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A B S T R A C T

The exotic invasive seaweed Rugulopteryx okamurae (Dictyotales, Ochrophyta) have posed a serious threat to 
coastal and marine habitats since its appearance in 2015 in the Strait of Gibraltar. This, together with multiple 
global change stressors, is leading to the disappearance of native foundational seaweeds. Here we explored the 
potential impacts that decomposing thalli of beach-cast R. okamurae (BCRo) might have on different life-stages of 
a native foundational seaweed (Ericaria selaginoides, Fucales, Ochrophyta). The in vitro effects of different 
biomass densities of BCRo and time exposure, in combination with three warming scenarios, were assessed across 
single- and few-celled stages and adult thalli of the native species. We hypothesized that R. okamurae might 
interfere in the survival and growth of E. selaginoides either by allelopathic interactions or water acidification, 
due to low intracellular pH of R. okamurae tissues. Sensitivity of E. selaginoides to the exposure of BCRo was stage- 
and thermal-dependent and decreased during early ontogenesis. Unfertilized oospheres (female gametes) 
exposed to BCRo experienced apoptotic-like cell death within less than 180 s, while embryo survival and 
germination dropped by 50 % and 36 %, respectively. Warming effects were not additive to that of BCRo, since 
higher growth reductions in 7-d old juveniles of E. selaginoides were detected at lower (20 ◦C) but not at higher 
temperatures (28 ◦C). Adults of E. selaginoides were the less sensitive stage but their growth was up to 7-times 
lower under BCRo addition. BCRo acidified natural sea water proportionally to the density and incubation 
time, reaching a pH of 7.2 after 24 h. However, that pH was not limiting for E. selaginoides juveniles and even 
enhanced their growth, suggesting an alternative chemical effect. This study highlighted the potential and 
overlooked deleterious effects that some species of beach-cast seaweeds can exert on the highly sensitive early 
developmental stages of native marine biota.

1. Introduction

Biological invasions are one of the main threats to marine ecosys
tems, due to their potential to shift community composition, alter 
function and cause ecosystem homogenization (Giakoumi et al., 2016; 
Mannino et al., 2017; Chan and Briski, 2017). Although several studies 
suggested that climate change can amplify the effects of biological in
vasions by facilitating the expansion of non-indigenous species (Castro 
et al., 2021; Sorte et al., 2010), the relationship between warming and 
invasions is complex, due to the differential responses of native and 
invasive species to environmental and anthropogenic stressors. For this 
reason, to gain a comprehensive understanding of the impacts of bio
logical invasions requires a multi-faceted approach, including other 

stressors involved in the global change (Hulme, 2017). In the oceans 
worldwide, seaweeds represent up to 40 % of invasive exotic species 
(Schaffelke et al., 2006; Crooks, 2002). Assessing the potential effects of 
invasive seaweeds on autochthonous species, with emphasis on single- 
and few-celled life-stages of macroalgae playing a structural role on 
seawater landscapes, urges to be understood in the context of global 
climatic changes and local environmental stressors.

Invasive seaweeds affect benthic communities in multiple ways, such 
as the displacement of native species, loss of genetic diversity, habitat 
alterations, shifts in community dynamics, and ecosystem functioning, 
potentially leading to human health impacts and significant economic 
consequences (Bachot and Riera, 2025). These effects can also be 
amplified at multiple impacted sites, as the experimental removal of 
invasive specimens may result in the establishment of algal turfs, 
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preventing the dynamic recovery of previous native communities 
(Gaertner et al., 2014).

The ability of invasive seaweeds to trigger regime shifts has been 
linked to changes in abiotic conditions, such as increased sediment 
trapping (Piazzi et al., 2007), reduced available irradiance, and nutrient 
depletion ((Schaffelke et al., 2006; Davidson et al., 2015; Pełechaty 
et al., 2022). Furthermore, direct effects on local species due to the 
release of toxins or allelopathic substances have also been reported in 
the early life stages of fishes and bivalves (Coelho et al., 2021; Young 
et al., 2022) and corals (Paul et al., 2011). Nevertheless, to the best of 
our knowledge, no studies have been conducted on the early life stages 
of habitat-forming macroalgae.

In particular, members of the order Dictyotales stand out for their 
deleterious effects on single- and few-celled stages of coral larvae, 
abalone, and young sea urchins (Casal-Porras et al., 2021; Paul et al., 
2011; Suzuki et al., 2002). These effects have been attributed to their 
toxic and deterrent properties, which result from the presence of sec
ondary metabolites (De Paula et al., 2011; Ninomiya et al., 1999) and a 
low intracellular pH due to sulfuric acid accumulation (Sasaki et al., 
1999).

