al., 2023). Due to the difficulty of accessing and

sampling large subtidal ecosystems, the use of molecular tools is

a cost-efficient for monitoring multiple habitats simultaneously

and through time. Molecular methods, particularly DNA

metabarcoding-based surveillance techniques, are advancing

rapidly for monitoring NIS in marine coastal habitats (Zaiko

et al., 2018; Duarte et al., 2021a; Carvalho et al., 2023). These

techniques allow the detection of NIS during both early life and

initial biological invasion stages, when populations are sparsely

distributed and occur at low densities (Couton, 2020; van den

Heuvel-Greve et al., 2021). However, the effectiveness of this

approach depends on the availability, taxonomic coverage, and

reliability of DNA reference libraries (Couton et al., 2022; Ros

et al., 2023). Incomplete and often inaccurate molecular reference

libraries limit our understanding of the distribution and diversity of

NIS and hinder the development of effective strategies to manage

marine bioinvasions (Wheeler et al., 2004; Graells et al., 2021; Ros

et al., 2023). This limitation is particularly pronounced in

understudied regions, such as the Red Sea (Carvalho et al., 2023),

and for certain taxonomic groups, like non-coral invertebrates

(Berumen et al., 2013), which usually dominate biofouling on

artificial structures (Ros et al., 2023). Therefore, the development

and update of reference libraries is a priority in NIS management.

The Red Sea, with its unique hydrography and history, is a

marine biodiversity and endemism hotspot (DiBattista et al., 2016).

This area experiences intense maritime traffic, and is undergoing a

period of rapid demographic growth and urban development (e.g.,

Chalastani et al., 2020; NEOM, 2024). Since the opening of the Suez

Canal, this basin has been a transit area between the Indo-Pacific

basin and the Mediterranean Sea (e.g., Goren and Klausewitz, 1978;

Malaquias et al., 2016; Fernandez et al., 2022). Despite this, research

specifically focused on NIS in the Red Sea remains considerably

scarce (Aylagas et al., 2024). This knowledge gap is more acute in

pristine or minimally disturbed areas such as NEOM, a largely

undeveloped region in Saudi Arabia’s northern Red Sea. NEOM is

slated for substantial urban, industrial, and commercial

development, which has prompted an extensive study on the

region’s biodiversity as part of the conservation measures

associated with this project (NEOM, 2024).

In this study, we aim to provide the first comprehensive

assessment of biofouling assemblages in the NEOM region of the

northern Saudi Arabia Red Sea, which will serve as a baseline for

future research, policymaking and ecosystem-based management

(Ojaveer et al., 2018; Rey et al., 2020; NEOM, 2024). Due to its

proximity to the Suez Canal, this region is a potential stepping stone

of NIS transfer. With a special focus on NIS and cryptogenic

species, our specific objectives are to: (1) initiate a local DNA

reference library that captures the diversity of biofouling species in

the region, using both morphological and molecular identification

methods to ensure accurate species detection; (2) establish a
Frontiers in Marine Science 03
baseline for the occurrence and distribution of NIS in the region

by combining morphological and molecular methods, a critical step

for future assessments as a response to ongoing coastal modification

projects; (3) investigate the structure and dynamics of early

biofouling communities across sites with different environmental

status and pressures; and (4) assess the effectiveness of the

methodologies employed for NIS and cryptogenic species

detection, providing insights and recommendations to enhance

biosecurity monitoring and management strategies in this

ecologically and economically significant region.
2 Methodology

2.1 Study sites

The study was conducted across seven sites within the NEOM

region (Figure 1A). Two of these, Taba Lagoon (GATL, 28.1729391,

34.6386982) and Wadi Her Lagoon (WHER, 27.6231429,

35.5193011), are located in undisturbed natural habitats, and are

designated for future development (NEOM, 2024). Tabouk

Fisheries (TBKF, 27.7750223, 35.4262782) is adjacent to fish

aquaculture facilities, and Al Muwaileh Coast Guard (AMCG,

27.6736321, 35.4749303) is located in a natural embayment used

as a harbour by fishing boats. Almujawah Lagoon (GAAL, 28.26643,

34.6778419) serves as an outpost of the coast guard authorities in a

largely unpopulated area. In Sharma lagoon, Gayal Coast Guard

(GACG, 28.1202196, 35.0113805) is positioned in a mooring area

for fishing boats, while Vista Pier (VISP, 28.0541481, 35.1980001) is

located on the beach of a resort.
2.2 Environmental description of sites

An Environmental Risk Assessment (ERA) was conducted for

each site using the product of the indexes environmental state (St)

and environmental pressure (Pr), as proposed by Gómez et al.

(2019) (ERA = Pr * St). The Pr index was calculated as the sum of

the Navigation Activity (NV) or density of boats (berths/m2), the

Port Activity (PT), which reflects the presence or absence of dry

docks and refuelling facilities in the site (PT = 1 and PT = 0,

respectively), and the External activity (EX), which depends on the

main land use within a one km radius from the studied site (Pr =

NV + PT + EX). An EX value of 1 was given for industrial and

mining land uses, 0.5 for residential and agricultural uses, and 0 for

other uses. The dredging activity (DG), as defined by Gómez et al.

(2019), was not used to calculate Pr in this study, as all sites were

estimated to have the same DG probability (DG = 0). The St index

was calculated as the sum of the susceptibility or flushing capacity of

the water body, calculated as the Complexity Tidal Range Index

(CTRI), as in Gómez et al. (2017), and the Naturalness (NA), which

indicates the level of modification of the site’s water body (St =

CTRIi/CTRImax + NA; see Gómez et al., 2019). For the CTRI, the

medium tidal range was set at 0.6 m at all sites due to their

geographical proximity. The information to calculate NV, PT, EX

and NA values was based on observations during sample collection
frontiersin.org
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at each site. Google Earth images from the year 2022 were used to

confirm NV, EX and NA, and to measure each site’s water body

area, maximum width and entrance width for the calculation of

CTRIi. As for DG, the Ecological Value (EV) or number of

ecological singular elements in a 1 km buffer distance around the

water surface where the port activity takes place was estimated to be

similar for all sites and was not used to calculate St.
2.3 Settlement panels

Three 14 x 14 cm polyvinyl chloride (PVC) settlement panels

were deployed at each site in two consecutive three-month periods

following Janiak (2021) (Figure 1B): from August 2023 to

November 2023, and from November 2023 to February 2024. The

deployment followed a standardised protocol developed by the

Smithsonian Environmental Research Centre (Marraffini et al.,

2017), which is widely adopted for NIS monitoring in port

environments (see Ruiz and Hewitt, 2002; Ros et al., 2023). In
Frontiers in Marine Science 04
this study, the passive collector (substrate) was composed of an

unsanded PVC settlement panel attached horizontally to a brick

and suspended facing down at a depth of 1-2 m below the surface

using a rope. At GAAL, panels were hanging under a concrete dock.

At GACG and VISP, they were attached to floating pontoons. Due

to the lack of artificial structures at GATL, AMCG, TBKF and

WHER, panels were suspended from overhangs of shallow coral

reefs in these locations. An Onset HOBO TidbiT MX Temperature

400-ft Data Logger (MX2203) was deployed at 1 metre depth at

each site and temperatures recorded at 30-minute intervals, from

August 2023 to February 2024. These were attached to one of the

settlement structures at each site (Figure 1C).

After retrieval, each panel was detached from the brick, moved

to a tray and covered with local seawater Panels were then

photographed using a Canon R5 camera with two external

flashes. Raw pictures were processed and cropped to the same

size and resolution and used for point count analysis (Figure 1C,

PhQd). A digital quadrat with 50 random points, stratified within a

5 x 5 grid, was placed over the images, covering the centre of the
FIGURE 1

(A) Study sites in the northern Red Sea (NEOM, Kingdom of Saudi Arabia). (B) Image of one of the experimental settlement structures used in this
study. (C) Overview of the different methods and type of samples collected in this study: Structures: The entire structure (panels, bricks, and ropes)
was used to collect macroinvertebrates for morphological identification (MorID) and DNA barcoding (BarC). Panels: Each PVC panel from the
structures was photographed to analyse biofouling coverage (PhQd). Biofouling was then scraped from the panel, homogenised and processed for
bulk DNA analysis (bulk DNA). Data loggers: a HOBO logger was attached to one structure per site to record temperature data every 30 minutes
(Temp). Seawater: Five 2-litre samples were collected and filtered for environmental DNA analyses (eDNA). GAAL, Almujawah Lagoon; GATL, Taba
Lagoon; GACG, Gayal Coast Guard; VISP, Vista Pier; AMCG, Al Muwaileh Coast Guard; TBKF, Tabouk Fisheries; WHER, Wadi Her Lagoon.
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panel and discarding a 2 cm border. Taxa coverage on panels, on a

scale from 0 to 50, was obtained by quantifying species presence at

each of the 50 points. An additional 0.5 coverage value was given to

species present on panels but that were not represented by point-

count coverage. Points on areas of the panels without biofouling

were marked as bare. The species list used for photo-analysis was

obtained after collecting and identifying specimens from panels (see

following paragraph for details). Image analyses were carried out

using PhotoQuad v1_4 (Trigonis and Sini, 2012).

