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Abstract: The arrival of a new invasive alga, Rugulopteryx okamurae, in the Strait of Gibraltar (SoG) in
2015 marked an unprecedented milestone in the North African and, later, in the European marine
ecosystems. Nowadays, it is colonising vast infralittoral areas and significantly modifying some
habitats and associated communities of the southern Iberian Peninsula. In recent expeditions, a
high amount of free drifted thalli of this alga has been detected in different circalittoral and bathyal
habitats of the northern SoG and the Alboran Sea. The present study combines quantitative data of
this alga obtained with the use of a remotely operated vehicle (ROV) and a bottom otter trawl. The
coverage–entanglement level of the drifted thalli on circalittoral and bathyal benthic invertebrates
(e.g., not covering, covering only the basal part, covering one-third of the invertebrate, etc.) was
also annotated from picture frames taken in locations with abundant drifted thalli. In underwater
images, drifted thalli were mainly detected in circalittoral and bathyal bottoms of the northern SoG
and the north-western Alboran Sea, between 50 to ca. 450 m depth. Nevertheless, abundant drifted
thalli were also detected in bottom otter trawl samples from circalittoral bottoms of the north-central
and north-eastern Alboran Sea. Small benthic organisms (e.g., encrusting sponges, hydrozoans, etc.)
generally displayed low coverage–entanglement levels of drifted thalli. Nevertheless, large sessile
and colonial benthic organisms with a complex three-dimensional morphology (e.g., gorgonians,
colonial scleractinians) reached high levels of R. okamurae thalli entangled in different parts of their
colonies. The drifted R. okamurae thalli entangled in these colonial suspension feeding organisms may
hinder their feeding capability in the long term, resulting in habitat deterioration in the near future.

Keywords: benthic invertebrates; alien species; invasive species; drifted algae; Mediterranean Sea;
coverage; biomass

1. Introduction

The Strait of Gibraltar (SoG) and the Alboran Sea represent areas of oceanographic and
biological confluence, which are located between the Mediterranean Sea and the Atlantic
Ocean [1–3]. This sector of the Western Mediterranean Sea presents complex submarine
geomorphology, with a high diversity of habitats, species (including a wide variety of
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threatened ones), and commercially exploited marine resources [1,2,4–6]. Unfortunately,
it is also an area exposed to high anthropogenic pressures, harbouring widely urbanized
coastal areas, intense maritime traffic, and high activity of industrial and artisanal fishing
fleets, which require complex spatial and temporal management.

In 2015, the arrival of a new alien and highly invasive alga, Rugulopteryx okamurae
(E.Y. Dawson), to the SoG marked an unprecedented milestone in North African and
European marine ecosystems [7–13]. From 2015 to date, R. okamurae has colonised most
of the infralittoral rocky bottoms (5–30 m deep) of the SoG and is currently expanding
towards adjacent Atlantic and Mediterranean coastal areas, including the southern and
eastern Iberian Peninsula [14,15], southern Portugal [16], north Africa [17] and some
Macaronesian Islands (e.g., Madeira, Azores Islands) [18,19], where it is currently modifying
the infralittoral habitats and associated communities. In Europe, this alga was firstly
detected in 2002 in the Thau lagoon (southern France), but it became highly dominant along
the Marseille coasts during 2018–2020 [20,21]. The great invasive capacity of R. okamurae is
enhanced by its dispersion pathway (through unattached thalli–free drifted thalli), prolific
vegetative reproduction, and high survival in adverse environmental conditions [9,10,22].
Moreover, the very high productivity of this alga is transported via drifted thalli that can
accumulate on beaches, rocks, or other hard substrates, and may generate a significant
impact on human socioeconomic activities, tourism, and, of course, on marine habitats,
not just where the algae develop but also in adjacent coastal locations (Figure 1). In the
case of the invasion of R. okamurae, its high vegetative growth can sometimes lead to the
algae covering 80–100% of the infralittoral and shallow circalittoral bottoms of the SoG and
the Alboran Sea, which unfortunately results in (1) a regression of many native algae and
invertebrate species and (2) the reduction in the typical benthic heterogeneity of infralittoral
rocky coasts [11,12,14]. Moreover, large amounts of detached thalli can be transported by
the currents (drifted thalli) not just to the shores but also to deep areas, where they can
cause a negative impact on some fragile habitat-forming species (e.g., the bamboo coral
Isidella elongata) [22].

