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The invasive macroalga Rugulopteryx okamurae represents an unprecedented case of
bioinvasion by marine macroalgae facing the European coasts. Since the first apparition
of the species in the Strait of Gibraltar in 2015, its fast dispersion along the introduced
habitats constitutes a real challenge to develop monitoring strategies that ahead of its
impacts. The present study uses three different approaches to address impacts on
the benthic ecosystems, at the same time offers relevant data for future management
actions in El Estrecho Natural Park (PNE). Information obtained by monitoring permanent
sentinel stations revealed a significant loss in resident species coverage after the
moment of maximum growth in 2017. Thus, despite coverage of R. okamurae did not
strongly varied in the latter years, impacts generated remain high in the habitats studied.
Estimations of the invasive species coverage by combining cartographic image analysis
and in situ data predicted a major occupation (over 85% coverage) between 10 and
30 m, coinciding with the maximum rocky surface areas (m2) mapped on the PNE.
Furthermore, a Citizen Science research collaboration evidenced impacts on the benthic
seascape through an ad hoc exploration of images that allowed a “before” and “after”
comparison of the invasion process in the same geographic locations. This has made
it possible to graphically demonstrate severe changes in the underwater seascape and,
therefore, the general impact of this new biological invasion. The spatial colonization
estimations combined with the impacts reported by both scientific [Sessile Bioindicators
in Permanent Quadrats (SBPQ) sentinel stations] and civilian (Citizen Science) monitoring
methodologies claim the urgent development of further studies that allow the design of
monitoring strategies against R. okamurae expansion across the Mediterranean and
Atlantic waters.

Keywords: Rugulopteryx okamurae, Citizen Science, benthic biota, monitoring, invasive species, invasive
macroalgae, El Estrecho Natural Park, Strait of Gibraltar
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INTRODUCTION

The Strait of Gibraltar is a hot spot area for marine biodiversity
in the Atlantic-Mediterranean waters with great biogeographic
importance due the coalesce of the Lusitanian, Mediterranean
and Mauritanian regions (Ekman, 1953; Briggs, 1974; García-
Gómez, 2002). Together with the Alboran Sea, the Strait coasts
harbor species from the northern Atlantic, subtropical waters
of the northwestern of Africa and the Mediterranean Sea
(Templado, 2011; Mannino et al., 2017; Urra et al., 2017). Its
species richness and habitat diversity is influenced by the littoral
physiographic complexity, which has led to the co-occurrence
and dominance of different biological strategies and thus affecting
the composition of benthic communities (Zabala and Ballesteros,
1989). The biodiversity of this area has been largely assessed by
a list of references in terms of foundation species [macroalgae
(Flores-Moya et al., 1995a,b; Conde et al., 1996; Adama et al.,
2021) and sessile macroinvertebrates as ascidians (Carballo et al.,
1997) or molluscs (García-Gómez, 2002; Gofas et al., 2011)]
and associated fauna (e.g., García-Raso, 1993; Conradi et al.,
2000; Castello and Carballo, 2001; Guerra-García et al., 2009;
García-Raso et al., 2011).

However, the benthic systems have changed over time
according to different biotic and abiotic factors (see Gallardo
et al., 2021). The biodiversity and species richness have been
threatened by several anthropogenic pressures for many years,
mainly due to the proximity to pollution resources (e.g., chemical
industries, thermal plants, oil slick) (Morales, 2007; Soussi et al.,
2020), artificial infrastructures (Sánchez-Moyano et al., 2000;
Sedano et al., 2020) or maritime shipping and human activities
(Bianchi et al., 2013; Nachite et al., 2020). Indeed, the Strait
of Gibraltar supports the highest density of maritime traffic in
the Western Mediterranean (Abdulla and Linden, 2008; Endrina
et al., 2018). This implies a threat due to marine bioinvasions
since ballast waters and boat hulls fouling are recognized as
potential transport vectors for non-indigenous species (NIS)
(Ribera-Siguan, 2003).

Favorable environmental conditions increase the settlement
success of invaders (Villèle and Verlaque, 1995), which in turn
compromise the survival of surface-dependent organisms by
changing the physical characteristics and available substrata
(Mannino et al., 2017). Macrophytes (macroalgae and seagrases)
constitute the dominant group of invasive species in the Western
Mediterranean (Zenetos et al., 2010, 2012). In the recent
years, a number of studies have been performed on invasive
macroalgae that have interacted the resident sessile communities
promoting also cascading influence on associated fauna in
the Strait waters. Some examples are Asparagopsis armata
Harvey (Boudouresque and Verlaque, 2002; Guerra-García et al.,
2012), Asparagopsis taxiformis (Delile) Trevisan de Saint-Léon
(Altamirano et al., 2008; Navarro-Barranco et al., 2018), Caulerpa
cylindracea Sonder (Altamirano et al., 2014); Womersleyella
setacea (Hollenberg) R. E. Norris (Bedini et al., 2015), or
Lophocladia lallemandii (Montagne) F. Schmitz (Ballesteros et al.,
2007). Despite positive and neutral effects may also occur [e.g.,
Caulerpa racemosa (Forsskål) J. Agardh may maintain caprellid
populations in shallow Mediterranean habitats (Vázquez-Luis

et al., 2009)], these species have displayed pronounced and
drastic effects on the underwater seascape making it difficult
the implement success of strategies to mitigate their impacts
(Anderson, 2007; Klein and Verlaque, 2008).

