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A B S T R A C T   

Biological invasions are considered one of the most important drivers of biodiversity loss. Here we use a before- 
after-control-impact (BACI) design to investigate the impact of Rugulopteryx okamurae on the structure of 
shallow-water marine benthic communities in São Miguel island, Azores. After its first appearance in 2019, 
R. okamurae has rapidly invaded much of the southern coast of the island, where it became the dominant algae. 
This was followed by significant changes in the structure of shallow-water marine benthic communities, with 
substantial losses of natural variability and species richness. Compared to before, there has been dramatic re-
ductions in the abundances of articulated coralline algae, corticated algae and corticated foliose algae in invaded 
locations. These results highlight its highly invasive character, not seen with other, more well-known, invasive 
species. It remains to be investigated if its impacts persist throughout time and to quantify the functional con-
sequences of such dramatic changes.   

1. Introduction 

Biological invasions are considered one of the most important drivers 
of biodiversity loss with both ecological and economic impacts (Clavero 
and García-Berthou, 2005; Simberloff et al., 2013; Bellard et al., 2016; 
Bacher et al., 2018; Pyšek et al., 2020). Marine alien species may become 
invasive and have been associated with the displacement of native 
species, loss of native genotypes, habitat modifications, changes in 
community structure, changes in food web structure and ecosystem 
processes, impact on human health and substantial economic losses 
(Grosholz, 2002; Perrings, 2002; Wallentinus and Nyberg, 2007; Molnar 
et al., 2008; Vilà et al., 2010; Katsanevakis et al., 2014). Marine mac-
roalgae account for a substantial proportion of the known introductions 
of marine species globally (Schaffelke et al., 2006) and their ecological 
effects have been reviewed comprehensively over the last decades (e.g. 
Schaffelke et al., 2006; Williams and Smith, 2007; Thomsen et al., 2009, 

2016). Nevertheless, impacts have been mostly documented for a few, 
well-studied, high-profile algal species such as Caulerpa taxifolia, Codium 
fragile subsp. fragile, Sargassum muticum and Undaria pinnatifida (e.g. 
Casas et al., 2004, Longepierre et al., 2005, Byers et al., 2010, Irigoyen 
et al., 2011, Drouin et al., 2011, Cacabelos et al., 2013, Salvaterra et al., 
2013, Vaz-Pinto et al., 2014). Globally, the impacts of invasive macro-
algal populations are typically expressed as community dominance 
through space monopolization and changing competitive relationships 
in native assemblages. They are able to outcompete native species for 
space, light or nutrients, and the competition usually creates mono-
specific stands, less diverse and homogenized habitats (see reviews by 
Schaffelke and Hewitt, 2007, Davidson et al., 2015). 

In European waters, the non-indigenous brown macroalgae Rugu-
lopteryx okamurae (E.Y.Dawson) I.K.Hwang, W.J.Lee & H.S.Kim is the 
more recent example of an unprecedented case of bioinvasion by a 
marine macroalgae. The species was first detected in spring 2002 close 
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to a small harbour in Thau Lagoon (France) (Verlaque et al., 2009). In 
2015 and 2016 it was recorded in Ceuta and in Andalusian waters, 
respectively (Altamirano et al., 2016, 2017; Ocaña et al., 2016). In the 
Strait of Gibraltar, R. okamurae has expanded massively causing 
considerable ecological impacts on coastal communities (García-Gómez 
et al., 2018, 2020). For instance, after its arrival, R. okamurae became 
the most abundant species over a period of only one year covering over 
90% of the bottom between 10 and 20 m depth, which implied a sig-
nificant change in the structure of benthic communities (García-Gómez 
et al., 2020; Sempere-Valverde et al., 2021). Additionally, hundreds of 
tons of R. okamurae accumulated on beaches becoming a nuisance with 
implications for both the tourism and public health (Ocaña et al., 2016; 
García-Gómez et al., 2018, 2020, 2021). Fishermen have also reported 
that the species clogs fishing nets causing a substantial reduction in their 
ability to catch fish (Sempere-Valverde et al., 2019). 

In 2019, R. okamurae was first recorded in the north-eastern Atlantic 
archipelago of the Azores close to one of the islands largest harbours 
(Ponta Delgada, São Miguel island). As observed in the Strait of 
Gibraltar, the alga quickly proliferated and over a period of only two 
years it became the dominant species covering most of the rocky bottom 
along the south coast of the island and producing substantial accumu-
lations of algal wrack on coastal areas (Faria et al., 2021). Nevertheless, 
it is yet not known the potentially deleterious impact of the species in the 
structure of shallow-water benthic communities at such isolated oceanic 
islands. 