This study documents for the first time the massive presence of drifted R. okamurae
thalli in the deep circalittoral and bathyal bottoms of the northern SoG and the Alboran
Sea. The drifted thalli seem to be transported and dispersed by bottom currents as already
documented in the nearby Gulf of Cádiz [22]. In this new study, the potential impact that
the drifted thalli may have on different habitat-structuring/forming species of circalittoral
and bathyal habitats has been based on the coverage–entanglement of the drifted thalli on
those sessile organisms. The main aims of the present study are (1) to detect and quantify
the accumulations of drifted thalli of R. okamurae on the shelf and slope of the northern
SoG and the Alboran Sea and (2) to study the interaction of drifted thalli of R. okamurae
with habitat-structuring/forming species of circalittoral and bathyal bottoms in this area of
transition between the Atlantic Ocean and the Mediterranean Sea. The starting hypothesis
is that the drifted thalli may be abundant in deepareas close to infralittoral areas colonised
by this alga, and that the coverage–entanglement by the drifted thalli will be higher in
large and three-dimensionally complex organisms. The importance of the present study
is to document the potential impact that this new biological threat can generate not only
in infralittoral habitats, but also in circalittoral and bathyal habitats to undertake rapid
actions that may serve to improve knowledge of those deep-sea areas and species mostly
affected by this invasive alga and/or implement actions for documenting and mitigating
this impact in the near future.
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Miguel Fernández-Salas). (B) Detail of a drifted thalli of R. okamurae collected off Calaburras (Má-

laga) in the northern Alboran Sea (36.4791 N, 4.6461 W) (scale: 1 cm) (photo taken by José L. 

Rueda). (C) Cleaning of fishing nets covered with entangled drifted thalli of R. okamurae at the 

fishing harbour of Fuengirola (Málaga) (photo taken by Á ngel Mateo Ramirez). 
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Figure 1. (A) Massive accumulation of drifted thalli of the invasive alga Rugulopteryxokamurae on
Los Lances beach (Tarifa, Cádiz) in the northern part of the Strait of Gibraltar (photo taken by Luis
Miguel Fernández-Salas). (B) Detail of a drifted thalli of R. okamurae collected off Calaburras (Málaga)
in the northern Alboran Sea (36.4791 N, 4.6461 W) (scale: 1 cm) (photo taken by José L. Rueda).
(C) Cleaning of fishing nets covered with entangled drifted thalli of R. okamurae at the fishing harbour
of Fuengirola (Málaga) (photo taken by Ángel Mateo Ramirez).

2. Materials and Methods

Data on presence, coverage, and biomass of Rugulopteryx okamurae in Spanish waters of
the northern margin of the Strait of Gibraltar (SoG) and the Alboran Sea have been obtained
during different expeditions carried out by Instituto Español de Oceanografía—CSIC. The
first one was the CIRCAESAL 0721 expedition carried out between July and August 2021,
with the aim of assessing the health status of the circalittoral and bathyal benthic habitats of
this basin. The CIRCAESAL 0721 expedition was carried out within the framework of the
Marine Strategy Framework Directive (Directive 2008/56/CE) and the monitoring activities
of circalittoral and bathyal benthic habitats under the Descriptor 1 (Biodiversity) and
Descriptor 6 (Seabed). During the CIRCAESAL 0721 expedition, 35 transects of underwater
imageswere obtained with a remotely operated vehicle (ROV) and an underwater camera
sled (UCS) in 14 sectors of the northern SoG and the Alboran Sea (Figure 2, Table S1).
Several of these transects were located in Marine Protected Areas (from the Natura 2000
Network or Marine Reserves—e.g., the insular shelf of the Alboran Ridge) while others
where located in areas with a moderate-high degree of anthropic and fishing pressure (e.g.,
Bay of Málaga). High-resolution and georeferenced underwater images obtained with
these two devices were analysed for identifying and quantifying key benthic and demersal
species, drifted thalli of R. okamurae, and substrate types. The underwater images were
obtained with high-precision submarine navigation using a HiPAP device, being captured
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between 0.5 and 2.5 m from the seafloor, during ca. 1–8 h transects. The mean distances
explored were ca. 2000 m for ROV transects and ca. 1000 m for UCS transects at depths
between 17 and 718 m. Some of the biological (e.g., colonies, organisms) and seafloor
characteristics observed in each transect could be measured using laser pointers for scaling
(with 10 cm separation in both ROV and TASIFE). In photo frames along the underwater
image transects, coverage measurements (%) of drifted thalli of R. okamurae on the seabed
were taken by using the grid option in the software ImageJ and counting those grids where
the drifted thalli were present (Figure S1).
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Figure 2. (A) Location of bottom trawl samples obtained during the MEDITS expeditions (white
circles) and underwater image transects obtained with the ROV LIROPUS 2000 and UCS TASIFE
during the CIRCAESAL 0721 expedition (grey circles) in the northern Strait of Gibraltar and the
Alboran Sea. Detailed positioning data of each sample and transect are listed in Tables S1 and S2
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(Supplementary Materials). (B) Biomass (g/1000 m2) (white circles) and mean coverage (%) (grey cir-
cles) of drifted thalli of Rugulopteryx okamurae detected in bottom otter trawl samples and underwater
images, respectively, in different circalittoral and bathyal areas of the northern Strait of Gibraltar and
the Alboran Sea. Size of the circle denotes increasing biomass and coverage of drifted thalli, with
the smallest circles indicating absence of drifted thalli in the sample or underwater image transects
(below).