After photographing, panels were examined under a binocular

stereoscope to collect macroinvertebrate specimens (>1 mm).

Additionally, the brick and rope of each settlement structure were

visually examined to increase the baseline voucher collection (see

Figure 1C). These additional specimens were not included in the

statistical analysis. At least one, but preferably three specimens (or

colony portions) of each morphospecies, were collected at each

sampling site. Whenever possible, at least one specimen or a portion

of a colony was left on the plate for downstream processing. Before

fixation, some taxa were anaesthetised using MgCl2 (polychaetes and

molluscs) and menthol (ascidians) to facilitate the observation of

morphological characters. For ascidian vouchers, a tissue subsample

for molecular processing was taken in the field and stored in 96%

ethanol, whereas the remaining animal was preserved in 10% formalin

for morphological analysis. For all other taxa, vouchers were preserved

in 96% ethanol in the field, and subsampled later in the laboratory.

Tissue was subsampled using a sterile blade. In summary, each

collected specimen generated one voucher sample for morphological

identification (MorID), and a subsample for molecular processing

(BarC). Where possible, morphological identification was conducted

to the species level; otherwise morphospecies were designated, defined

as unique, morphologically homogeneous groups, and identified to a

lowest possible taxonomic level (MorID). Morphospecies were, if

possible, confirmed by molecular analysis (BarC).

After the collection of voucher specimens, the biofouling

assemblages attached to the panel were scraped off using a

spatula, homogenised and preserved in 96% ethanol at ratio of 1

part of biological material to 4 parts ethanol. Ethanol was replaced

after 24 hours to remove the excess of water before long-term

storage at 4°C for downstream sample processing (Refer to Section

2.6. ‘Processing of panel scrapings (bulk DNA) and water samples

(eDNA)’). All instruments used during retrieval and further

sampling/subsampling were sterilised by rinsing them successively

with 10% bleach, MilliQ water and 96% ethanol.
2.4 Processing of tissue samples (BarC)

The DNA of voucher subsamples was extracted using the

QuickExtract™ DNA Extraction Solution kit (Lucigen). A piece

of tissue and 50 µL of the lysis buffer were placed in a sterile tube,

which was then incubated in a heat block for 30 minutes at 65°C,

followed by an additional 2 minutes at 95-98°C. DNA extracts were

used to amplify a fragment of about 658 bp of the cytochrome c

oxidase subunit I (COI) gene. Successful PCR products were then

purified using ExoSAP-IT™ PCR Product Cleanup protocol,

according to manufacturer instructions and cleaned up amplicons
Frontiers in Marine Science 05
were sent to KAUST CoreLabs Sanger service for forward

sequencing (BarC). Unsuccessful PCR products were discarded

and amplification was repeated with 1:10 or 1:100 dilutions of the

DNA extracts. LOBO primers were used as default for COI

amplification, and Folmer primers were used for samples that

failed repeatedly with LOBO (Supplementary File 1: Table S.1.1).

The trace files obtained from the voucher tissue subsamples

(BarC) were inspected and edited using Geneious Prime software

(ver. 2024.0.27; www.geneious.com). All sequences shorter than 500

bp or with poor quality (i.e., with evidence of contamination) were

discarded. Sequences of non-indigenous species (NIS) and

cryptogenic species (refer to Section 2.8 for details on how the

biogeographical status of species was assigned) were searched

against the NCBI-nt database using the Basic Local Alignment

Tool (BLAST) provided by National Centre for Biotechnology with

default parameters (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The

dataset was aligned using MAFFT online with default parameters

(ver. 7.0, https://mafft.cbrc.jp/alignment/server/; Katoh and

Standley, 2013). The DNA alignment GenBank accession

numbers and its metadata can be accessed at the BOLD Systems

(see project DOI at Data Availability section).

Assemble Species by Automatic Partitioning (ASAP) was used to

obtain Molecular Operational Taxonomic Units (MOTUs) (Puillandre

et al., 2021). This analysis was implemented via a web interface (https://

bioinfo.mnhn.fr/abi/public/asap/asapweb.html) with default settings

using the Kimura (K80) distance matrix. The lower the score, the

better the partition. Neighbour Joining (NJ) phylogenetic analyses

were performed using Molecular Evolutionary Genetic Analysis

(MEGA, ver. 7, https://www.megasoftware.net/; Kumar et al., 2016).

The phylogenetic tree was inferred using the Kimura 2 - Parameter

model (K2P). Branch support for the estimated tree was assessed

using 500 bootstrap. The final version of the tree was visualised and

edited with Inkscape (v. 1.2; see https://www.inkscape.org).
2.5 Collection of water samples (eDNA)

At each site, five water samples were collected during each

retrieval event by submerging 2-litre Nalgene bottles just below the

water surface (Figure 1C). Samples were transported on ice to the

laboratory for immediate processing (maximum time from collection

to filtration was 1 hour) or filtered on site when possible. Filtration of

water samples was done using a 0.22 mm (47 mm diameter) Millipore

filter membrane placed on a 6-branch aluminium manifold Vacuum

Filtration System. Negative controls consisting of 500 ml of MilliQ

water were filtered following the same conditions as experimental

water samples. Each filter was placed into a 5 ml cryovial, submerged

in liquid nitrogen (LN2) and transported to the laboratory where they

were stored at -80°C until DNA extraction.
2.6 Processing of panel scrapings (bulk
DNA) and water samples (eDNA)

Two different sources of DNA were analysed: the DNA extracted

from the biofouling samples (i.e., scraping from the panels) and
frontiersin.org
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referred to as bulk DNA, and environmental DNA extracted from the

filters used for water collections, referred to as eDNA. For bulk DNA,

between 0.4-0.6 grams of material were used for DNA extraction using

the DNeasy PowerLyzer PowerSoil Kit (QIAGEN) with an overnight

incubation at 56°C (Leray et al., 2013). For eDNA, extraction was done

as in Aylagas et al. (2024). Blanks were included in each extraction.

Each DNA sample was normalised to 5 ng/mL using nuclease-free

water and stored at −20°C until further processing.

A two-step PCR procedure was followed for COI and nuclear

small subunit ribosomal DNA (18S rRNA) genes library

preparation. Each sample was amplified in triplicate using the

universal primers mlCOIint/jgHCO2198 (Leray et al., 2013) and

Uni18SF/Uni18SR (Zhan et al., 2013), in a 25 mL PCR reaction

consisting of 1 mL of 10 mM of each forward and reverse primer,

12.5 mL of KAPA HiFi HotStart DNA Polymerase (HotStart and

Ready Mix formulation, KAPA Biosystems), 8.5 mL of RNA free

water, and 2 mL of genomic DNA. PCR conditions are detailed in

Supplementary File 1 (Table S.1.2).

A second PCR was used to attach a unique combination of

Illumina dual indexes (Nextera™ XT Index Kit) to the Illumina

sequencing adapters of each pooled sample. Final quality control,

including library quantification, normalisation, and pooling, was

done using a Bioanalyzer DNA 1000 chip and qPCR. Bulk DNA

and eDNA libraries were loaded into the Illumina MiSeq and

NovaSeq 6000 sequencing platform (v3 chemistry), respectively,

at KAUST (Bioscience CORE Labs) to determine sequence reads.

Twenty percent phiX was included for internal control. Sequence

data were automatically demultiplexed using MiSeq Reporter (v2),

and forward and reverse reads were assigned to samples.