The last notorious case of macroalga colonizing the Western
Mediterranean littorals is the species Rugulopteryx okamurae (E.
Y. Dawson) I.K. Hwang, W.J. Lee, and H.S. Kim. This brown
macroalga, originated from the northwest of Asia (Hwang et al.,
2009), has been systematically reported on the coasts of the
Strait of Gibraltar since 2015 (see Altamirano-Jeschke et al.,
2016), when more than 5,000 tons of wracks were extracted from
the beaches of its south coasts, in the city of Ceuta (North-
Africa) (Ocaña et al., 2016). The rocky bottoms of The Jbel
Moussa Site of Biological and Ecological Interest (SIBE) (El
Aamri et al., 2018) and the eastern littoral of El Estrecho Natural
Park (PNE) (García-Gómez et al., 2018) firstly represented the
northern and southern scenarios of R. okamurae expansion in
the Strait of Gibraltar. Until date, these areas constitute the
most intensely affected by the brown alga, which continues its
westward and eastward directionality of expansion (Altamirano
et al., 2019; Figueroa et al., 2020) with trend to monopolize
the sea rocky bottom in detriment of the photophilous resident
biota (García-Gómez et al., 2020b). In the introduced areas,
the species is present throughout the year and is dispersed
mainly due to asexual and vegetative strategies by propagules
and monospores (Altamirano-Jeschke et al., 2017; Altamirano
et al., 2019). Although it has not been possible to assess if the
species is able to complete its entire life cycle in the Atlantic
and Mediterranean waters (Verlaque et al., 2009; Altamirano-
Jeschke et al., 2016, 2017), the fast expansion and massive
occupation potential since its first detection in 2015 reflects that
this bioinvasion case is one of the most serious and threatening
caused by marine macroalgae in the European waters (García-
Gómez et al., 2018, 2020b).

It is urgent to carry out studies on the distribution, ecology
and impacts of R. okamurae in the Mediterranean and the
Atlantic coasts, as well as the implementation of management
measures. However, few studies have been carried out on
R. okamurae distribution (e.g., Altamirano-Jeschke et al., 2016;
Ocaña et al., 2016; El Aamri et al., 2018; Altamirano et al.,
2019) and its derived impacts on the recipient sessile (García-
Gómez et al., 2018, 2020b; Sempere-Valverde et al., 2020) and
mobile associated biota (Navarro-Barranco et al., 2019). In
this regard, there is only one published study monitoring the
temporal dynamic of the invasion since the first apparition
of the species in the Strait waters (see García-Gómez et al.,
2020b) by the utilization of Sessile Bioindicators in Permanent
Quadrats (SBPQ). The SBPQ is part of a monitoring of sessile
sentinel species which has been carried out since 2013 to detect
early impacts on the littoral environment, including changes in
the benthic system related to global warming (García-Gómez,
2015). Thus, this methodology has allowed to document not only
the establishment of R. okamurae but also the disappearance
of target species which become displaced in the absence of
environmental stability.

Long-term monitorings, as observational studies that obtain
full ecological characterizations in environmental evaluations
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(Moschella et al., 2005), are essential for the management of
invasive species, their early detection and the implementation
of a rapid response (Lodge et al., 2006; Williams and Smith,
2007; García-Gómez, 2015). In this sense, Citizen Science is a
research collaboration strategy involving members of the public
in scientific research projects to address real-world problems
(Wiggins and Crowston, 2011). This constitutes an emerging
movement of citizen participation given the breakdown or
reduction of barriers caused by advances in communication
technologies. Although there are challenges to effectively use
citizen-generated data to monitor invasive species on a global
scale (Earp and Liconti, 2020; Johnson et al., 2020), it can
be a useful tool to detect and monitoring the bioinvasion
processes (present study). In this sense, special emphasis has
been placed on the underwater seascape, as highlighted in
previous works performed in other research fields (Pittman
et al., 2011; Gobert et al., 2014; Cheminée et al., 2016; Schejter
et al., 2017; Ceraulo et al., 2018). The monitoring of an area by
comparative images reflecting “before” and “after” scenarios due
to bioinvasion processes as a proxy of BACI analyses (Before After
Control Impact) (Underwood, 1994; Montefalcone et al., 2008;
Conner et al., 2015; Donázar-Aramendía et al., 2018, 2020), may
offer key information on the degree of affection that the local
ecosystem has suffered and the risk of its prevalence in the area.
Among other aspects, the comparative analysis of images can
allow inferences regarding the behavior of biota and ecological
connectivity, since the underwater seascape can have a great
influence on it (Grober-Dunsmore et al., 2009).

The overall aim of this study was to advance our knowledge
on the R. okamurae bioinvasion case targeting efforts on different
monitoring approaches. Thus, objectives were threefold: (1) to
provide updated data about the evolution of R. okamurae and
key resident taxa in pre-coralligenous habitats and to test better
designs for future monitoring programs; (2) to estimate the
coverage of the invasive species on the rocky surface areas of the
PNE, providing mapping areas of suitable rocky substrata to host
the invasive species; and (3) to offer graphical evidences of radical
changes before and after the spatial establishment of R. okamurae
along the PNE littoral through Citizen Science collaborations.