In this study, we used a Before-After-Control-Impact (BACI) design 
(Underwood, 1991, 1992, 1994) to compare the structure of shallow 
water marine benthic communities prior and after the arrival of 
R. okamurae in Azores as a first attempt to assess the potential ecological 
impact of this species across the region. 

2. Materials and methods 

2.1. Study site and community structure 

Work was done at 5 m depth at 8 locations around the island of São 
Miguel (Fig. 1). All locations are exposed to wave action and consist of 
either bedrock or large boulders. The eight locations had been sampled 
in 2017, prior to the arrival of R. okamurae (see Martins et al., 2019) and 
were re-surveyed again in 2021 after the arrival and establishment of the 
alga. Shallow-water rocky communities in the Azores are typically 
dominated by articulated corallines (e.g. Ellisolandia elongata (J. Ellis & 
Solander) K.R. Hind & G.W.Saunder), encrusting corallines (e.g. Lith-
ophyllum sp.), coarsely branched algae (e.g. Halopteris scoparia (Lin-
naeus) Sauvageau), and corticated foliose algae (e.g. Zonaria tournefortii 

(J.V. Lamouroux) Montagne, Dictyota spp.) (Martins et al., 2013; Sangil 
et al., 2018). Benthic macroinvertebrates, although common, rarely 
occur at high densities, and include sea-urchins (e.g. Arbacia lixula 
(Linnaeus) and Sphaerechinus granularis (Lamarck)), star-fishes (e.g. 
Marthasterias glacialis (Linnaeus), Ophidiaster ophidianus (Lamarck)), 
polychaetes (e.g. Sabella spallanzani (Gmelin), Hermodice carunculata 
(Pallas)), decapods (e.g. Calcinus tubularis (Linnaeus), Percnon gibbesi (H. 
Milne Edwards)) and gastropods (e.g. Stramonita haemastoma (Lin-
naeus), Phorcus sauciatus (Koch)) (Baptista et al., 2021; Martins et al., 
2005). 

2.2. Sampling design 

We used a Before-After-Control-Impact (BACI) design to assess the 
effects of the arrival of R. okamurae on the structure of shallow-water 
marine benthic communities. As mentioned before, all eight locations 
were sampled in 2017 before the arrival of the invasive alga. Four of 
them (on the south coast) have been invaded and are clearly dominated 
by R. okamurae (Faria et al., 2021) and were hence assigned as Impact 
locations. The other four locations (those on the north coast) have not 
yet been invaded and, as such, are used to control for natural and 
temporal variation in community structure. 

Despite the spatial segregation between Control (non-invaded) lo-
cations on the northern coast and invaded locations on the southern 
coast, which is less than ideal in terms of sampling design for it could 
potentially create a confounding factor (e.g. differences in the structure 
of communities between controls and invaded locations prior to the 
arrival of R. okamurae) (Underwood, 1991, 1992, 1994), earlier com-
parisons of subtidal communities between northern and southern coast 
of São Miguel (Martins et al., 2013) showed little variation in commu-
nity structure between the two coasts. In addition, comparisons done 
prior to the establishment of R. okamurae using 2017 data indicated 
marginally significant differences in the structure of subtidal commu-
nities between the two coasts, and hence between Control and Impact 
locations (Permutational multivariate analysis of variance (PERMA-
NOVA) F1,6 = 2.11, P = 0.025, Monte Carlo P = 0.076; see Table S1). 
Instead of discarding the northern locations and using only the southern 
locations in a Before-After design, we decided to keep Control locations 
and keep using a BACI design as a way to control for the natural vari-
ation in abundances of taxa and to contrast trends in non-invaded lo-
cations to those invaded by R. okamurae (see data analysis below and 
also the discussion regarding this). 

Both in 2017 and 2021, sampling was done during the same period 
(summer). Within each location, nine 50 × 50 cm quadrats (metres 
apart) were haphazardly placed on the seabed at about 5 m depth. The 

Fig. 1. Location of the study sites in São Miguel island. Impact locations: FE = Feteiras; SR = São Roque; LA = Lagoa; CA = Caloura. Control locations: SV = São 
Vicente; CL = Calhetas; RI = Ribeirinha; and PF = Porto Formoso. Shaded area indicates the current distribution of Rugulopteryx okamurae in the island following 
Faria et al. (2021). Image on the right shows R. okamurae at an Impact location. 
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assemblage in each quadrat was visually sampled using the method of 
Dethier et al. (1993), where a score of 0 (absent) to 4 (filled = 4%) was 
given to each taxa within each of the 25 10 × 10 cm subquadrats (see 
Table S2 for taxa list). Organisms filling overall less that ¼ (= 1%) of a 
single subquadrat were recorded as rare and later ascribed an arbitrary 
score of 0.5%. Where frondose algae were present, we sampled both the 
canopy and the understorey assemblages separately, so for each quadrat, 
percentage cover of macroalgae can be greater than 100%. 