The standard DADA2 pipeline (Callahan et al., 2016) was used

to process the 18S rRNA and COI gene-based amplicon libraries.

This process is detailed at Supplementary File 1 (Text S.1). After the

filtering steps, a total of 3307 and 13197 COI ASVs, and a total of

2936 and 19079 18S ASVs were retained for bulk DNA and

eDNA, respectively.
2.7 Statistical analyses

The datasets containing taxa coverage on panels (PhQd) and

DNA metabarcoding analysis results (i.e., bulk DNA and eDNA,

both COI and 18S) were used for multivariate analyses. The PhQd

dataset was square-root transformed before analyses, as coverages

ranged from 1 to 50. Bulk DNA and eDNA datasets, with ASV read

abundances ranging from 1 to tens-of-thousands, were fourth-root

transformed before analyses. After transformation, datasets were

used to calculate Bray-Curtis dissimilarity resemblance matrixes.

PERMDISP and PERMANOVA analyses with 1999 permutations

were carried out for each dataset, testing the orthogonal fixed

factors Time (2 levels: November and February) and Site (7 levels:

AMCG, GAAL, GACG, GATL, TBKF, VISP and WHER) using

Type III sum of squares (Anderson et al., 2008). Pairwise

comparisons were tested for significant factors and interactions (P

(perm) threshold <0.05). Pairwise analyses were carried out using

Monte Carlo tests due to the low number of permutations (<100)
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allowed by the existing number of replicates. Data was visualised

using Principal Coordinates Analysis ordinations (PCOs). Species

with a Pearson correlation of >0.5 with any of the PCO axes were

added as vectors to the PCO plots. For bulk DNA and eDNA, only

those ASVs that were assigned to species level for COI and to genus

level for 18S were used for the PCO vectors. To do that, ASVs

assigned to the same taxa were merged before being added as

vectors to the PCOs. Finally, all taxa from untransformed PhQd

dataset were summed to obtain total biofouling coverage on panels,

which was used to test the same Site x Time design with univariate

PERMDISP and PERMANOVA using Euclidean distances.

Analyses were carried out using PRIMER 7 +PERMANOVA

(Anderson et al., 2008; Clarke and Gorley, 2015).
2.8 Biogeographical status of species

Each species was individually screened for their native and

non-native ranges. The taxonomic assignments from COI and 18S

ASVs of bulk DNA and eDNA were compared against an updated

version of the potential marine NIS list for the Red Sea (Aylagas

et al., 2024). The biogeographical status was revised for the species

that matched this list, as well as for voucher samples identified to

the species level with morphological methods. The status ‘non-

indigenous’ was assigned to species not historically present in the

Red Sea and who’s presence in the study region likely resulted

from human-mediated introductions (Carlton and Schwindt,

2024). Taxa with unknown or poorly known evolutionary and

biogeographical origin, which could potentially be non-native to

the Red Sea were classified as ‘cryptogenic’ (Carlton and Schwindt,

2024). This category also included unresolved species complexes

non-historically present in the Red Sea, which were considered as

cryptogenic, with their native range designated as ‘unknown’,

despite the existence of previous publications suggesting

possible native ranges. Special consideration was given to

species from the Indian Ocean that could have been introduced

to the Red Sea when collecting evidence on historical distribution

of species.
3 Results

3.1 Environmental description of sites

The sites inside Sharma lagoon, GACG and VISP, had the highest

environmental risk (Figure 2A). In particular, GACG was the site

under the highest environmental pressure (Pr) and, along with VISP,

the site with a more vulnerable environmental status (St)

(Supplementary File 1: Table S.1.3). Despite their lower naturalness,

the complexity tidal range index (CTRI) was much higher for GACG

and VISP than the rest of sites, which resulted in an increase of St.

This reflects the higher vulnerability of semi-enclosed lagoons to

impacts (e.g., pollutants, spills and eutrophication). Finally, the higher

human presence at and south of Sharma lagoon resulted in higher Pr

values for GACG, VISP, TBKF and AMCG, while GATL and GAAL
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(both in Gulf of Aqaba) had the lowest environmental risk because of

their remoteness to the impacted sites (low Pr).

In all sites, the highest water temperatures were recorded in

September 2023 and the lowest temperatures in February 2024
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(Figure 3). Temperature variation was greatest in the sites located in

the coastal lagoon (GACG and VISP), where the highest and lowest

values were recorded: from 34°C to 15°C and from 35°C to 19°C,

respectively. In contrast, sites in the Gulf of Aqaba (GAAL and GATL)
FIGURE 2

(A) Map of study sites. Site colour denotes the environmental risk assessment (ERA) results (colour gradient obtained from Supplementary File 1,
Table S.1.3), while the size of the site marker indicates average percent biotic coverage on panels. (B) Principal coordinates ordination (PCO) for
biofouling coverage on panels, obtained from the point count analysis of images (PhQd = camera icon). Taxa with a Pearson correlation (r) >0.5 with
any of the PCO axes are displayed as blue vectors; the blue circumference represents the maximum possible correlation (r = 1) on the ordination
plot. (C) PCO plots of panel scrapings (bulk DNA) for COI (C.COI) and 18S (C.18S) datasets (bulk DNA = DNA strands icon). (D) PCO plots of water
collections (eDNA) for COI (D.COI) and 18S (D.18S) datasets (eDNA = waves icon). Sites: GAAL, Almujawah Lagoon; GATL, Taba Lagoon; GACG,
Gayal Coast Guard; VISP, Vista Pier; AMCG, Al Muwaileh Coast Guard; TBKF, Tabouk Fisheries; WHER, Wadi Her.
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had the lowest maximum temperatures (30°C), with minimum

temperatures of 20°C, while AMCG, TBKF and WHER showed the

highest minimum temperatures, ranging from 33°C to 22°C.
3.2 Spatio-temporal variation
of assemblages

Significant variation in total biofouling coverage on settlement

panels was observed across sites (Pseudo-F = 3.67, P(perm) 0.013;

Supplementary File 1: Table S.1.4). The two sites in Sharma lagoon

(GACG and VISP) had the highest biofouling coverage, while TBKF and
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WHER showed the lowest values (Figure 2A). For the biofouling

structure on panels from image analysis (PhQd), the main source of

assemblage variationwas explained by differences among sites (seeMS in

Table 1A). Remarkably, no NIS or cryptogenic species were visible on

PhQd images at any site outside Sharma lagoon. The panels of sites

outside Sharma lagoon were mainly associated with crustose coralline

algae (CCA) and had a low coverage of heterotrophs, whereas VISP had

an average 18% coverage of NIS and cryptogenic bryozoans (Celleporaria

inaudita, Schizoporella errata/pungens and Parasmittina pinctatae), and

GACG had an average 62% coverage of S. errata/pungens (Figure 2B).

Panel scraping analyses (bulk DNA) revealed patterns similar to

PhQd, with GACG and VISP having assemblage compositions distinct
FIGURE 3

Temperature values recorded at each site for the duration of the study. Dots indicate discrete measurements, obtained every 30 minutes, and lines
indicating daily median values. Sites: GAAL, Almujawah Lagoon; GATL, Taba Lagoon; GACG, Gayal Coast Guard; VISP, Vista Pier; AMCG, Al Muwaileh
Coast Guard; TBKF, Tabouk Fisheries; WHER, Wadi Her.
TABLE 1 Multivariate PERMANOVA results for Time and Site using PhQd, bulk DNA and eDNA datasets.