Additional data on the distribution of drifted thalli of R. okamurae in circalittoral
and bathyal bottoms of the northern SoG and the Alboran Sea was obtained from several
MEDITS surveys (International Bottom Trawl Surveys in the Mediterranean) carried out in
spring from 2016 to 2023 (Figure 2). Haul duration was determined as a function of depth,
with 30 min hauls for those stations located <200 m depth (mostly continental shelf) and
60 min hauls for those located at depths greater than 200 m (continental slope) [23]. The
geographical position of each haul was recorded using a global positioning system device.
A GOC-73 bottom trawl (average horizontal opening: 21.5 m; average vertical opening:
2.5 m; cod end mesh size: 20 mm) was used for collecting the samples [24]. Thalli of R.
okamurae were separated from other collected organisms and weighed (i.e., wet weight) on
board. Finally, biomass data was standardised to grams per 1000 m2.

For studying the interaction of the drifted thalli of R. okamurae with some key benthic
organisms (e.g., habitat-forming species, dominant species) of circalittoral and bathyal
bottoms, each organism was identified to the lowest possible taxonomic level. In some
cases, when the organisms could not be identified to species or genus level (e.g., encrusting
sponges, hydrozoans, globular bryozoan, etc.), then they were treated as operational
taxonomic units (OTUs) (as commonly done in underwater imagery studies) because the
identification in underwater images is generally complex ([25] and references therein).
Although the designation of OTUs in genetics is related to taxa that share the same type of
genetic code, in this study the designation of OTUs was based on morphological and colour
features that sometimes even different species may share. In several cases, the identification
of some organisms to species and genus level was possible from samples collected with the
ROV sampling device in the same locations during this expedition and in adjacent areas in
previous expeditions using rock dredges. In some cases, the same OTU (e.g., encrusting
sponges) may contain different species and, on the contrary, phenotypes of the same species
could occasionally have been assigned to different OTUs and/or species, but this is a
common problem when analysing underwater images. For this reason, some analyses
were later based on the biological traits of those species and OTUs in order to know which
groups, forms, and sizes of organisms could be more vulnerable to drifted thalli covering–
entangling on their colonies. Drifted thalli of R. okamurae and other organisms collected
have been deposited in the biological reference collection of the Centro Oceanográfico de
Málaga (Oceanographic Centre of Málaga) from Instituto Español de Oceanografía—CSIC.

Interaction data of drifted thalli of R. okamurae with the OTUs was taken in photo
frames (taken 1–2 m from the seabed) along the underwater image transects. During
the quantification of OTUs, the abundance of individuals and colonies was annotated
with respect to the different coverage–entanglement levels of R. okamurae drifted thalli
as follows: (A) absence of R. okamurae drifted thalli on such OTU–species; (B) presence
of R. okamurae drifted thalli just in the basal part of the individual–colony of each OTU-
species; (C) presence of R. okamurae drifted thalli in less than 1/3 of the individual–colony;
(D) presence of R. okamurae drifted thalli between 1/3 and 2/3 of the individual–colony;
(E) presence of R. okamurae drifted thalli between 2/3 and 3/3 of the individual–colony;
(F) total coverage of R. okamurae drifted thalli in the individual–colony.

With the data obtained, the densities of individuals and colonies with each level
of coverage–entanglement in each OTU were estimated per square metre and also as
percentage of individuals of each level within each OTU, with the aim of finding which
OTUs displayed the maximum levels of coverage–entanglement of drifted thalli. Moreover,
four biological traits of the top dominant OTUs were considered in order to know which
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ones were mainly related to the amount of detached thalli of R. okamurae that hook to the
OTUs. In this sense, a one-way PERMANOVA was used for testing each biological trait
based on the Bray–Curtis similarity index and using square root transformed data of the
abundance of the top-dominant OTUs in relation to the different coverage–entangling levels
by R. okamurae drifted thalli, in order to achieve homogeneity in the variance. Biological
traits were analysed as fixed factors and included (1) benthic position with 3 levels: surface,
2–20 cm height from the seabed, and >20 cm; (2) body form with 4 levels: flattened, globulose,
erect but not branched, and erect and branched; (3) size with 4 levels: small (<2 cm),
medium (2–10 cm), medium-large (>10 and <50 cm), and large (>50 cm); and (4) flexibility
with 3 levels: none, low (between 10◦ and 45◦), and high (>45◦). Levels of biological
traits were similar to those used by [26]. Finally, principal component analysis (PCA) was
performed to graphically explore differences between OTUs in relation to the quantity of R.
okamurae drifted thalli covering–entangling on them and the relationships of the different
biological traits considered. Multivariate routines were implemented in PRIMER 6.0 +
PERMANOVA [27].