MATERIALS AND METHODS

Study Area
The present study is focused on the northern coastline of the
Strait of Gibraltar. Concretely, the PNE, which is located in
the southern Iberian Peninsula and included within the Marine
Protected Areas (MPAs) of the Andalusian Intercontinental
Biosphere Reserve (Spain-Morocco). Situated between the
Atlantic Ocean (western coasts) and the Mediterranean Sea
(eastern coasts), the PNE extends from southern Spain to
northern Morocco, separating Europe and Africa by 14 km
distance. The study area includes the eastern littoral of
the PNE coastline, between Tarifa Island (36◦05′20.38′′N,
5◦48′45.34′′O) and Punta Carnero (Algeciras) (36◦4′30.18′′N,
5◦25′11.16′′O) (Figure 1).

Monitoring of the Submarine SBPQ
Station of Tarifa Island
The sessile community at the SBPQ station of Tarifa Island
(Figure 1) was seasonally sampled on partially shaded vertical
walls of the pre-coralligenous habitats (15 m depth) during 2013–
2017 by García-Gómez et al. (2020b). The SBPQ methodology
is specifically designed to assess impacts on sensitive species
characterized by long-life cycles, thus providing evidences in any
period of the year. This methodology has been designed as a
simple, non-invasive, underwater environmental alert tool for the
potential early detection of environmental impacts of anthropic
origin in the sublittoral system: in the short term (local alterations
derived from pollutants, coastal dredging or civil engineering
works, early detection of exotic species with invasive potential,
etc.), and in the medium or long term (global warming) (García-
Gómez, 2015; García-Gómez et al., 2020a). Because R. okamurae
is present all-year round in the Strait of Gibraltar (pers. obs.) and
most of target species from the sentinel station of Tarifa showed
at least 10% of coverage in all seasons (see García-Gómez et al.,
2020b), it could be expected that this long-term technique based
on permanent quadrats will allow the detection of changes in the
coverage of the invasive and the target species only considering
one sampling season. In this study, the monitoring activities
started in 2013 were temporally continued until 2020 and only
considering winters (no data are available from 2018, when
sampling was missed because of technical issues).

The monitoring station of Tarifa Island is composed of
three 1 × 1 m fixed quadrats separated 5–10 m from each
other. Within each fixed quadrat, four photo-quadrats of
50 × 50 cm were collected using in situ photographs via
scuba diving. Following the methodology proposed by García-
Gómez (2015), García-Gómez et al. (2020a) and the monitoring
study performed for 2013–2017 (García-Gómez et al., 2020b),
species coverage (percent) was obtained by superposing 10 × 10
grid over each photo-quadrat obtained for each fixed quadrat.
Since the methodology overestimates the species-cover, the total
percentage coverage in each photo-quadrat exceeded 100%.

To visualize the spatial distribution of replicates (quadrats)
among years, a non-metric multidimensional scaling (nmMDS)
based on a Bray–Curtis similarity matrix was performed on the
square root transformed coverage data considering all the data
pool since 2013. Differences in the sessile community structure
over the sampling years were analyzed using PERMANOVA
analysis under a nested design (sampling times were defined
as random factor, “Season,” nested within “Year,” fixed factor
with seven levels: 2013–2020). P-values were obtained through
a Monte Carlo test when small number of unique permutations
were obtained (Anderson et al., 2008). Also, the homogeneity
of the data dispersion among samples was tested for the fixed
factor “Year,” using a permutational analysis of multivariate
dispersions (PERMDISP) (Anderson, 2006). The contribution of
each species to the Bray–Curtis similarity was obtained using
a SIMPER (SiMilarity PERcentages) analysis. After performing
analyses considering the whole data base, we wanted to test
if the methodology was functional only sampling once a year
considering the community present in this sentinel station. We
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FIGURE 1 | Location of the study area in the Strait of Gibraltar showing the different sampling stations for each research objective. Star: location of the SBPQ station
in the Tarifa Island; Dark band: eastern littoral of El Estrecho Natural Park (PNE) subjected to estimations of R. okamurae coverage-affections; Black points: sampling
stations for Citizen Science collaborations. CAL = Caldera Profunda; TA = Tanque Gasoil; GA = La Garita; PO = Pozas Intermareales; TE = El Tejar; CA = La Caleta;
IS = La Isleta; BA = Barranco Hondo; GUI = Guadalmesí I; GUII = Guadalmesí II; PU = Punta Carnero.

considered winters as the season of the year most appropriate
to test whether the SBPQ methodology is minimally robust,
since it is the time when it is expected (for middle latitudes)
that the development and growth of the invasive macroalga
is lower (this has been supported by pers. obs. and growth
data for R. okamurae in Japan (Agatsuma et al., 2005), with
similar north latitude to Spain: between 20◦ and 40◦). Thus,
the sensitivity of the SBPQ methodology was tested repeating
all the analyses but only considering the data from the winter
of each year (i.e., factor “Year,” with seven levels: 2013–2020).
Overall multivariate analyses were carried out using PRIMER-
e v6 PERMANOVA + software (Clarke and Gorley, 2006;
Anderson et al., 2008).