A Df SS MS Pseudo-F P(perm) Perms

Time 1 2,593 2,593 3.011 0.014 1998

Site 6 58,823 8,971 10.415 0.001 1998

Time x Site 6 9,970 1,662 1.929 0.004 1995

Residuals 25 21,533 861.3

Pairwise (Site) November: VISP ≠ (GAAL = CACG) ≠ (AMCG = GATL = TBKF = WHER)

February: VISP ≠ GACG ≠ (AMCG = GAAL = TBKF = (GATL ≠ WHER))

Pairwise (Time) All sites: Nov = Feb

(Continued)
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from sites outside Sharma lagoon (Figure 2C, Table 1B). Results were

clearer for the COI dataset compared to the 18S dataset. Likewise, the

contribution of ASVs assigned to the encrusting bryozoans C. inaudita,

C. sherryae and S. errata/pungens species complex, and the mytilid

Brachidontes pharaonis was higher in Sharma lagoon (particularly at

GACG) than in the rest of sites. The bulk DNA additionally segregated
Frontiers in Marine Science 09
those sites in Gulf of Aqaba (GAAL and GATL) from the

southernmost sites (TBKF, AMCG and WHER). In the case of 18S,

ASVs assigned to several benthic macroalgae of the family

Florideophyceae and the planktonic tunicate Oikopleura were

associated with these differences, with TBKF, AMCG and WHER

having a higher contribution of these ASVs (see Figure 2C).
TABLE 1 Continued

B.COI
Df SS MS Pseudo-F P(perm) Perms

Time 1 5,345 5,345 2.426 0.001 1995

Site 6 73,660 12,277 5.571 0.001 1988

Time x Site 6 20,283 3,380 1.534 0.001 1991

Residuals 26 57,294 2,203

Pairwise (Site) November: VISP ≠ (AMCG = GAAL = (CACG ≠ (GATL = TBKF= WHER)))

February: VISP ≠ CACG ≠ (GAAL = WHER = (GATL ≠ (AMCG = TBKF)))

Pairwise (Time) All sites: Nov = Feb

B.18S
Df SS MS Pseudo-F P(perm) Perms

Time 1 5,768 5,768 2.908 0.001 1997

Site 6 65,857 10,976 5.534 0.001 1991

Time x Site 6 21,767 3,628 1.829 0.001 1989

Residuals 26 51,574 1,983

Pairwise (Site) November: VISP ≠ GACG ≠ (GAAL = (GATL ≠ (AMCG = TBKF)) = WHER)

February: WHER = (VISP ≠ GACG ≠ (GAAL = GATL = AMCG = TBKF))

Pairwise (Time) All sites: Nov = Feb

C.COI Df SS MS Pseudo-F P(perm) Perms

Time 1 20,864 20,864 14.77 0.001 1995

Site 6 70,746 11,791 8.34 0.001 1994

Time x Site 6 28,146 4,691 3.32 0.001 1989

Residuals 62 87,606 1,413

Pairwise (Site) All months: All sites different

Pairwise (Time) All sites: Nov ≠ Feb

C.18S Df SS MS Pseudo-F P(perm) Perms

Time 1 17,959 17,959 18.41 0.001 2000

Site 6 71,160 11,860 12.16 0.001 1989

Time x Site 6 28,608 4,768 4.89 0.001 1991

Residuals 62 59,511 975.6

Pairwise (Site) All months: All sites different

Pairwise (Time) All sites: Nov ≠ Feb
A: biofouling coverage on panels, obtained from image analysis (PhQd, camera icon). B: DNA metabarcoding of panel scrapings (bulk DNA, DNA strands icon) for COI and 18S. C: DNA
metabarcoding of water samples (eDNA, waves icon) for COI and 18S. df, degrees of freedom; SS, Square sum; MS, Mean square sum; P (prem), P-values for the permutation test; Perm, Number
of permutations. Site: GAAL, Almujawah Lagoon; GATL, Taba Lagoon; GACG, Gayal Coast Guard; VISP, Vista Pier; AMCG, Al Muwaileh Coast Guard; TBKF, Tabouk Fisheries; WHER, Wadi
Her Lagoon. Time: Nov, November 2023; Feb, February 2024. Bold font indicates statistical significance at the a, 0.05 level. The PERMDISP results for these datasets are presented in
Supplementary File 1 (Table S.1.5).
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While the differences in biofouling assemblages on settlement

panels (PhotoQuad and bulk DNA analyses) mainly occurred among

sites (Table 1), pairwise comparisons of the eDNA dataset also showed

differences between sampling times, across all sites (Table 1C). For the

COI dataset, the main species associated with these differences were

Medusozoa (Halopsis ocellata,Chrysaora pacifica and Stomolophus sp.)

and Demospongiae (Tethya californiana), which had a higher

contribution in November except for C. pacifica that was more

prevalent in some of the sites in February. In this case, sites from

Sharma lagoon (GACG, VISP) also segregated from the rest of sites

despite all sites being different from each other. However, there were

species involved in the spatio-temporal differences in this dataset that

could reflect misidentifications or residual DNA from terrestrial

sources such as the freshwater hydrozoan Hydra vulgaris, and the

terrestrial gastropod Monachoides viridis and hemipteran

Conocephalus differentus (Figure 2D). For 18S, all genera correlated

to the PCO axes were marine, with Platyhelminthes (Plagiostomum

and Parotoplana), Bivalvia (Leiosolenus), Nematoda (Oxystomina) and

Demospongiae (Aplysina) having a higher contribution in November

than February. Contrary to the eDNA COI dataset, Chrysaora had a

higher contribution in February than in November, as did the

medusozoan Ectopleura and the sipunculid Phascolosoma. Finally,

Ascidiacea (Pyura) was more associated with differences among sites,

with more ASVs in GACG and VISP (Figure 2D).
3.3 Taxonomic composition
of assemblages

A total of 39 settlement structures were retrieved. However, three

structures were lost before retrieval: one from WHER in November,

and one each from TBKF and WHER in February. A total of 204

macroinvertebrate species and morphospecies (hereinafter referred to
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as ‘morphospecies’ altogether), belonging to 99 families, 49 orders and

9 phyla, were identified from the voucher samples collected from the

structures, including ropes, bricks and panels (see full morphospecies

list at Supplementary File 2: Table S.2.1, summarised in Table 2).

Annelida was the richest phylum, with Phyllodocida (67

morphospecies) being the most represented order (see Table 2A).

Arthropoda was the second richest phylum, and it was composed

mostly of Decapoda (48 morphospecies) and Amphipoda (45

morphospecies). The sites GATL and GACG had the highest

number of taxa, with 77 and 75 morphospecies, respectively. GACG

had an especially high number of Annelida taxa (41 morphospecies),

followed by GATL, with 23 morphospecies. The highest number of

families (53) occurred in GATL, followed by VISP and GACG (43 and

41, respectively) (see Table 2A).

Average success of amplification of voucher sequences was around

80%, with most phyla having a success between 75% and 90% except

for Echinodermata (94%), Mollusca (50%) and Ascidiacea (30%). Low

success rates for the latter two groups were due to the use of general

extraction and amplification methods, and universal primers for

marine metazoans. In total, 494 sequences were generated by the

BarC dataset, representing a total of 184 MOTUs, with Annelida and

Arthropoda being the most represented phyla (see Figure 4).

The addition of bricks and ropes to the collection of specimens

resulted in the detection of 76%more morphospecies and 48%more

families than when considering only panels (Table 2). For the

macrofauna on panels, sessile fauna was dominated by Bryozoa,

with 18 morphospecies in total, and the highest number of taxa

detected was at GATL. However, the site with highest overall

richness on structures was VISP, particularly because of Annelida

and Mollusca (see Table 2B). The motile fauna was dominated by

Annelida (highest at GACG), followed by Arthropoda (Table 2C).

For the bulk DNA from panel scrapings, a total of 67 species,

belonging to 48 families, 31 orders, and 11 phyla, were identified
TABLE 2 Number of macroinvertebrate species and morphospecies (MS) and families (NF) that were morphologically identified for each phylum
and site.