3. Results

The alien and invasive alga Rugulopteryx okamurae was extensively detected in circalit-
toral and bathyal bottoms of the northern Strait of Gibraltar (SoG) and the Alboran Sea
as drifted detached thalli that sometimes were heavily entangled in some benthic sessile
invertebrates (Figures 2–5). In the underwater images, drifted thalli were mainly detected
in the northern SoG (Algeciras and La Línea) and the north-western Alboran Sea (Cal-
aburras) at depths between 40 (Calaburras) and ca. 400 m (Algeciras Submarine Canyon)
(Figure 2). The mean coverage of R. okamurae drifted thalli was moderate-high in Calaburras
(42.7–65.6%) and Algeciras Submarine Canyon (54.6–57.8%), and moderate-low in La Línea
(4.0–5.8%) and Placer de las Bóvedas (3.8%). Drifted thalli of this alga were also detected in
several samples from the MEDITS expedition otter trawls in the north-western Alboran
Sea (from Estepona to Fuengirola) and the north-central and north-eastern Alboran Sea
(from Nerja to Roquetas de Mar), but always in continental shelf locations (depth < 120 m)
(Figure 2). In general, accumulations of drifted thalli were detected in both underwater
images and bottom trawl samples in the north-western part of the Alboran Sea, but not in
the north-eastern part of the Alboran Sea, where only the bottom trawl samples displayed
presence of drifted thalli. Biomass of drifted thalli of R. okamurae collected in otter trawls
was high in Punta Entinas (14,049–40,128.5 g/1000 m2), moderate in Fuengirola, Castell de
Ferro, and Roquetas de Mar (1319.0–1766.6 g/1000 m2), and low in Estepona and Marbella
(7.8–75.5 g/1000 m2). No drifted thalli of R. okamurae were detected in the circalittoral or
bathyal bottoms of the Alboran Ridge and the banks of Avempace, La Herradura, Ville of
Djibouti, El Sabinar, and Chella, among others. It is important to highlight the absence
of drifted thalli of this invasive alga on the insular shelf bordering the Alboran Island
(Alboran Ridge), where a large number of vulnerable benthic habitats and species occur.
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Figure 3. Drifted thalli of Rugulopteryx okamurae on some circalittoral habitats from hard (A–D) and
mixed bottoms (E–F) in the northern Strait of Gibraltar and the Alboran Sea displaying different
levels of coverage–entanglement on key benthic organisms. Ap: Axinella polypoides; Ax: Axinellidae;
Av: Axinella verrucosa; Br: Bryozoan; Di: Diazona sp.; Dr: Dendrophyllia ramea; Ec: Eunicella cavolini; Eg:
Eunicella gazella; El: Eunicella labiata; Es: Encrusting sponges; Ev: Eunicella verrucosa; Gs: Globular
sponges; Pc: Paramuricea clavata; Pv: Phakellia ventilabrum; Sa: Sabellidae; Sb: Synoicum blochmanni.
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Figure 4. Drifted thalli of Rugulopteryx okamurae on some circalittoral habitats with gorgonians (A),
sponges (B) and sea-pens (C,D) in the northern Strait of Gibraltar and the Alboran Sea displaying
different levels of coverage–entanglement on those key benthic organisms. Cc: Cliona celata; El:
Eunicella labiata; Ev: Eunicella verrucosa; Ls: Leptogorgia sarmentosa; Vc: Veretillum cynomorium.
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Figure 5. Drifted thalli of Rugulopteryx okamurae on some bathyal habitats with solitary scleractinians
and hydrozoans (A), large gorgonians (B) and large sponges (C,D) in the northern Strait of Gibraltar
and the Alboran Sea displaying different levels of coverage–entanglement on those key benthic
organisms. Ac: Acanthogorgia spp.; As: Asconema setubalense; Ca: Caryophyllia spp.; Cr: Crinoids;
Cv: Callogorgia verticillata; Dc: Dendrophyllia cornigera; Ea: Errina aspera; Hy: Hydrozoans; Op:
Ophiothrix spp.