Estimations of Rugulopteryx okamurae
Coverage in the PNE
The sublittoral physical cartography of the Strait of Gibraltar (0–1
nautical mile zone) (García-Gómez et al., 2003; see also CMAyOT
Consejería de Medio Ambiente y Ordenacion del Teritorio, 2008;
MITECO Ministerio para la Transición Ecológica, 2012) was
used to estimate the geographical and bathymetric expansion of
R. okamurae along the sublittoral coastline of the PNE (Figure 1).
Thus, R. okamurae coverage data were estimated and applied
to bathymetric intervals of rocky sublittoral habitats (0–5, 5–10,
10–20, 20–30, and 30–40 m) by averaging coverage data obtained
at the horizontal illuminated rocky surfaces of the southern coasts
of the Strait (summer 2018, at 14 km from the study area; data
previously published in García-Gómez et al., 2020b). Thus, the

degree of coverage of the rocky bottoms were mapped using a
polygon methodology for each bathymetric interval considered
as follow: (1) A digital bathymetry model (DTM) was made
in the PNE area and a 3-m orthogonal mesh was generated
(surfer application from Golden Software, LLC was used). (2)
The polygons of the outcropping rocks were extracted from the
GIS database and (3) an intersection operation was performed
between the DTM and the outcropping rock polygons. For
this, the geo-processing tools of the Qgis application with the
GNU general public license was used. (4) Once the DTM of
the bathymetry was obtained, surface of the outcropping rock
in each bathymetric interval was automatically calculated using
a basic scripting language code from Golden Software, LLC
(Contarea2.bas, 2000). The planar area (projected surface in
the horizontal plane) and the real surface were calculated. (5).
Finally, to generate a mapping of the rocky areas, the bathymetric
DTM was divided in the ranges described above, so percentage
coverages per bathymetric interval considered were displayed.

“Before-After” Underwater Seascape
Approximation by Citizen Science
Initiative
With the aid of local scuba divers and citizen scientists, the
research group of this study often obtains useful information
in environmental assessments on the Strait coasts and Algeciras
bay. In this regard, occasional observational surveys of the
benthic communities have been performing on the subtidal
coastline of the PNE for more than 10 years, providing valuable
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evidences of the underwater seascape dynamic over time. In
this study, 11 video graphically monitored sites between Tarifa
and Punta Carnero (Algeciras) (Figure 1) have been selected
to compare environmental scenarios before and after the first
establishment of R. okamurae on the northern Strait of Gibraltar
(2015). Citizen participants were constituted by experienced
local divers, that carefully recorded the underwater seascape
every time they performed their activities in the sites indicated.
With the attempt to combine minimal diving efforts with the
widest relevant information obtained (and thus, an optimal
collaboration), data was recorded by video graphic instead of
photographic methods (Cabatain et al., 2006). Thus, citizen and
scientific collaborators provided a large number of video graphic
data, of which individual video frames were selected and analyzed
in the laboratory.

Data from videos recorded between Tarifa Island and Punta
Carnero (i.e., El Tejar, La Caleta, La Isleta, Barranco Hondo,
Guadalmesí I, Guadalmesí II and Punta Carnero) yielded
information on the whole natural rocky area between 3 and
10 m depth, while videos from Tarifa Island offered data on
artificial substrata (i.e., Tanque Gasoil and Caldera Profunda;
7–10 m depth) and natural sublittoral (i.e., La Garita; 10–14
m depth) and intertidal habitats (i.e., Pozas Intermareales).
Images taken before and after the first citation of R. okamurae
in the Strait coasts (2015) were then selected and compared
providing different scenarios of the underwater seascape and
bioinvasion consequences.

RESULTS

Sessile Communities at the SBPQ
Monitoring Station of Tarifa (2013–2020)
Results obtained showed that the percentage coverage of the
sessile species at the SBPQ sentinel station located on vertical
surfaces of shady pre-coralligenous habitats in Tarifa Island
suffered a decrement in terms of species percent coverage
until 2020, excepting R. okamurae and the coral Astroides
calycularis (Pallas, 1766), which slightly increased after 2019
(Figure 2). PERMANOVA results revealed no evidences of
significant differences in the community structure between 2019
and 2020. However, it significantly differed from previous years
(2013–2017) (Table 1A and Figure 3A). The same pattern
was observed when the community from 2017 was compared
with the rest of sampling years. SIMPER analysis revealed
that dissimilarities with previous years were mainly given by
R. okamurae mean coverage values, which highly increased until
2017 (Supplementary Table 1). Instead, R. okamurae coverage
decreased after 2017, and only contributed to differences with
most recent data (2019–2020) in 13 and 15%, respectively. In this
case, it was the native community which mainly contributed to
dissimilarities, with an accumulative contribution up to 60% in
both cases and lower average values.

Results obtained only considering samplings from winters are
shown in Supplementary Figure 1 and Table 1B. Comparisons
revealed a hindrance of the exponential growth of R. okamurae
from 2016 (Supplementary Figure 1). In 2019 and 2020, a
slightly coverage enhancement was observed, but these values

only contributed to dissimilarities against previous winters
in a 16% (2019) and 17% (2020) (Supplementary Table 2).
Overall, species coverage did not significantly differ between
2019 and 2020 (Table 1B). In fact, ordination analyses (nmMDS)
revealed similar patterns to those obtained when including
all the seasons form the period 2013–2017 (Figure 3B).
Communities in 2020 significatively differed from winters before
2017 (included) and 2019 significantly differed from winters
before 2016 (included). Despite the high coverages reached in
2019 and 2020 contributed to main differences against 2016 in
both cases, when comparing with 2017, the loss of autochthonous
brown algae and A. calycularis contributed up to 50% of
dissimilarities in both cases.