A: All specimens Number of morphospecies (MS) and number of families (NF)

Phylum Total MS-NF GAAL GATL GACG VISP AMCG TBKF§ WHER*

Annelida 74-21 14-9 23-12 41-12 17-9 18-12 12-7 14-9

Arthropoda 60-35 13-9 25-19 19-15 17-13 21-17 6-5 7-6

Bryozoa 21-11 7-5 8-7 3-3 5-4 1-1 4-3

Chordata 8-1 6-1 2-1 3-1

Echinodermata 4-4 1-1 1-1 1-1 4-4

Mollusca 31-22 11-9 14-13 6-6 13-9 10-8 6-6 1-1

Nemertea 1-1 1-1 1-1

Phoronida 1-1 1-1 1-1

Platyhelminthes 4-4 1-1 2-2 1-1

Total MS: 204 46 77 75 62 52 24 26

Total NF: 99 33 53 41 43 40 18 19

(Continued)
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using COI; and 122 genera, belonging to 104 families, 79 orders, and

20 phyla using 18S (see full ASVs list for bulk DNA and eDNA

datasets in Supplementary File 3). For the eDNA ASVs from

seawater samples, a total of 880 species, belonging to 445 families,

198 orders, and 24 phyla, were identified using COI; and 275

genera, belonging to 222 families, 151 orders, and 30 phyla

using 18S.
3.4 Non-indigenous and
cryptogenic species

A total of 20 NIS and 18 cryptogenic species were recorded from

structures and seawater samples (see Table 3). However, only five

NIS and seven cryptogenic species were identified from the 204

morphospecies in MorID dataset (Supplementary File 2, Table

S.2.1), thus confirming their presence in NEOM’s waters. From

those, three species could not be barcoded (BarC), although two

from these three were detected in the bulk DNA dataset (Table 3);

from MorID, only Phallusia nigra was not confirmed with

molecular methods. The remaining 26 species were detected only

in both bulk DNA and/or eDNA datasets. Overall, each method

used for species detection was informative for the detection of NIS
Frontiers in Marine Science 11
and cryptogenic species, and each one registered four to six species

that were not detected with the other methods (see Figure 5). Only

5.3% of the species were detected by all methods, whereas 71% were

detected with only molecular methods (bulk DNA and eDNA).
4 Discussion

Despite being largely an undisturbed region, NEOM hosts a

diverse array of non-indigenous and cryptogenic species. Overall,

the findings of this study provide valuable insights into the structure

and dynamics of biofouling communities in the NEOM region prior

to extensive development activities. Studies performed before

interventions are infrequent, making NEOM an ideal case for

investigating the ecological impacts of large-scale development on

marine communities. Our findings are in line with other studies

showing a higher abundance (i.e. percent cover on panels) of non-

indigenous species (NIS) and cryptogenic species in areas with

higher environmental vulnerability, such as estuaries and coastal

lagoons, which typically also have higher human pressures and

habitat modification (i.e., Rodrıǵuez-Gallego et al., 2017; Chebaane

et al., 2023; Sempere-Valverde et al., 2023, 2024; this study). These

factors are likely promoting the dominance of NIS and cryptogenic
TABLE 2 Continued

B: Sessile
(panels only)

Number of morphospecies (MS) and number of families (NF)

Phylum Total MS-NF GAAL GATL GACG VISP AMCG TBKF§ WHER*

Annelidaa 5-2 1-1 1-1 4-2 1-1 1-1 1-1

Arthropodab 1-1 1-1

Bryozoa 18-10 6-4 8-7 2-2 5-4 2-2

Chordata 3-1 3-1 1-1

Molluscac 9-7 1-1 1-1 2-2 5-3 1-1 1-1

Total MS: 36 8 13 5 15 2 2 3

Total NF: 21 6 10 5 10 2 2 3

C: Motile
(panels only)

Number of morphospecies (MS) and number of families (NF)

Phylum Total MS-NF GAAL GATL GACG VISP AMCG TBKF§ WHER*

Annelidaa 43-16 2-2 9-8 23-9 8-6 10-8 2-2 10-6

Arthropodab 25-19 4-3 4-4 9-8 6-4 11-9 6-5 2-2

Echinodermata 3-3 1-1 1-1 3-3

Molluscac 5-4 2-2 2-2 2-2

Platyhelminthes 0-0 1-1 2-2 1-1

Total MS: 80 9 16 33 19 24 8 12

Total NF: 46 8 15 18 15 20 7 8
Data is presented as MS-NF. The complete table with all morphospecies is available at Supplementary File 2 (Table S.2.1). A: All voucher specimens collected from settlement structures, (i.e.,
panels, bricks and ropes); B: Sessile specimens on panels only; C: Motile (epifauna) specimens on panels only. Symbols (§, *) indicate that 33% and 16% of the samples were missing TBKF and
WHER, respectively. Blank cell, 0; a, Sabellida was considered as sessile and the rest of Annelida as motile; b, Balanomorpha was considered as sessile and the rest of Arthropoda as motile;
c, Bivalvia was considered as sessile and the rest of Mollusca as motile.
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FIGURE 4

(A) Neighbour-Joining circular Phylogenetic Tree using Kimura 2-parameters model for the BarC dataset, rooted to Deuterostomia (Echinodermata).
A total of 488 sequences are displayed, where each colour corresponds to the respective major group and subgroup. Bootstrap values lower than
85% are not displayed. Other = Nemertea (4 sequences and 4 MOTUs) and Phoronida (1 sequence and 1 MOTU); Other within Arthropoda = Mysida
and Pycnogonida (2 sequences each). (B) Unrooted Neighbour-Joining Phylogenetic Tree using Kimura 2-parameters model for Ascidiacea
(ascidians were not included in the main tree due to very divergent sequences). Numbers next to major groups and subgroups indicate the number
of sequences. The number of total Molecular Operational Taxonomic Units (MOTUs) for major groups are also indicated.
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TABLE 3 List of cryptogenic species (Crypto) and non-indigenous species (NIS) detected with different methods: vouchers collections identification and barcoding (Morpho-ID + COI), bulk DNA analyses of panel
scrapings (bulk DNA: COI and 18S), and eDNA analyses from water samples (eDNA: COI and 18S).

S)
eDNA
(COI)

eDNA
(18S) References

Fofonoff et al. (2018)

Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

Fofonoff et al. (2018)

Fofonoff et al. (2018)

Sternhell et al. (2002)

Winston and
Jackson (2021)

1 Tilbrook et al. (2001)

1 Fofonoff et al. (2018)

Farias et al. (2024)

Micael et al. (2014)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

Fofonoff et al. (2018)

Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)
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Phylum Species Status
Potential
native range

MorID
+ barC

bulk
DNA (COI)

bulk
DNA (1

Arthropoda Amphibalanus amphirite spp. complex Crypto Unknown 1

Amphibalanus reticulatus Crypto Indo-Pacific

Carcinus maenas NIS NW Atlantic

Eriocheir sinensis NIS NW Pacific

Laticorophium baconi NIS NE Pacific 1

Palaemon adspersus NIS NE Atlantic + Med

Bryozoa Bugula cf. vectifera Crypto Indo-Pacific 1

Celleporaria sherryae NIS Caribbean 1 1

Celleporaria inaudita NIS South Pacific 1 1

Cryptosula pallasiana NIS NE Atlantic + Med

Parasmittina pinctatae Crypto Unknown 1

Schizoporella errata/pungens
spp. complex

Crypto Unknown 1 1

Chordata Ascidia sydneiensis NIS Indo-Pacific 1

Ascidiella aspersa NIS NE Atlantic + Med

Ciona intestinalis spp. complex Crypto Unknown

Ecteinascidia turbinata NIS North Atlantic

Polyandrocarpa zorritensis Crypto Unknown

Styela plicata Crypto Unknown

Phallusia nigra Crypto Unknown 1*

Botryllus schlosseri NIS NE Atlantic 1

Cnidaria Bimeria vestita Crypto Unknown

Blackfordia virginica NIS Black Sea

Bougainvillia muscus Crypto Unknown 1

Clava multicornis NIS North Atlantic
8

1

1

1

1

1

1

1

1

1

1

1
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TABLE 3 Continued

MorID
+ barC

bulk
DNA (COI)

bulk
DNA (18S)

eDNA
(COI)

eDNA
(18S) References

1 1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1 Miglietta et al. (2015)

1* 1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 1 GBIF Secretariat (2023)

1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 1 Fofonoff et al. (2018)

1 Fofonoff et al. (2018)

1* 1 1 Cavalcanti et al. (2020)

aphy of each species (with last search conducted in Dec 2024). References include a source per species with further information on the species’ biogeographical
d with morphological methods (MorID) but that could not be sequenced with barcoding methods (barC). Refer to Figure 1. C for a schematic of the source and
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Phylum Species Status
Potential
native range