In underwater images, drifted thalli of R. okamurae were detected on some indi-
viduals and colonies of different species and OTUs, and displaying different coverage–
entanglement levels (Figures 3–8). Regarding sponges, the encrusting and/or globular
sponges together with large and small cup-shaped sponges (e.g., Asconema setubalense,
Phakellia ventilabrum) generally did not present high levels of coverage–entanglement of R.
okamurae drifted thalli, with most colonies displaying levels A (absence of drifted thalli) and
B (presence of drifted thalli in the basal part of the individual–colony) (Figures 3, 5, 6 and 8).
Nevertheless, the branched forms of the genus Axinella (e.g., Axinella polypoides and A.
verrucosa) sometimes reached higher levels of coverage–entanglement of drifted thalli,
with specimens reaching level D (presence of drifted thalli between 1/3 and 2/3 of the
individual–colony) (Figures 3, 6 and 8). In relation to other groups, sessile colonial an-
nelids (e.g., Filograna implexa), bryozoans (e.g., Reteporella sp., Pentapora sp.), calcareous
hydrozoans (e.g., Errina aspera), and urochordates (e.g., Synoicum blochmanni) generally
reached low coverage–entanglement levels of drifted thalli (levels A and B), but occasion-
ally some calcareous hydrozoans and bryozoans with branched foliose forms reached level
C (presence of drifted thalli in less than 1/3 of the individual–colony) (Figures 3, 5, 6 and 8).
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Figure 6. Mean density (+standard deviation) of different (A) hydrozoan, polychaete, bryozoan, and
ascidian as well as (B) sponge species and OTUs with different levels of coverage–entanglement by
drifted thalli of Rugulopteryx okamurae in circalittoral and bathyal bottoms of the northern Strait of
Gibraltar and the Alboran Sea. A: absence of R. okamurae drifted thalli; B: presence of R. okamurae
drifted thalli in the basal part of the individual–colony; C: presence of R. okamurae drifted thalli in
less than 1/3 of the individual–colony; D: presence of R. okamurae drifted thalli between 1/3 and
2/3 of the individual–colony; E: presence of R. okamurae drifted thalli between 2/3 and 3/3 of the
individual–colony; F: total coverage of R. okamurae drifted thalli in the individual–colony.
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Figure 7. Mean density (+standard deviation) of different scleractinian (A) and octocoral (B) species
with different levels of coverage–entanglement by drifted thalli of Rugulopteryx okamurae in circalit-
toral and bathyal bottoms of the northern Strait of Gibraltar and the Alboran Sea. A: absence of R.
okamurae drifted thalli; B: presence of R. okamurae drifted thalli in the basal part of the individual–
colony; C: presence of R. okamurae drifted thalli in less than 1/3 of the individual–colony; D: presence
of R. okamurae drifted thalli between 1/3 and 2/3 of the individual–colony; E: presence of R. okamurae
drifted thalli between 2/3 and 3/3 of the individual–colony; F: total coverage of R. okamurae drifted
thalli in the individual–colony.
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Figure 8. Percentage of individuals–colonies of top-dominant OTUs and species in relation to different
levels of coverage–entanglement by drifted thalli of Rugulopteryx okamurae in circalittoral and bathyal
bottoms of the northern Strait of Gibraltar and the Alboran Sea. A: absence of R. okamurae drifted
thalli; B: presence of R. okamurae drifted thalli in the basal part of the individual–colony; C: presence
of R. okamurae drifted thalli in less than 1/3 of the individual–colony; D: presence of R. okamurae
drifted thalli between 1/3 and 2/3 of the individual–colony; E: presence of R. okamurae drifted thalli
between 2/3 and 3/3 of the individual–colony; F: total coverage of R. okamurae drifted thalli in the
individual–colony. Intensity of the red colour indicates higher percentage values.

Regarding cnidarians, scleractinians displayed different levels of coverage–entanglement
of drifted thalli of R. okamurae, with some of the large colonial species (e.g., Madrepora
oculata, Dendrophyllia cornigera) generally reaching the highest levels (E: presence of drifted
thalli between 2/3 and 3/3 of the individual–colony; F: total coverage of drifted thalli in
the individual–colony) (Figures 5, 7 and 8). Nevertheless, the solitary and small sclerac-
tinians (e.g., Caryophyllia spp.) did not display thalli entangled on their skeletons (level
A) (Figures 5, 7 and 8). Regarding octocorals, almost all the large and highly branched
gorgonians (e.g., Callogorgia verticillata, Leptogorgia sarmentosa, Eunicella cavolini, Eunicella
verrucosa, etc.) reached moderate to high levels of coverage–entanglement of drifted thalli
(levels D, E and F) (Figures 4, 5, 7 and 8). Nevertheless, the flexible and large sea-pen
Veretillum cynomorium, only reached low to moderate levels of coverage–entanglement of
drifted thalli (levels A, B and C) (Figures 4, 7 and 8).

In relation to the four biological traits of the top-dominant OTUs and species, PER-
MANOVA analyses showed that their body form and size were the main biological traits
related to the different levels of R. okamurae drifted thalli that covered–entangled on their
individuals and colonies (Table 1, Figure 9). Those invertebrates with an erect and branched
body form and with a medium-large size (mostly gorgonians and colonial scleractinians)
were those that presented the highest levels of R. okamurae drifted thalli (Table 1).
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Table 1. Results of one-way PERMANOVA examining the relationships of some biological traits
on the abundance of top-dominant invertebrates with different levels of coverage–entanglement of
drifted thalli of Rugulopteryx okamurae on them.

Source of Variation df SS MS F p

Benthic position 2 7740.4 3870.2 2.0215 0.0656
Res 19 36,375 1914.5
Total 21 44,115
Body form 3 17,993 5997.6 4.1327 0.0006
Res 18 26,123 1451.3
Total 21 44,115
Size 3 12,543 4181 2.3837 0.0204
Res 18 31,572 1754
Total 21 44,115
Flexibility 2 3267.4 1633.7 0.75991 0.6128
Res 19 40,848 2149.9
Total 21 44,115

Pairwise tests
Globulose 6= Erect and branched *; Erect and branched 6= Erect but not branched **
Medium 6= Medium
large **