Rugulopteryx okamurae Coverage
Estimations on the Sublittoral Areas of
the PNE
Coverage values registered at the bathymetric range of
distribution of R. okamurae in 2018 on horizontal illuminated
surfaces (García-Gómez et al., 2020b) (Figure 4A) allowed the
estimation of the species coverage for the different bathymetric
intervals (Figure 4B). R. okamurae percentage coverages were
mapped for all the PNE coastline (Figure 5) and rocky surface
areas and corresponding estimated percent coverages were
obtained for the eastern littoral of the PNE (Figures 6, 7). The
highest percentage coverages (85–96%) were obtained between
5 and 30 m depth. Over 10 m, these values coincided with the
less extensive (565,469 m2 between 5 and 10 m) and the most
extensive rocky surfaces registered along the PNE (more than
3,000,000 m2) (Figure 7). Thus, 96% of total coverage values
were reached at the bathymetric interval of 10–20 m depth,
estimated for a total rocky surface of 3,141,476 m2. Estimated
percentages of R. okamurae cover remained high (85%) until –
30 m. The lowest percentage coverages (42 and 45%) occupied
the deepest and the shallowest habitats (30–40 m and 0–5 m,
respectively). No coverage data deeper than 40 m were obtained
since no measurements were performed at such depth in studies
performed in 2018 (see García-Gómez et al., 2020b).

“Before-After” Underwater Seascape
Approximation by Citizen Science
Initiatives
The monitoring activities performed under the Citizen Science
approach leaded to identify radical changes in the underwater
seascape along the PNE littoral. Graphical data before and after
the first establishment of R. okamurae revealed visual changes in
the benthic community composition where the invasive species
was represented as a dominant component by most of image data
taken after 2015. The selection of visual data and concerning
results at each sampling station and time is presented in the
Table 2.

DISCUSSION

Results obtained by the different objectives prospected in this
study evidenced the extreme effects of R. okamurae on the benthic
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FIGURE 2 | Temporal variation of benthic mean species percent coverage at the SBPQ station in Tarifa Island from years 2013 to 2020 (2018 data is missed). The
dotted line locates, at the right side of the graph, the species fluctuations recorded after the last monitoring in 2017. Species with less than 10% coverage (Alcyonium
sp., Aplidium sp., A. armata, Crambe sp., Ircinia sp., and Polycitor adriaticum) were grouped under “Other species.” 1 = winter; 2 = spring; 3 = summer; 4 = autumn.

ecosystems of the northern coasts of the Strait of Gibraltar, both
by scientific (SBPQ alert method) and citizen (Citizen Science)
monitoring methodologies. This, together with the high coverage
levels estimated along the PNE coastline, illustrates the potential
risk that the species represents to the benthic ecosystems in
the Strait waters.

Updated Fluctuations of Rugulopteryx
okamurae by Monitoring Sessile
Bioindicators in Permanent Quadrats
The application of the SBPQ methodology has allowed the
continuity of monitoring activities from 2017 to 2020 at the
shady vertical surfaces of the pre-coralligenous habitats from
the submarine sentinel station of Tarifa Island. Results showed
that the benthic community structure differed between 2016
and 2017 due the high coverage levels of R. okamurae reached
in that year. This pattern reflects the high spatial growth of
the invasive species and, potentially, the ability to efficient
using resources in the recipient habitats (Vaz-Pinto et al.,
2014), which could results in the stronger and faster growth
in detriment of the resident community, as is observed later
in 2019 and 2020.

Until our study, few data have been offered about dominance-
dynamics of R. okamurae after the huge coverages reached in
2017. Using the same methodology, Sempere-Valverde et al.

(2020) registered coverage increments of the invasive species
in most of monitored sites of coralligenous habitats after
2017. Our results showed a decrease in percent coverage,
slightly increasing in 2020. Changes in shape and size of the
macroalgal beds can be modified by a variety of abiotic factors
as temperature, salinity or turbidity (Glasby et al., 2005a).
In fact, according to bloom-bust dynamic theories, a drastic
decline in the invasive populations can occur after an initial
rapid increase of the abundances, without implying recoveries
in the macroalgal resident communities [e.g., Caulerpa taxifolia
(M.Vahl) C.Agardh (Glasby et al., 2005a,b)]. This has been
further combined with other works that assume that impacts
on the resident biota cannot be assessed only considering
species gain and loss without including mechanisms involved
(Chapin et al., 2000). According to our results, differences in
the community structure between the last 2 years and 2017 were
due to an effective loss of resident biota, instead of fluctuations
in R. okamurae presence. This is in line with results from
Sempere-Valverde et al. (2020), who also found changes in the
community structure and the regression of bioindicator species.
Thus, despite certain coverage stabilization could have been
raised in the last years, impacts generated by R. okamurae
remains high in the habitat studied, and therefore it can be
assumed that no signs of decline in its invasive potential have
been perceived. However, longer-scale monitorings are needed
in order to totally stablish the strength of the bioinvasion, so
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TABLE 1 | PERMANOVA and PERMDISP (for the factor “Year”) results for SBPQ
station coverage data (2013–2020) (A) considering intra-annual variability (i.e., all
seasons) and (B) only winter seasons.