Ectopleura crocea NIS NW Atlantic

Exaiptasia diaphana NIS West Atlantic

Laomedea calceolifera NIS NE Atlantic

Pennaria disticha spp. complex Crypto Unknown

Mollusca Arcuatula cf. senhousia Crypto NW Pacific

Crepidula fornicata NIS NW Atlantic

Dicyathifer mannii Crypto Indo-Pacific

Lyrodus pedicellatus Crypto Indo-Pacific

Myosotella myosotis NIS NE Atlantic + Med

Ostrea edulis NIS NE Atlantic + Med

Perna viridis Crypto Indo-Pacific

Rapana venosa NIS NW Pacific

Teredo navalis Crypto Unknown

Porifera Paraleucilla magna Crypto Unknown

The status and potential native range were determined by reviewing the most recent literature on the biogeogr
status in different areas of the world. 1, presence; blank cell, absence; *, species from vouchers that were identifi
type of datasets in this figure.
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species in the region, in particular bryozoans, highlighting NEOM’s

susceptibility to bioinvasions (Fernandez et al., 2022; this study). As

NIS abundance is closely linked to human density, ongoing

demographic growth is likely to further increase bioinvasion

levels in the region (Castro et al., 2022; Ros et al., 2023; Sempere-

Valverde et al., 2023; NEOM, 2024). Given NEOM’s proximity to

the Suez Canal, a major conduit for NIS transfer, its vulnerability is

expected to intensify as construction progresses. The management

of bioinvasions will require the implementation of sustained

biofouling surveillance programs as an integral part of the

ongoing conservation framework in NEOM (Carvalho et al.,

2023). This can be implemented by the incorporation of

biofouling management within sustainable development

strategies, such as ecological engineering solutions (Guerra-Garcıá

and Garcıá-Gómez, 2005; Firth et al., 2016; Sempere-Valverde et al.,

2023). This will be crucial to mitigate bioinvasion risks in this

developing region, thereby contributing to the protection of

NEOM’s ecological integrity and economic interests. Moving

forward, the combination of molecular and traditional methods,

essential for the surveillance and monitoring of NIS occurrence and

distribution, will be crucial for mitigation and conservation as

coastal modifications in NEOM continue.
Frontiers in Marine Science 15
4.1 Spatio-temporal variation
of assemblages

Despite the environmental heterogeneity among sites, reflected

in differences on water temperature and the variables of the

Environmental Risk Assessment (ERA), the main source of

fouling assemblages’ variation across sites (based on photo

analysis of sessile communities (PhQd) and bulk DNA) occurred

between sites inside and outside Sharma lagoon. Panels deployed in

Sharma lagoon (at GACG and VISP) were exposed to unique

environmental conditions characteristic of semi-enclosed water

bodies. Similar to ports and marinas, coastal lagoons in arid areas

experience higher temperature and salinity stress, lower

hydrodynamic stress, increased effects from anthropogenic

pressures, and different larval inputs and food availability when

compared to open coastal waters (Pérez-Ruzafa et al., 2011a, b;

Ansari et al., 2015; Rodrıǵuez-Gallego et al., 2017; Albarakati and

Ahmad, 2019). Coastal lagoons are among the most productive

habitats in the Red Sea, providing a generally higher abundance of

resources for invertebrates (El-Wahab et al., 2005; Alsaffar et al.,

2020a); however, their semi-enclosed nature also results in

increased residence time of terrestrial inputs (i.e. nutrients and

pollution), which increases their vulnerability to human impacts

(Ghandourah et al., 2023; Sempere-Valverde et al., 2023; this study).

These conditions may have contributed to the faster growth of

invertebrates and a lower coverage of crustose coralline algae on

sites inside Sharma lagoon (Tâmega and Figueiredo, 2007; Svensson

and Marshall, 2015). However, the faster recruitment and growth of

macroinvertebrates, particularly NIS, might also have been

promoted by the settlement structures being attached to floating

substrates in both GACG and VISP, contrary to the rest of the sites.

Multiple studies have pointed out that floating substrates

provide a novel habitat for fouling species, ultimately promoting

macroinvertebrate and NIS growth when compared to fixed non-

floating structures (Connell, 2000, 2001; Glasby, 2001; Holloway

and Connell, 2002; Dafforn et al., 2009; Sempere-Valverde et al.,

2024). While also located in a semi-enclosed water body, GATL

showed a low coverage of sessile macroinvertebrates on panels but

the highest number of morphospecies and families. These

differences in richness could have resulted from the structures

being attached to natural reefs, plus a generally better

environmental status and lower human disturbance from ERA,

which might be linked to more oligotrophic conditions and lower

pollution levels at GATL than either GACG or VISP. This may have

reduced macroinvertebrates and NIS dominance, favouring the

settlement of more diverse assemblages outside Sharma lagoon. In

addition to this, elevated water temperatures in Sharma lagoon (up

to 35°C at VISP and 34°C at GACG) might also have accelerated the

growth of sessile invertebrates. Warmer waters enhance metabolic

rates and reproductive processes, leading to faster larval settlement

and growth in tropical opportunistic species (Anderson, 1993;

Whalan and Webster, 2014; Khosravi et al., 2019). This

is consistent with findings from other regions, where

higher temperatures significantly increased biofouling coverage
FIGURE 5

Venn diagram showing the number and percentage of non-indigenous
and cryptogenic species detected with each method: vouchers
collection and identification through morphological investigation and
COI barcoding (MorID + BarC), bulk DNA of panel scrapings (bulk DNA),
and environmental DNA from water samples (eDNA). Background
colour in the Venn diagram indicates the number of species in each
category, from white (0) to orange (17). Bulk DNA and eDNA include
both COI and 18S results. § = three of the morphologically identified
species could not be sequenced, although two of them were detected
from bulk DNA of panel scrapings (see Table 3).
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(Greene and Grizzle, 2007; Rao, 2010; Sokołowski et al., 2017).

Khosravi et al. (2019) showed that a 2°C rise in seawater

temperature in the Arabian Gulf resulted in a 1.5-fold increase in

biofouling. This is generally consistent with results inside Sharma

lagoon. However, GACG showed the lowest temperatures among

sites in February, but it still had a high coverage of biofouling,

suggesting that temperature might have contributed to fouling

growth, but was not the main driver of biofouling coverage.

While spatial variations were clearly observed for panels and

scrapings, time emerged as a main driver of variation in the

eDNA dataset, highlighting the high intra-annual variability of

tropical shallow-water habitats (e.g., Berry et al., 2019; Alsaffar

et al., 2020a). Overall, temporal variation in eDNA assemblages

could be due to the combination of spawning events and the rapid

degradation of DNA in aquatic systems, which increases eDNA’s

sensitivity to seasonal patterns (Barnes et al., 2014). While panels

were recording the recruitment events occurring during our

three-months deployment period, eDNA would have only

captured the immediate presence of eggs and larvae in the

water during samplings, including low-abundant species,

potential new records and early life stages. Therefore,

monitoring and management plans should not only include

different collection and identification techniques, but also be

replicated at both spatial and temporal scales to better capture

species diversity in the area.

As the NEOM region develops and the modification of coastal

water bodies increases (see Ansari et al., 2015), faster growth and

coverage of macroinvertebrate fouling might be expected, as it has

been observed in other regions under similar conditions

(Poloczanska and Butler, 2009; Ansari et al., 2015; Khosravi et al.,

2019). This agrees with the results of this study, as the sites under

higher environmental risk, according to ERA, exhibited higher

coverage of macroinvertebrates, as well as NIS and cryptogenic

species. This colonisation may be exacerbated by increasing

temperatures resulting from climate change scenarios and could

result in diversity shifts of native species and an increase in NIS

coverage and dominance (Castro et al., 2021, 2022; Tempesti et al.,

2022b; Zaiko et al., 2024). Along with the increase of fouling

biomass, we could expect a similar increase in their associated

epifauna. This was observed in GACG, where the high coverage of

the semi-encrusting bryozoan Schizoporella errata/pungens on

panels, likely increased spatial heterogeneity and refugia on the

panels surface, contributing to a higher number and abundance of

motile taxa, particularly Annelida (see Cocito et al., 2000; Morgado

and Tanaka, 2001; Sellheim et al., 2010). Overall, these pioneer

communities can provide new habitats for biofouling species and

create favourable conditions for other NIS to establish and spread,

accelerating their impact on native ecosystems and potentially

triggering an invasion meltdown (Firth et al., 2021; Beshai et al.,

2023). On the contrary, diverse assemblages contribute to overall

biotic resistance (which refers to the ability of native species and

ecosystems to resist invasion) due to higher functional trait richness

and lower dominance levels, and therefore should be promoted as

part of NEOM’s conservation and mitigation efforts (Beshai et al.,

2023; Zaiko et al., 2024).
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4.2 Composition of assemblages: Non-
indigenous and cryptogenic species

The high number of NIS and cryptogenic species detected using

bulk DNA and eDNA confirms the potential of molecular tools for

the identification of NIS (Fonseca et al., 2023). These techniques

detected the majority of NIS and cryptogenic species reported in

this study compared to morphological identification of the species,

therefore we strongly recommend that molecular methods should

be further expanded in the region. However, special attention

should be given to the conclusions derived from molecular-based

assessments, especially those relying on eDNA. Challenges

associated with DNA degradation, transport, temperature, flow

rate of the water or time since eDNA was released until it was

captured can influence the detection of species (Fonseca et al., 2023;

Aylagas et al., 2024). False positives are a likely potential risk, due to

cross-contamination, errors during PCR and sequencing, and

misidentifications on databases (Ficetola et al., 2015; Xiong et al.,

2016; Duarte et al., 2021b; Gauff et al., 2023). It is not unusual to

detect sequences of taxa that are non-native to the study sites, with

blank and positive controls being key tools to confirm reliability of

these records (Darling and Mahon, 2011; Couton et al., 2022).