Bold values indicate significant values; * p < 0.05; ** p < 0.01.
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Figure 9. Principal component analysis (PCA) of the abundance of top-dominant OTUs and species
in relation to their coverage–entanglement levels of Rugulopteryx okamurae drifted thalli and their
biological traits. Fil imp: Filograna implexa; Bry Ret: Bryozoan—Reteporella; Pentap: Pentapora spp.;
Syn blo: Synoicum blochmanni; Err asp: Errina aspera; Caryop: Caryophyllia sp.; Den cor: Dendrophyllia
cornigera; Den ram: Dendrophyllia ramea; Mad ocu: Madrepora oculata; Cal ver: Callogorgia verticillata;
Euncav: Eunicella cavolini; Eungaz: Eunicella gazella; Eun lab: Eunicella labiata; Eunver: Eunicella
verrucosa; Leptog: Leptogorgia sarmentosa; Ver cyn: Veretillum cynomorium; Phaven: Phakellia ventilabrum;
Asc set: Asconema setubalense; Axi pol: Axinella polypoides; Axiver: Axinella verrucosa; Glo spo: Globular
sponges; Enc spo: Encrusting sponges. PC1 and PC2 explained 52.9 and 21.5% of the variance,
respectively.
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PCA ordination displayed a similar trend to that of the PERMANOVA analyses,
with small and flattened to globular invertebrates (e.g., globular and encrusting sponges,
Filograna implexa, etc.; generally displaying low levels of drifted thalli, levels A–C) on the
left and top part of the ordination plot (Figure 9). Moreover, the large, erect, and branched
invertebrates such as scleractinians and gorgonians (generally displaying moderate-high
levels of drifted thali, levels C–E) were located on the right and bottom part of the ordination
plot (Figure 9). Axes I and II of the PCA ordination explained 74.4% of the variance.
The most correlated biological traits with this ordination were (1) size with a positive
correlation with the PC1 (Spearman correlation = 0.68, p < 0.05), (2) body form with a
negative correlation to PC2 (Spearman correlation = −0.59, p < 0.05), and (3) benthic position
with a negative correlation to PC2 (Spearman correlation =−0.52, p < 0.05) (Figure 9). In the
PCA, the vectors of these biological traits generally pointed to colonial scleractinians and
gorgonians, which were those invertebrates with the medium and large sizes, erected from
the seafloor and with a branched morphology. Those invertebrates reached the highest
levels of coverage by drifted thalli of R. okamurae (Figure 9).

4. Discussion

Drifted thalli of the invasive alga Rugulopteryx okamurae in circalittoral and bathyal
bottoms were mainly detected in the northern Strait of Gibraltar (SoG) and the north-
westernAlboran Sea (underwater images from CIRCAESAL 0721), but also along the
continental shelf of the north-central and north-easternAlboran Sea (bottom otter trawl
samples from MEDITS expeditions). In general, accumulations of drifted thalli were
detected in both underwater images and bottom trawl samples in the northwestern part
of the Alboran Sea, but not in the northeastern part of the Alboran Sea, where only the
bottom trawl samples displayed presence of drifted thalli. No drifted thalli were detected
in sectors disconnected from the continental margin such as the Alboran Ridge (Alboran
Island and its insular shelf); the banks of Avempace, La Herradura, and Ville de Djibouti
(located, respectively, at ca. 20, 30, and 33 nautic miles away from the continental margin
of the southern Iberian Peninsula); and even the banks Chella (also known as Seco de
los Olivos) and El Sabinar, located only ca. 3 nautic miles from the continental shelf
break. The spatial trend detected for drifted thalli of this invasive alga is very similar to
that described for the infralittoral bottoms where it occurs as a dominant component of
photophilous algal communities from the northern SoG to Almería coastal locations in
the northeastern sector of the Alboran Sea [7–10,13–15,21,28]. The massive productivity of
this invasive alga in those coastal locations represents an important source of drifted thalli
towards the shores, the adjacent coastal locations eastwards and also the deep areas located
nearby. Coastal current circulation in the northern SoG and the Alboran Sea is driven
by the Atlantic surficial waters, which flow towards the Mediterranean Sea, favouring
the transport of R. okamurae drifted thalli eastwards into the Mediterranean Sea, as also
detected in some distribution models [3,29]. The present study provides one of the first
records of large accumulations of drifted thalli of this highly invasive alga in circalittoral
and bathyal bottoms of the Alboran Sea, as previously detected in the Gulf of Cádiz (GoC).
Massive occurrence of drifted thalli of R. okamurae has been recorded along the coasts of
southern Spain (e.g., coasts of the Andalusian region) where nowadays they represent a
serious problem for tourism (e.g., high amount of drifted thalli on beaches) and fisheries
(Figure 1) [13]. In the GoC, drifted thalli were detected in circalittoral and bathyal bottoms,
due to the action of some coastal currents and the Mediterranean outflow water current
(MOW), which are the main driving mechanisms for thalli dispersal towards the deep-
sea [22]. In the northern Alboran Sea, the area with maximum values of biomass (located
on the continental shelf off Roquetas de Mar), is characterised by intense surface currents
associated with the Alboran Sea gyral circulation system [3]. Nevertheless, the process of
dispersal towards deep locations has not yet been described, but it is expected that further
massive colonisation of infralittoral bottoms by this invasive alga will be followed by high
amounts of drifted thalli in those circalittoral and bathyal bottoms located nearby.
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In the northern SoG and the Alboran Sea, some circalittoral and bathyal areas displayed
no or low occurrence of drifted thalli of R. okamurae, and this is partly explained by the
absence and/or low occurrence of infralittoral rocky bottoms in those areas (e.g., Bay of
Málaga, [6]), which are needed for the establishment of large living populations of this
alga [13]. In other areas with abundant infralittoral rocky bottoms (e.g., around the Alboran
Island, Alboran Ridge [6]), the absence of drifted thalli of R. okamurae in circalittoral and
bathyal bottoms probably indicates that this invasive macroalge has not yet arrived or
become a dominant component of the infralittoral photophilous macroalgal communities.
The physiographical isolation of the Alboran Island from the continental shelf and from the
main naval traffic routes could represent an advantage against invasion of R. okamurae.