2.3. Data analysis 

The impact of R. okamurae on the structure of shallow-water benthic 
assemblages was investigated using a 3-way mixed model PERMANOVA 
with the following factors: Before-After (fixed), Control-Impact (fixed 
and orthogonal to Before-After) and Locations (random and nested 
within Control-Impact). Multivariate analyses were run using both Bray- 
Curtis (on untransformed data) and Jaccard similarity indices. Both 
analyses complement each other as Bray-Curtis is strongly influenced by 
variations in abundances, whereas the Jaccard only accounts for dif-
ferences in species identities (composition). Non-metric multidimen-
sional scaling (MDS) was used to visually explore trends and pair-wise 
comparisons were done to compare means within significant terms of 
interest. Permutational analysis of multivariate dispersions (PERMDISP) 
was used to investigate the effect of R. okamurae on the overall com-
munity variability (or lack of) using Bray-Curtis as a dissimilarity index. 

Univariate analyses were run using analysis of variance (ANOVA) 
with the same design as described above to investigate the impact of 
R. okamurae on species richness as well as on the abundances of the most 
common macroalgal morpho-functional groups (mean cover greater 
than 10%). Groups were created following the description of Steneck 
and Dethier (1994) as follows: articulated coralline algae (e.g. Elliso-
landia elongata, Jania spp.), corticated algae (e.g. Halopteris filicina 
(Grateloup) Kützing, Plocamium cartilagineum (Linnaeus) P.S. Dixon), 
corticated foliose algae (e.g. Dictyota spp., Zonaria tournefortii), and 
encrusting algae (e.g. Lithothamnium sp.). Other groups of macroalgae 
such as filamentous (e.g. Ceramium spp., Falkenbergia sp.) and leathery 
(e.g. Sargassum spp., Cystoseira spp.) algae as well as animals (e.g. 
sponges, barnacles) were rather uncommon in the dataset and were not 
considered for analyses as a group. Prior to ANOVAs, data were tested 
for heteroscedasticity using the Cochran's test and transformations were 
applied where necessary (Underwood, 1997). A posteriori comparisons 
were done using the Student-Newman-Keuls (SNK) test. 

3. Results 

As previously mentioned, R. okamurae was absent from all locations 
in 2017. In 2021, it dominated shallow-water assemblages in the 
Impacted locations with a mean percentage cover of 97.6% ± 0.6 (mean 
± SE), but was still absent from Control locations (see Table S2 for mean 
abundance of taxa before and after the invasion of R. okamurae). 

The outcomes from multivariate analyses were similar when 
considering both the Bray-Curtis and Jaccard indices of similarity 
(Fig. 2, Table S2). In both cases, there was a significant Before-After ×
Location (Control-Impact) interaction and an over and above significant 
Before-After × Control-Impact interaction. Inspection of pair-wise 
comparison revealed that for the Before-After × Location (Control- 
Impact) interaction, there were significant differences in the structure of 
assemblages before and after the arrival of R. okamurae in all the eight 
locations (both the Control and Impact). When considering the Before- 
After × Control-Impact interaction, pair-wise tests showed a signifi-
cant variation in the structure of assemblages before and after in Impact 
locations, but not in Control locations. Furthermore, there were signif-
icant differences in the structure of assemblages between Controls and 
Impact locations after but not prior (in the case of Bray-Curtis) to the 
arrival of R. okamurae (Fig. 2, Table S3). 

PERMDISP revealed an overall significant main test (F3,140 = 185.69, 

P < 0.001). Analyses of relevant pair-wise comparisons showed that 
there was a significant loss in dispersion, that is, samples became 
significantly more uniform, in Impact locations after the invasion of 
R. okamurae (Fig. 2, Table S4), which was not found in Control locations. 