df SS MS Pseudo-F P(MC)

(A)

Year 6 5,329.8 888.3 18.673 <0.001

Time (year) 13 618.43 47.571 0.97385 0.5173

Res 40 1,954 48.849

Total 59 7,902.2

P (PERMDISP): 0.6006

Pair-wise test
for years 2019
and 2020

2019 = 2020 6= 2017 6= (2016, 2015, 2014, 2013)

2020 = 2019 6= 2017 6= (2016, 2015, 2014, 2013)

(B)

Year 6 2,995.1 499.18 8.2181 <0.001

Res 14 850.38 60.741

Total 20 3,845.5

P (PERMDISP) 0.4237

Pair-wise test
for years 2019
and 2020

2019 = 2020; = 2017; 6= (2016, 2015, 2014, 2013)

2020 = 2019; 6= 2017; 6= (2016, 2015, 2014, 2013)

Pair-wise comparisons are based in Monte-Carlo P values. Summary results of
Pair-Wise tests are showed only for comparisons between 2019–2020 and the
series 2013–2017 (evidences of significative differences are referred as 6= [i.e.,
P(MC) < 0.05] while “=” is used when no evidences were obtained).

monitoring efforts should be continued in the future to full
characterize dynamics observed here.

Sessile Bioindicators in Permanent Quadrats focuses on
monitoring information in substrata colonized by colonial
species with long life cycle [i.e., pre-corallingenous (García-
Gómez et al., 2020a) and coralligenous rocky bottoms (Sempere-
Valverde et al., 2020)], so changes due to long established
species can be easily perceived. In this study, the data available
in winter revealed similar patterns while more progressive
changes across years than when considering the whole intra-
annual variability from 2013 to 2017. Thus, although the
larger information obtained the higher characterization of the
species dynamic can be ensured, the high similarity between
ordination analyses performed in this study, reinforce the
utility of the SBPQ methodology even with one sampling
per year. Moreover, taking into account that at least in
introduced habitats the species is also present in winter,
cold seasons could be especially interesting because smaller
coverages of the species may allow to reflect competitive
processes missed in those periods where huge biomass led the
substrata overgrowth.

Implications of Coverage Estimations of
Rugulopteryx okamurae Within the PNE
Coverage results obtained in 2018 by García-Gómez et al. (2020b)
on horizontal illuminated rocky surfaces, extrapolated here for a
larger-scale approximation, suggest a high impact on sublittoral
habitats due to the massive occupation of the generalized
conquest of rocky areas by R. okamurae. In general, the coverage

data obtained were very high, especially if compared with the
biomass data observed in native habitats (Japan) by Agatsuma
et al. (2005) (with similar north latitude to Spain, between 20◦
and 40◦). Results obtained for coverage extrapolation coincide
with those obtained in 2019–2020 by CAGPyDS (2020) for the
bathymetric intervals between 0 and 20 m (80–100% R. okamurae
coverage). However, the same results were not found for the
intervals between 20 and 30 m (10–50%), so it could be
interpreted a possible decline between 2018 and 2020 in the
depth ranges where the illumination exposition is lower, so the
competitive interactions with the resident macrobiota have not
been able to be maintained after the initial stages of strong
expansion after 2016.

Following the favorability models (Real et al., 2006),
R. okamurae could proliferate within the ecological environments
within the Atlantic coasts of Andalusia and Morocco, the
Mediterranean Sea and the Black Sea (Muñoz et al., 2019).
In fact, it has been confirmed the fast progress of the species
toward the Mediterranean and Atlantic waters, and the recent
arrival by wrack deposits at the nearby coasts of Granada and
Almería (Altamirano et al., 2019; CAGPyDS, 2020; Figueroa et al.,
2020). The nature of the ecosystem implications by R. okamurae
establishment in the recipient ecosystems have been previously
exposed in García-Gómez et al. (2018); Altamirano et al. (2019)
and García-Gómez et al. (2020b). Results obtained in these
experiences and the spread dynamic of the species alarm the
rate of recorded invasions by marine macroalgae that have taken
the place of target resident species becoming dominant in the
last years (Boudouresque and Verlaque, 2002). This makes the
geographic expansion along the rocky surfaces of the PNE littoral
worrying and stress the detriment of the benthic biota already
attributed to the establishment of R. okamurae in the area. In
the southern coasts of the Strait, habitat changes derived from
R. okamurae establishment have proved to have implications
in endangered coralligenous species (Sempere-Valverde et al.,
2020) and associated fauna to resident macroalgae (Navarro-
Barranco et al., 2019), so it could be also expected that effects
on sessile communities can be also translated to other ecosystem
components. As Levine et al. (2004) propose, recognizing that
biotic containment can occur through species interactions, it
could be expected that ecosystem components interacting with
R. okamurae could regulate the invasive populations dominance.
In this sense, more efforts are needed studying interspecific
interactions involving the invasive species and the incipient role
of co-occurring specific resident taxa taking advantage of the
spatial colonization [e.g., A. armata has been observed on dense
populations of R. okamurae (unpublished data)].