Coverage of drifted thalli of R. okamurae in circalittoral and bathyal bottoms of the
northern SoG and the Alboran Sea ranged between 3.8% and 65.6% for circalittoral bottoms
and 4.0% and 57.8% for bathyal bottoms. Regarding biomass, the values ranged between 7.8
and 40,128.5 g/1000 m2. These values are lower than those reported in infralittoral bottoms
(sometimes reaching 100% coverage), and this is because some of the drifted thalli are
exported upwards to the shores or horizontally to similar depths along the continental shelf
and slope, so the amount of drifted thalli exported downwards is then lower than that from
the infralittoral source [11,28]. Biomass values obtained in the MEDITS expeditions were
always higher on the continental shelf (<120 m depth) than on slope bottoms (>120 m depth),
indicating a higher presence of drifted thalli in the circalittoral bottoms. Nevertheless, no
bathymetric pattern was detected in coverage data obtained in the underwater images, with
high and low values occurring in both circalittoral and bathyal bottoms, especially in the
Algeciras and La Línea submarine canyons. Some submarine structures such as submarine
canyons could explain some of the high values detected on the slope bottoms located
nearby as those of Algeciras and La Línea submarine canyons. The role of submarine
canyons and some erosive channels in transporting sediment, organic particles, organisms,
and even litter from the shelf to the slope is widely known [30], and this has already been
pointed out by [22] when understanding the dispersal of drifted thalli to deep locations of
the north-eastern GoC. Indeed, remains of other algae (e.g., Gelidium, Codium bursa) and
even seagrass species (e.g., Zostera noltii) were sometimes detected in samples of deep-sea
sediments from erosive channels and submarine canyons in the Alboran Sea and GoC
before the arrival of R. okamurae (Rueda, pers. com.). There is also evidence of massive
presence of drifted thalli of R. okamurae in submarine canyons of the southern SoG (e.g.,
Ceuta Submarine Canyon; Juan and Rueda, pers. com.), which may be the result of the
downslope transport of the abundant production of this alga in the southern SoG coastal
areas, where recurrent massive strandings (up to 5000 tonnes) have been removed from the
shores since 2016 [31].

Drifted thalli of R. okamurae displayed different levels of coverage–entanglement
in different top-dominant and habitat-forming invertebrates of circalittoral and bathyal
bottoms of the northern SoG and the Alboran Sea. Generally, invertebrates with small
size, not emerging significantly from the seabed (benthic position close to the seabed),
and with a flat or globular morphology (noncomplex body form) displayed low levels of
R. okamurae drifted thalli. Some of these invertebrates were the encrusting and globular
sponges and urochordates, the small solitary scleractinians (e.g., Caryophyllia spp.) and
some colonial annelids (e.g., Filograna implexa). These species generally have a small
capacity for entangling drifted algae, especially if not occurring in a high abundance as
it has also been found for small aquatic plants displaying noncomplex body forms and
occurring at low-moderate densities [15,32]. As commented by [32], drifting algal mats
are conglomerates detached from their parent algal source areas that can be moved by
winds or hydrodynamic forces, generally forming clumps or mats that may disintegrate
or aggregate, which in some cases can cover wide extensions of the sea floor. Drifted
algae are often gathered close to the areas where living populations occur, and in these
areas they can have major impacts on seafloor dynamics [15,22,32]. Nevertheless, they
can also be transported by strong currents and reach distant areas, affecting the health
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status, distribution, and temporal dynamics of different key organisms and even whole
habitats [15,22,32]. In this sense, the impact of the drifted thalli of R. okamurae on these
small and non-three-dimensionally complex benthic components (mostly filter feeding
invertebrates) is expected to be low, except if the drifted thalli may occasionally form
stable large clumps that no longer move with the currents. The degradation of these
clumps on top of these small filter-feeding invertebrates may cause an increase in nutrients
and hypoxia, together with a physical barrier for capturing food particles from the water
column, causing a decline in their population [32]. Indeed, some authors have detected
an increase in deposit feeders together with declines in filter feeders and photosynthetic
organisms in areas with large clumps of drifted algae [32–35].