This study followed protocols to minimise false positives by

including the sequencing of field controls and laboratory DNA

extraction blanks. However, the presence of terrestrial and

freshwater species in the eDNA datasets indicates that external

inputs (e.g., DNA input from water runoff and contamination) and/

or misassignments of species are possible. Therefore, we suggest

that identifications based on molecular data alone should be

interpreted with caution, particularly those that constitute new

records of NIS or cryptogenic species for a region such as NEOM

or the Red Sea. The collection of specimens and ecological data

should therefore remain critical for accurately assessing the

bioinvasion status of these species (Xiong et al., 2016; Couton

et al., 2022). For instance, previous studies have followed this

approach in which species were first identified using DNA-based

methodologies and only later confirmed through morphological

identification (Thomsen et al., 2012; Borrell et al., 2018; Guerra-

Garcia et al., 2023). Should this approach be established, it would be

only after living individuals are collected that a NIS species’

presence in the region can be considered as confirmed.

An example of a potential false positive is the common Atlantic

shore crab, Carcinus maenas, detected in this study from the 18S

dataset and recently reported in the Red Sea using same marker

(Aylagas et al., 2024). This globally invasive crab has a single

historic record from the Red Sea, decades before the construction

of Suez Canal (Savigny, 1817; Carlton and Cohen, 2003), with

several subsequent authors including the Red Sea in the species’

distribution range (see short summary in Klunzinger, 1913). Since

C. maenas is a large, conspicuous, shore-inhabiting crab, it would

have been easily detectable. Therefore, considering the absence of

recent records of C. maenas from the Red Sea, its detection using

molecular tools and by only one marker should be interpreted

carefully and be confirmed with further studies to conclude that an

established population of this species exists in the region (Frederich
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and Lancaster, 2024). More generally, due to the low taxonomic

resolution of the 18S genetic marker for species level identification

(Zhang et al., 2018; Lee et al., 2023) it may not be the most suitable

marker for accurate NIS detection. The same issue is exemplified by

two other decapod species detected with 18S, Palaemon adspersus

and Eriocheir sinensis, which are rather unlikely to be present in the

study area. Consequently, assessing the suitability of 18S as a NIS-

detection marker gene is a topic that deserves further research.

The identification of possible NIS is often hampered by the lack of

accurate biogeographic information of species, which results in the

characterization of many species as cryptogenic (Carvalho et al., 2023;

Ros et al., 2023). Without dedicated studies using molecular data (i.e.

DNA barcoding) from several different regions, it is challenging to

differentiate between cosmopolitan species, cryptic species complexes,

NIS and cryptogenic species. In the case of cryptic species complexes,

some taxa may have a particular molecular lineage(s) with a

widespread distribution, while others have more restricted ranges or

even unique locations (Nygren, 2014). Examples of this can be seen in

the Annelida dataset based on mobile Polychaeta (Supplementary File

4). Pseudonereis gallapagensis, originally described from Galapagos

(Kinberg, 1865), has a documented distribution ranging three

different oceans (Atlantic, Pacific and Indian oceans; WoRMS, Read

and Fauchald, 2024). Our sequences from the northern Red Sea are

molecularly distinct from Colombian Pacific specimens based on

unpublished GenBank COI data, but morphologically similar to the

syntype redescription by Bakken (2007) and the description by Conde-

Vela (2018) using material from Peru and Chile. If correctly identified

by all parties, our specimens are most likely a new undescribed species

from the P. gallapagensis complex, which is apparently endemic to the

Red Sea. However, data from surrounding areas, including the Indian

Ocean, are needed to confirm this hypothesis. A similar example is

observed in our specimens identified as Ceratonereis tentaculata.

However, in this case, two separate Red Sea lineages were found

both divergent from unpublished Genbank sequences from

topotypical specimens from Hawaii (USA). This may be a case

where further investigations on these deeply divergent lineages lead

to the recognition of diagnostic morphological features that were

previously overlooked (e.g., Teixeira et al., 2022, 2023).

The DS-BINIS BOLD project that resulted from this study (see

Data Availability section) represents a critical advancement in

biosecurity efforts by initiating and establishing a local DNA

reference library for biofouling in the NEOM region. By using both

morphological and molecular identification methods, it sets a baseline

that will be continuously refined through updates and examination of

voucher collections. This baseline is critical for improving molecular

detection and increasing the accuracy of monitoring tools (Carvalho

et al., 2023; Ros et al., 2023). The molecular sequences resulting from

this study can help increase accuracy in future assessments, although

the improvement of identification and biogeographical status

assignment will depend on the continuous update and examination

of voucher collections. This will benefit from more diverse sampling

efforts, such as the collection of vouchers from different habitats (e.g.,

mature biofouling from existing structures), collector types (e.g., baited

traps and habitat collectors) and sampling times, focusing on

understudied taxonomic groups and including a more

comprehensive assessment of the species taxonomy and
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biogeography (Puillandre et al., 2012; Berumen et al., 2013;

Normant-Saremba et al., 2020; Ros et al., 2023). An example of

increasing sampling effort is provided in this study by using bricks

and ropes to collect specimens, which led to detecting twice as many

morphospecies compared to that from using only panels. This not only

provided a larger sampling surface, but different habitat characteristics,

potentially leading to the presence of a different array of species than

those found on panels. In addition, the detection and monitoring of

species can also be improved by increasing the effort when processing

molecular samples. For example, by using multiple markers and

primers specific for taxonomic groups that might have been

underrepresented, such as algae, ascidians and annelids (Iannotta

et al., 2007; Sun, 2017; van der Loos & Nijland, 2021; Duarte et al.,

2021b). Finally, more than 50% of ASVs from bulk DNA and eDNA

datasets were not assigned to any family during analyses. Therefore,

building curated regional barcode libraries and focusing on dedicated

studies using integrative taxonomy to explore undescribed and cryptic

lineages will be important for the continued improvement of molecular

detection and biomonitoring tools (Carvalho et al., 2023).
4.3 Study implications

The study of biofouling communities in areas under intense

demographic growth and urban development will enhance our

understanding on how coastal sprawl influences ecological dynamics

and bioinvasion processes. Coastal development and increased

exploitation of Saudi Arabia’s Red Sea resources, as planned and

underway at several sites along the coast, are inevitable (Robitzch

et al., 2023). However, this should not compromise biodiversity and

ecosystem functioning, on which the long-term viability of a

sustainable economy largely depends (Robitzch et al., 2023).

Lagoons have been proposed as singular ecosystems and

biodiversity hotspots within the Red Sea (Alsaffar et al., 2020a, b).