Moreover, the high coverage estimations challenge the
ecosystem and socio-economic services in the area. The PNE
is an integral part of the Mediterranean Intercontinental
Biosphere Reserve. It is frequented by tourists and scuba
divers, while receives a high influence from both commercial
and recreational traffic from areas as Algeciras Bay (Bermejo
et al., 2014). Although impacts on socio-economic services
have not being investigated, the excess of biomass shortly
after R. okamurae establishment reported substantial impacts
in the area, both in tourism and fisheries (e.g., the trap of
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FIGURE 3 | nmMDS ordination for Tarifa Island SBPQ station showing the evolution of sessile communities from 2013 to 2020 (2018 data is missed) taking into
account (A) intra-annual variability (i.e., seasons within each year) until 2017 and (B) only winter seasons.
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FIGURE 4 | Mean percentage coverage of R. okamurae in the (A) bathymetric range obtained from the southern coasts of the Strait of Gibraltar (Ceuta) in summer
2018 (García-Gómez et al., 2020b) and (B) average mean percent coverage estimated for the bathymetric intervals of the sublittoral PNE rocky areas. Standard
deviation error bars are included in both cases.

FIGURE 5 | Distribution map of estimated R. okamurae coverage along the rocky coastline of the PNE. Color scale represents coverage percentages per
bathymetric intervals. Blue colors are referred to the total area considered within the cartography (i.e., 1 mile from the coast).

Tarifa) (García-Gómez et al., 2018; Altamirano et al., 2019). If
we consider the ability of the species to easily remain attached
on nets and other artificial materials (García-Gómez et al.,
2018), results obtained for estimations at 1 mile from the
coastline enhance the attention on potential impacts in practices
developed in the area. Moreover, taking into account that the
species was inadvertently introduced via marine aquaculture
within the European waters (Thau Lagoon) (Verlaque et al.,

2009), preventive strategies for secondary spread pathways
across the Mediterranean and the Atlantic waters must be
strongly considered.

Facing with the arduous challenge to strategies applied in
advanced invasion stages, mitigation efforts could be essential
to protect similar areas not yet impacted but susceptible to be
invaded. It is as this point that monitor/modeling techniques
play a key role, since estimations based on cartographies can

Frontiers in Ecology and Evolution | www.frontiersin.org 9 April 2021 | Volume 9 | Article 639161

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-639161 April 11, 2021 Time: 10:49 # 10

García-Gómez et al. Rugulopteryx okamurae Threatens Underwater Seascapes

FIGURE 6 | Rocky surface areas (m2) (black patches) mapped for the eastern sublittoral of the PNE (1 mile from the coast). Percentage coverages of R. okamurae at
the different bathymetric intervals are represented (0–5, 5–10, 10–20, 20–30, and 30–40 m). PU = Punta Carnero.

result useful to identificate areas not yet colonized. Moreover,
existing precedents of successful actions against invasive marine
macroalgae establishment and propagation have revealed that
monitoring strategies are not effective unless applied in early
stages of colonization, when the species has a limited spatial
distribution (Anderson, 2007). In fact, according to Ojaveer

et al. (2015), if the species has already managed to establish
in large areas, eradication is unlikely. In this sense, it is
worth highlighting the case of C. taxifolia as a precedent of
marine bioinvasion which invasive process resulted impossible
to be stopped by control efforts (Ruesink and Collado-Vides,
2006), becoming the most widespread invasive macroalga in the
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FIGURE 7 | Rocky surface areas (m2) obtained for each bathymetrical interval (m) of the sublittoral coastline of the PNE. Colors legend represent the different
percentage coverage values obtained for each bathymetrical interval mapped for the northern Strait of Gibraltar coastline (see Figure 5).

Mediterranean waters, occupying 20,000 Ha of sublittoral areas
(Anderson, 2007).

Before-After Seascape Scenarios
Reflecting Extreme Changes Due
Rugulopteryx okamurae Invasiveness
The comparative analyses of images can make it possible to obtain
inferences about the behavior of the biota and the ecological
connectivity, since the underwater seascape can have a great
influence (Grober-Dunsmore et al., 2009). In this regard, the
Citizen Science initiative developed in this study allowed a large
spatial and temporal dataset to visualize impacts related with
R. okamurae establishment, providing an accurate underwater
seascape of the bioinvasion consequences. The seascape sampling
provided an adequate approach for monitoring developments
and it was useful for describing and categorizing some benthic
communities that interact with the brown macroalga in the PNE
littoral. Comparisons before and after R. okamurae establishment
revealed an overall substitution of the benthic seascapes by the
invasive species, but also effectively evidenced negative impacts
on particular resident species. For example, the disappearance

of sea urchin species [Arbacia lixula (Linnaeus, 1758) and
Paracentrotus lividus (Lamarck, 1816)] from different shallow
rocky bottoms could be inferred by comparing pairs of images
examined. Indeed, in most of the cases, signs of total colonization
were observed only 3 years after its establishment in the Strait
of Gibraltar and thus, impacts by the generalized substitution
of the resident macroalgae at illuminated and shaded habitats
(i.e., native and invasive species already established in the area,
as those from the genus Asparagopsis) were particularly visible.