Similarly to above, the ANOVA on species richness revealed a sig-
nificant Before-After × Location (Control-Impact) interaction and an 
over and above significant Before-After × Control-Impact interaction 
(Table S5) (note that P = 0.047 in the later was in the limit). For the 
Before-After × Location (Control-Impact), SNK tests showed that in 
Control locations, richness was similar before and after in two locations, 
greater before in one location and lower before in the fourth location. In 
contrast, in Impact locations, richness was similar before and after in one 
location and greater before in 3 locations (Fig. 3, Table S5). For the 
Before-After × Control-Impact interaction, SNK showed that richness 
was similar before and after in Control locations (before: 5.4 ± 0.2, after; 
5.3 ± 0.3), but suffered a significant reduction after in the Impact lo-
cations (before: 4.1 ± 1.2, after: 2.4 ± 0.1) (see insert in Fig. 3, 
Table S5). 

Articulated coralline algae varied according to the Before-After ×
Location (Control-Impact) interaction (Fig. 4, Table S6). SNK tests 
revealed that in Control locations, the abundance of articulated coralline 
algae was similar before and after in 3 out of the 4 locations. In contrast, 
the abundance of articulated corallines in the Impact locations varied 
between before and after in 3 out of 4 locations (greater before in two 
locations, equal in one location and lower in one location). When 
considering all locations together (see insert in Fig. 4), even though the 
main factor of interest (Before-After × Control-Impact) was not 

Fig. 2. Non-metric multidimensional scaling (MDS) based in the (a) Bray-Curtis 
and (b) Jaccard dissimilarity indices showing the structure of shallow-water 
benthic assemblages before and after the arrival of Rugulopteryx okamurae in 
both Control (non-invaded) and Impact (invaded) locations. 
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statistically significant, the overall abundance of corallines was similar 
in Control and Impact locations before (Control: 19.3 ± 3.0, Impact: 
21.7 ± 3.7) but decreased substantially in Impact locations after the 
arrival of R. okamurae (Control: 21.9 ± 3.8, Impact: 5.8 ± 1.2). 

Analysis of the abundance of corticated algae showed a significant 
Before-After × Location (Control-Impact) interaction and an over and 
above significant Before-After × Control-Impact interaction (Table S6). 
For the Before-After × Location (Control-Impact), SNK tests showed 
inconsistent results with the abundance of corticated algae before and 
after, being highly variable among Control locations. However, when 
considering Impact locations, the result was strikingly consistent with its 
abundance being always significantly greater before the invasion by 
R. okamurae (Fig. 4, Table S6). For the Before-After × Control-Impact, 
SNK tests showed no variation in abundance between before and after in 
Control locations (before: 31.5 ± 2.9, after: 42.0 ± 4.2), but a significant 
reduction in abundance in Impact locations after the invasion by 
R. okamurae, where corticated algae nearly went locally extinct (before: 
58.2 ± 5.5, after: 0.5 ± 0.2) (see insert in Fig. 4, Table S6). 

When considering corticated foliose algae (excluding the 
R. okamurae from the analysis), there was a significant Before-After ×
Control-Impact (Table S6). SNK tests showed its abundance was similar 
before and after in Control locations (before: 17.3 ± 2.7, after: 22.9 ±
3.1). In contrast, in Impact locations there was a significant decrease in 
the abundance of corticated foliose algae (before: 5.3 ± 1.4, after: 0.05 
± 0.03) following the invasion by R. okamurae (see insert in Fig. 4, 
Table S6). 

When considering encrusting algae, there was a significant Before- 
After × Location (Control-Impact) (Table S6). Inspection of SNK 
revealed spatially inconsistent results before and after for both Control 
and Impact locations (Fig. 4, Table S6). 

4. Discussion 

In most studies, and in the particular case of impact assessments, 
choice of appropriate controls is of paramount importance (Underwood, 
1991, 1992, 1994). Even though there were some a priori differences 
between Controls and Impacted locations in this study (because there 
were literally no option to sample non-invaded locations in the southern 
coast), inspection of plots comparing the patterns of macroalgal richness 
and abundance before and after in Impact locations alone suggests that 
the main conclusions remain valid. The use of Control locations still 
serves the purpose of providing a contrast to the patterns observed in 
Impact locations and in highlighting the natural fluctuations in these 
assemblages under natural, non-invaded, locations. 

Since its arrival to the Azores in 2019, R. okamurae has quickly 

expanded and is now well established in most of the southern coast of 
São Miguel island (Faria et al., 2021). Our BACI design showed that 
invaded locations are now dominated by R. okamurae, which has 
replaced previous dominant species (e.g. Ellisolandia elongata, Halopteris 
spp., Dictyota spp.), causing dramatic changes in the structure of 
shallow-water benthic communities. Invaded locations support a much 
less diverse assemblage compared to Control locations as well as a much 
lower abundance of articulated coralline algae, corticated and corticated 
foliose algae. This result is in line with that observed in the Strait of 
Gibraltar (Garcia-Gomez et al. 2021) where R. okamurae has also quickly 
impacted the structure of marine benthic communities replacing the 
previously dominant assemblages. 