Lagoons are among the most impacted ecosystems by coastal

constructions around the globe (Rodrıǵuez-Gallego et al., 2017;

Sempere-Valverde et al., 2023). In NEOM, Sharma lagoon is slated

for development (NEOM, 2024), and the floating structures in this

area are already dominated by potentially introduced species, which

raises concerns about the bioinvasion status in natural habitats. For

example, Schizoporella cf. errata and Celleporaria inaudita were

abundant within the assemblages in Sharma lagoon, sometimes

monopolizing the space on panels and the lateral surface of floating

pontoons (pers. obs. JS-V). However, the extent and prevalence of

these and other potentially introduced species in natural habitats is

unknown, which limits our ability to detect and quantify possible

bioinvasion processes and impacts. Therefore, Sharma lagoon

should be a priority area for the mitigation of impacts and the

conservation of native biodiversity. Nevertheless, the importance of

preserving undisturbed areas in NEOM should not be overlooked,

as some of these areas, such as Taba lagoon (GATL), as well as

GAAL and AMCG, hosted a high diversity of morphospecies and

families. As the region develops, the use of informed development

and sustainable growth will be crucial for the conservation of

Sharma lagoon and other NEOM coastal habitats (Robitzch

et al., 2023).
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Particular importance should be given to the elaboration of updated

risk assessment for the NIS and cryptogenic species in NEOM to rank

their priority in a biosecurity framework (e.g., Molnar et al., 2008; Clarke

et al., 2020; Carvalho et al., 2023). These assessments require knowledge

on the ecological status of species in different habitats. This study

establishes a preliminary baseline that must be expanded to enhance

understanding of the region’s biodiversity and improve tools for

ecosystem and biosecurity management (Mandrak and Cudmore,

2015; Carvalho et al., 2023; Aylagas et al., 2024).
5 Conclusion

This study expands the knowledge of biofouling community

composition and structure in the northern Red Sea, providing a

preliminary list of non-indigenous and cryptogenic species in the

area. It updates the current lists of biofouling NIS in the Red Sea

(e.g., Aylagas et al., 2024) and sets the baseline for future studies and

monitoring efforts not only in the NEOM region but in the whole of the

Red Sea. However, much work is still needed to disentangle cryptic

lineages and resolve the biogeographical history of species, particularly

those native to the west Indo-Pacific but cryptogenic to the Red Sea.

Future efforts should not only focus onmonitoring coastal habitats and

developing biosecurity strategies, but also on the identity and native

range of species. This will improve our ability to assess and monitor

biodiversity, perform bioinvasion risk and impact assessments and

guide biosecurity management efforts (Carvalho et al., 2023). As coastal

constructions expand, natural undisturbed areas such as NEOM are

becoming both natural laboratories and conservation areas of global

priority (Robitzch et al., 2023). These challenges also come with the

opportunity to focus on an ecosystem-based management of coastal

sprawl, through the implementation of nature-based engineering,

circular economy, and sustainable growth (Firth et al., 2016;

Robitzch et al., 2023).
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Couton, M., Lévêque, L., Daguin-Thiébaut, C., Comtet, T., and Viard, F. (2022).
Water eDNA metabarcoding is effective in detecting non-native species in marinas, but
detection errors still hinder its use for passive monitoring. Biofouling 38, 367–383.
doi: 10.1080/08927014.2022.2075739

Dafforn, K. A., Johnston, E. L., and Glasby, T. M. (2009). Shallow moving structures
promote marine invader dominance. Biofouling 25 3), 277–287. doi: 10.1080/
08927010802710618

Darling, J. A., and Mahon, A. R. (2011). From molecules to management: adopting
DNA-based methods for monitoring biological invasions in aquatic environments.
Environ. Res. 111, 978–988. doi: 10.1016/j.envres.2011.02.001

DiBattista, J. D., Howard, C. J., Gaither, M. R., Hobbs, J.-P. A., Lozano-Cortés, D. F.,
Myers, R. F., et al. (2016). On the origin of endemic species in the Red Sea. J. Biogeogr.
43, 13–30. doi: 10.1111/jbi.12631

Duarte, S., Leite, B. R., Feio, M. J., Costa, F. O., and Filipe, A. F. (2021a). Integration
of DNA-based approaches in aquatic ecological assessment using benthic
macroinvertebrates. Water 13, 331. doi: 10.3390/w13030331

Duarte, S., Vieira, P. E., Lavrador, A. S., and Costa, F. O. (2021b). Status and
prospects of marine NIS detection and monitoring through (e)DNA metabarcoding.
Sci. Total Environ. 751, 141729. doi: 10.1016/j.scitotenv.2020.141729

El-Wahab, A. M., Dar, M. A., and Mohammad, T. A. (2005). Sediments, coral reefs
and seawater interactions in some coastal lagoons, Red Sea, Egypt. Egyptian J. Aquat.
Res. 31, 69–85.

F. Espinosa (Ed.) (2023). Coastal Habitat Conservation. New Perspectives and
Sustainable Development of Biodiversity in the Anthropocene (London, United
Kingdom: Elsevier Academic Press). doi: 10.1016/C2020-0-01178-3

Farias, J., Vieira, L. M., and Almeida, A. C. (2024). Revealing the diversity of
parasmittina osburn 1952 (Bryozoa, Cheilostomatida) from the Southwest Atlantic:
Species complexes, non-native and new species. PloS One 19, e0304347. doi: 10.1371/
journal.pone.0304347

Fernandez, S., Ardura, A., Georges, O., Martinez, J. L., Suarez-Menendez, M., Planes,
S., et al. (2022). Non-native species in the north Gulf of Aqaba (Red Sea) revealed from
environmental DNA. Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.940889

Ferrario, J., Caronni, S., Occhipinti-Ambrogi, A., and Marchini, A. (2017). Role of
commercial harbours and recreational marinas in the spread of non-indigenous fouling
species. Biofouling 33, 651–660. doi: 10.1080/08927014.2017.1351958

Ficetola, G. F., Pansu, J., Bonin, A., Coissac, E., Giguet-Covex, C., De Barba, M., et al.
(2015). Replication levels, false presences and the estimation of the presence/absence
from eDNA metabarcoding data. Mol. Ecol. Resour. 15, 543–556. doi: 10.1111/1755-
0998.12338

Firth, L. B., Duff, L., Gribben, P. E., and Knights, A. M. (2021). Do positive
interactions between marine invaders increase likelihood of invasion into natural
and artificial habitats? Oikos 130, 453–463. doi: 10.1111/oik.07862

Firth, L. B., Knights, A. M., Bridger, D., Evans, A. J., Mieszkowska, N., Moore, P. J.,
et al. (2016). Ocean sprawl: challenges and opportunities for biodiversity management
in a changing world. Oceanogr. Mar. Biol.: an Annu. Rev. 54, 189–262. doi: 10.1201/
9781315368597

Fofonoff, P. W., Ruiz, G. M., Steves, B., Simkanin, C., and Carlton, J. T. (2018).
National exotic marine and estuarine species information system. Available online at:
https://invasions.si.edu/nemesis (Accessed October 06, 2024).

Fonseca, V. G., Davison, P. I., Creach, V., Stone, D., Bass, D., and Tidbury, H. J.
(2023). The application of eDNA for monitoring aquatic non-indigenous species:
practical and policy considerations. Diversity 15, 631. doi: 10.3390/d15050631

Frederich, M., and Lancaster, E. R. (2024). “The European green crab, Carcinus
maenas: Where did they come from and why are they here?” in Ecophysiology of
the European Green Crab (Carcinus Maenas) and Related Species. Eds. D. Weihrauch
and I. J. McGaw (London, UK: Elsevier Academic Press), 1–20. doi: 10.1016/B978-0-
323-99694-5.00002-7
Frontiers in Marine Science 20
Gauff, R. P. M., Bouchoucha, M., Curd, A., Droual, G., Evrard, J., Gayet, N., et al.
(2023). First joint morphological and molecular detection ofWatersipora subatra in the
Mediterranean Sea presented in an updated genus phylogeny to resolve taxonomic
confusion. Aquat. Invasions 18, 295–312. doi: 10.3391/ai.2023.18.3.108128

GBIF Secretariat (2023). Dicyathifer mannii (E.P.Wright 1866) (GBIF Backbone
Taxonomy) (Accessed October 06, 2024).

Ghandourah, M. A., Orif, M. I., Al-Farawati, R. K., El-Shahawi, M. S., and Abu-Zeid,
R. H. (2023). Illegal pollution loading accelerate the oxygen deficiency along the coastal
lagoons of eastern Red Sea. Regional Stud. Mar. Sci. 63, 102982. doi: 10.1016/
j.rsma.2023.102982

Glasby, T. M. (2001). Development of sessile marine assemblages on fixed versus
movingsubstrata. Mar. Ecol. Prog. Ser. 215, 37–47. doi: 10.3354/meps215037
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