In situ observational data also increased the quantity of
R. okamurae observations available for ecological researches
(as it has previously been pointed out by Crall et al.,
2015). Image data from 2016 at Tarifa Island revealed that
R. okamurae monopolized more than 80% of highly illuminated
horizontal surfaces at hard bottoms between 5 and 10
m depth, which contrast with results obtained at partially
shaded vertical substrata sampled in the SBPQ station in
the same year, where <10% mean coverage was estimated
by photoquadrat analyses. In the latter habitats, R. okamurae
coverage increased later, in 2017 (<60% coverage) (García-
Gómez et al., 2020b), and thus revealing habitat-dependent
patterns not previously perceived.
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TABLE 2 | Comparisons before and after R. okamurae first apparition in the Strait of Gibraltar coasts (2015) in locations surveyed in the study area.

Before 2015 After 2015

Caldera Profunda

May 2011 September 2018

Bare horizontal and vertical metallic surfaces (artificial substrata) with associated
coverage of photophilic crustose macroalgae

Horizontal and vertical metallic surfaces highly colonized by R. okamurae

Tanque Gasoil

September 2006 September 2016

Bare horizontal and vertical metallic surfaces constituting the artificial substrata
with associated populations of Treptacantha usneoides (Linnaeus) Orellana &
Sansón (arboresecent talli of large size)

Horizontal and vertical metallic surfaces constituting the artificial substrata
highly coated by R. okamurae. Populations of T. usneoides were not observed

La Garita

September 2006 September 2016

Horizontal illuminated natural habitats colonized by T. usneoides (arborescents
thalli), Halopteris scoparia (Linnaeus) Sauvageau, Colpomenia sinuosa (Mertens
ex Roth) Derbès & Solier and crustose macroalgae of the genus Lithophyllum

Horizontal illuminated natural habitats monopolized by R. okamurae

Pozas Intermareales

February 2006 May 2019

Intertidal pool walls subjected to long shadow periods along the day, with no
signals of R. okamurae presence

Overall presence of R. okamurae (discontinuous circle) closed to the vertical
walls of the intertidal pools

(Continued)
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TABLE 2 | Continued

Before 2015 After 2015

El Tejar

October 2012. October 2018

Natural rocky substrata scarcely colonized by resident macroalgae while
significant coverages of photophilic crustose macroalgae

Natural rocky substrata totally coated by R. okamurae and detached mats
floating on the water column

La Caleta

July 2012 July 2019

The seascape was characterized by the high presence of the invasive resident
species A. armata and the sympatric native macroalga H. scoparia

R. okamurae monopolized the rocky substrata. Affections by R. okamurae were
observed on the photophilic crustose coralline communities

La Isleta

August 2012 August 2018

Natural rocky substrata where the sea urchin A. lixula is presented Surfaces totally coated by R. okamurae, while A. lixula was not detected

Barranco Hondo

August 2012 September 2018

Wide coverage of resident macroalgae (mainly native species) on natural rocky
substrata

Replacement scenarios of the benthic macrobenthos by R. okamurae, together
with the presence of the previously established invasive macroalga A. armata.
Affections by R. okamurae were also observed on the photophilic crustose
coralline communities

(Continued)
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TABLE 2 | Continued

Before 2015 After 2015

Guadalmesí I

May 2012 May 2019

Natural rocky substrata with hardly any coverage of macroalgae and a
generalized presence of the sea urchins A. lixula and, to a lesser extent, P.
lividus

Apparent dominance of R. okamurae and disappearance of a large part of
populations of the species A. lixula and P. lividus

Guadalmesí II

August 2015 June 2017

Apparent high abundances of resident macroalgal species (e.g. Dyctiota
dichotoma var. intricata (C. Agardh) Greville, Dyctiota fasciola (Roth)
J. V. Lamouroux and A. armata)

Generalized presence of R. okamurae to the detriment of the previously
established resident benthic biota. Affections by R. okamurae were also
observed on photophilic crustose coralline communities

Punta Carnero

October 2016 September 2019

The gorgonian colonies of Eunicella singularis (Esper, 1791) with resident
macroalgal associated communities on rocky substrata (20–25 m depth)

The macroalgal community was replaced by the monopolized presence of R.
okamurae. Adjunct substrata were practically colonized by the invasive
macroalga (20–25 m depth) and the spatial pressure on gorgonians present
was apparent

CONCLUSION

The present study determined that impacts derived from
R. okamurae establishment remain high in the rocky habitats
studied of the PNE. Monitoring studies on the SBPQ station of
Tarifa Island revealed a high spatial establishment of the invasive
species since its first detection in 2015 and an efficient loss in
the sessile resident biota in the latter years, even in periods
of minimum growth. In view of the ecosystem implications,
coverage values estimated for rocky habitats (over 85% between
10 and 30 m depth) claim monitoring efforts focused in

threatened habitats not yet colonized a remain step ahead of
the drastic scenarios observed. In this regard, Citizen Science
collaborations for the detection, evaluation and monitoring of
impacts from R. okamurae resulted a useful and promising
tool for further studies. We consider that these monitoring
initiatives would be even more successful if combined with
periodic monitoring methodologies under specific designs. Thus,
monitoring stations located in areas coinciding with those where
contributors act (e.g., SBPQ station in Tarifa Island), could allow
citizen collaboration through the applicability of non-invasive
tools for image analysis procedures easy to understand and apply.
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Only if these tools are promoted within local networks (i.e., high
anthropic pressure areas), they could help to early detect and
monitor (e.g., “before-after” approximations) local (e.g., urban
discharges, oil slicks) or global environmental impacts (e.g.,
global change), which would facilitate to act in time in the face
of bioinvasion schemes.
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