Some circalittoral and bathyal bottoms of the northern SoG and the Alboran Sea
have high densities of sessile invertebrates that are large, emerge from the seafloor, and
have a complex body form (highly branched) [1,2]. In the present study, some of these
invertebrates have been found to retain a large amount of drifted thalli of R. okamurae
around their bodies. These invertebrates are mainly gorgonians and colonial scleractinians
that have polyps that capture small food particles [2,36,37]. Moreover, some of these
invertebrates generally have moderate to slow growth rates and can build vulnerable and
threatened habitats that are included in regional and international conservation lists under
different conventions and directives (e.g., OSPAR, Habitats Directive) [2]. Previous studies
found that the complex morphologies and densities of some seagrass species may increase
the retention capacity of drifted algae [38,39]. A similar condition may also occur for those
mentioned invertebrates in relation to their retention capacity of R. okamurae drifted thalli.
In the present study, it was not possible to detect if some R. okamurae thalli were living
and attached to the gorgonians and scleractinians, but it is expected that most of the thalli
were free drifted and sometimes entangled and covered whole colonies. Colonisation of
living R. okamurae on gorgonians (e.g., Paramuricea clavata) and colonial scleractinians (e.g.,
Dendrophyllia ramea) in infralittoral and shallow circalittoral bottoms of the Alboran Sea
and the SoG has previously been documented as epiphytes growing on dead skeletons of
those sessile suspension feeders [28,40]. In this case, the combined effect of global warming
and other anthropic pressures (e.g., fisheries) seem to cause weakness in the polyps of
those cnidarians and a subsequent increase in diseases and epibionts [41,42]. In the present
study, some polyps of the colonial scleractinians and gorgonians with high levels of drifted
thalli were detected closed, so it is expected that negative impacts could occur on the
gorgonians and scleractinians if thalli are constantly entangled around their branches. The
entanglement of drifted algae in complex body form organisms or less complex ones but
occurring at high densities is explained by their higher retention capacity, not only for
drifted algae but also for lost fishing lines and nets, plastics, and other drifted materials
through the seafloor [43]. Some of these drifted materials can cause a physical abrasion
to delicate invertebrate colonies, which a priori may not be the case for the drifted thalli
of R. okamurae on the invertebrates of this study. Nevertheless, this was the case for other
bathyal invertebrates such as the large, fragile, and three-dimensionally complex bamboo
coral colonies (Isidella elongata) that were severely damaged when large amounts of drifted
thalli entangled on the apical and easy-to-break branches of their colonies containing the
polyps [22]. An interesting case in the present study was that of some large and emerging
invertebrates that have the ability to retract to the seafloor (e.g., the pennatulacean Veretillum
cynomorium) [44]. The burial and emerging process of this soft bottom sea pen could help
them to be clean of drifted thalli, resulting in low levels of drifted thalli around their
bodies (generally levels A or B). Another interesting case is that of some highly flexible
and moderately branched invertebrates (e.g., the sponge Axinella polypoides) that generally
displayed less coverage of drifted thalli than that of gorgonians with similar size and body
form (e.g., Eunicella gazella). Probably the higher flexibility and lower three-dimensional
complexity of A. polypoides than that of gorgonians is beneficial against accumulating high
levels of entanglement.
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The potential impacts of the entanglement of drifted R. okamurae thalli on some of the
studied invertebrates could include a lower capacity for capturing food particles, if the
entangled thalli are constantly touching and disturbing structures involved on feeding such
as polyps, zooids, or sensitive apertures (e.g., urochordates). It is expected that the fitness
will be reduced in those organisms that are experiencing a constant disturbance in some of
their feeding structures. Some of these organisms are important habitat-forming species and
their decline could involve a decrease in the environmental status of the habitats as already
detected in infralittoral and shallow circalittoral coralligenous communities colonised by
R. okamurae in the northern and southern sector of the Alboran Sea [28,40]. In general,
macroalgal blooms end up displacing several aquatic organisms including seagrasses,
corals, or brown and red algae in the areas that they occupy [45]. This competition for
space with other photophilous species and invertebrates has been previously documented
for R. okamurae and other invasive algae [11,40]. Other effects of large amounts of drifted
thalli of R. okamurae could be similar to that of other algae and may include the reduction
in the photosynthetic capacity of photophilous species, including seagrasses [32], and the
depletion of oxygen due to decomposition of the algal tissues in areas with abundant thalli,
leading to the potential release of toxic metabolites to consumers [46]. Experimental studies
should be performed in order to understand how different levels of coverage by drifted
thalli of R. okamurae affect the physiology and biology of these key habitat-forming species
of the Mediterranean Sea and nearby Atlantic Ocean.

The dispersion of the drifted thalli of R. okamurae may have uncertain ecological
consequences that could affect not only the intertidal and infralittoral areas, which are
already experiencing large loads of drifted thalli, but also the deep compartments of the
ecosystem, as detected in the present study and in the GoC [22]. Therefore, the living
population of R. okamurae from infralittoral areas act as a source of drifted thalli for adjacent
deep-sea areas, so further algal colonisation to new infralittoral areas may result in further
arrival of drifted thalli to those adjacent deep-sea areas. In order to detect and understand
the potential impacts caused by the drifted thalli in the deep-sea areas, it is important to
carry out monitoring programs for obtaining information on the present-day health status
of the deep-sea habitats before and during periods with massive R. okamurae development
occurring in adjacent infralittoral areas. Moreover, experimental studies on the effects of
the drifted thalli on key habitat-forming species and on carbon sequestration in marine
sediments could also be helpful for understanding potential changes in the deep-sea
ecosystem.
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