It is yet unclear whether these results persist throughout time. It 
appears that in the Azores R. okamurae undergoes a seasonal fluctuation 
in size, and perhaps in cover (authors personal observation). Individuals 
of R. okamurae are more abundant and grow larger from mid-winter 
until summer, when massive amounts of the alga become detached 
and cast away onto the shore. After this (in late summer, early autumn), 
the species is still present but forming a much shorter canopy, with the 
thallus often reduced to a basal system of perennial rhizoids, as 
described for its native location in the Pacific (Kajimura, 1992; Hwang 
et al., 2009) and also for the waters of the Strait of Gibraltar (García- 
Gómez et al., 2018). This somehow resting state would putatively allow 
native species to recover. It is thus important to assess the natural 
variation in population structure of R. okamurae through time, investi-
gate its ecological performance and assess its impact on the community 
throughout the year. 

It is also important to ascertain the depth range of its distribution in 
the Azores. In the Strait of Gibraltar, R. okamurae is reported to be 
distributed from the first meters down to 40 m depth (García-Gómez 
et al., 2020). We know that in the Azores, R. okamurae is present deeper 
than the depth here examined (which was restricted by the availability 
of before data), suggesting that its impact is likely much greater in 
extent. 

The extraordinary competitive and colonization capacity shown by 
R. okamurae in Azores can eventually lead to the extinction of native 
biota and a critical decline in biodiversity. Moreover, substantial habitat 
modification, community homogenization and accumulations of de-
tached biomass can result in huge economic impacts and fundamental 
disruptions in the marine ecosystem. This is especially significant at such 
isolated and remote oceanic islands that are commonly dependent on 
economic marine-based activities such as tourism and fisheries. For 
instance, R. okamurae wrack deposits, mostly during the summer, have 
caused discomfort due to its unpleasant smell. Also, local bathing areas 
that were once known by their crystal-clear water were overrun by 

Fig. 3. Mean (± SE) richness before and after the arrival of Rugulopteryx okamurae in both Control (non-invaded) and Impact (invaded) locations. Each line rep-
resents one location. Insert shows the overall mean among Control and Impact locations, respectively. 
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murky waters filled with detached debris of R. okamurae. 
Until now, there are no known autochthonous herbivore species that 

find R. okamurae suitable as a food source. This is probably due to the 
species anti- herbivory bioactive defenses (Paula et al., 2011). Given its 

high proliferation in the region, food web structure and trophic dy-
namics are likely to be affected with potential negative impacts on local 
fisheries. Our results also suggest that areas where R. okamurae has 
arrived are equally affected regardless of its protection status. 

Fig. 4. Mean (±SE) percentage cover of (a) articulated corallines, (b) corticated macroalgae, (c) corticated foliose macroalgae, and (d) encrusting macroalgae before 
and after the arrival of Rugulopteryx okamurae in both control (non-invaded) and Impact (invaded) locations. Each line represents one location. Insert shows the 
overall mean among Control and Impact locations. 
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Assemblages in impacted locations were similar in marine protected 
areas (CA in Fig. 1) as in non-MPAs (FE, SR and LA). There is still much 
to understand about the species entire life cycle, biotic interactions, 
changes in ecosystem processes, and costs of loss of ecosystem functions. 
One thing is for sure: the benthic ecosystem is being deeply transformed 
by the arrival and dramatic proliferation of R. okamurae. Local author-
ities need to acknowledge that and reinforce measurements to reduce 
the probability of entry of such invasive species in the region. 

Until this moment, successful attempts at eradicate invasive marine 
species are scarce (Ojaveer et al., 2014; see examples in Simberloff, 
2021) and no doubt failures are proportionally under-reported in the 
literature (Locke and Hanson, 2009). It is therefore critical to under-
stand and monitor how R. okamurae will behave in the future and 
investigate if this novel community dominated by R. okamurae repre-
sents a new alternative stable point (Connell and Sousa, 1983; Petraitis 
and Dudgeon, 1999). Since such dramatic shifts in dominant species can 
represent catastrophic changes to the community, failure to predict the 
existence of alternative states can lead to costly surprises (Carpenter 
et al., 1999; Peterson et al., 2003), namely in the context of biological 
invasions (e.g. Mack et al., 2000; With et al., 2002). 
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