A particularly worrying case is represented by the exotic invasive 
seaweed Rugulopteryx okamurae (E.Y.Dawson) I.K.Hwang, W.J.Lee & H. 
S.Kim, with a native geographical distribution restricted to China, 
Korea, Japan, Taiwan and Philippines (Hwang et al., 2009). This species 
has caused an unprecedented invasion that originated at the Strait of 
Gibraltar (García-Gómez et al., 2020) and extended to the Alboran Sea 
(Mercado et al., 2022; El Aamri et al., 2018), western Mediterranean 
(Ruitton et al., 2021, Terradas-Fernández et al., 2023), Atlantic 
Moroccan coasts (El Madany et al., 2023) and Macaronesia 
(Bernal-Ibáñez et al., 2022a; Faria et al., 2022). Recently, this species 
has been found in the Eastern coast of Sicily and it is thought that it 
could invade into the Ionian Sea shortly (Marletta et al., 2024), as well as 
towards Northern Spain (Diaz-Tapia et al., 2025). Several traits and 
environmental conditions have contributed to its successful invasion 
(Souviron-Priego et al., 2024), namely its ability to colonize a huge 
variety of substrata across wide distributional ranges (García-Gómez 
et al., 2020, 2021a), its ability to overgrowth and outcompete native 
species (Faria et al., 2022), its allelopathic mechanisms due to the 
presence of chemical deterrents (Casal-Porras et al., 2021), the occur
rence of thermal and nutritional anomalies during its invasion (Mercado 
et al., 2022), as well as the capacity of detached thalli to survive in deep 
bottom habitats (Mateo-Ramírez et al., 2023). The impacts of 
R. okamurae are leading to ecosystem homogenization in heavily 
affected areas, with prominent biodiversity losses in benthic flora and 
fauna and changes in community assemblages (García-Gómez et al., 
2021a, 2021b; Navarro-Barranco et al., 2019). Although its greatest 
cover and abundance occur in photophilic rocky habitats, their presence 
and impacts go beyond the photic zone (Mateo-Ramírez et al., 2023) and 
can be massively casted in coastal areas. As R. okamurae settles in 
multiple coastal habitats, an accumulation of detached material is 

formed along the entire shoreline, including beaches (Roca et al., 2022). 
Consequently, large, decomposed biomass deposits were recorded on 
beaches, well-illuminated rocky bottoms, artificial substrates, and 
sheltered subtidal areas, including coralligenous (Sempere-Valverde 
et al., 2021) and precoralligenous assemblages (García-Gómez et al., 
2020, 2021a). As a result, its expansion is generating multiple impacts 
on marine and coastal ecosystems, fisheries, and tourism (Bernal-Ibáñez 
et al., 2022a; García-Gómez et al., 2020; Ruitton et al., 2021). For 
instance, the invasion of R. okamurae caused a loss of more than €3.3 
million per year in the village of Tarifa (Spain, Strait of Gibraltar), which 
represents 2 % of the total income in 2019 personal tax returns 
(Mogollón et al., 2024). Rugulopteryx okamurae was included in the 
Spanish Catalog of Exotic Invasive Species in 2020 (https://www.boe. 
es/eli/es/o/2020/11/20/ted1126), and in the List of Exotic Species of 
the EU in 2022 (http://data.europa.eu/eli/reg_impl/2022/1203/oj).

One of the main impacts on marine communities in the Strait of 
Gibraltar and Alboran Sea is the overlap between current and predicted 
areas of R. okamurae expansion and the distribution of keystone Cys
toseira sensu lato forests (i.e., Gongolaria, Ericaria, and Cystoseira species). 
This Cystoseira s.l. Complex represents the most relevant foundational 
species in the littoral and upper sublittoral rocky shores (Bermejo et al., 
2016, 2018). This importance has led to most of these species being 
protected under several international instruments (see Falace et al., 
2018) and their forests are considered indicators of good environmental 
coastal water quality in the Mediterranean (EC, 2000). In this context, 
these communities must cope with environmental and anthropogenic 
stressors, in addition to the invasion of R. okamurae.

In the Southern Iberian Peninsula, R. okamurae invades a region 
where the presence of Ericaria selaginoides (Linnaeus) Molinari & Guiry 
largely depends upon substrata availability, oceanographic conditions, 
and anthropic pressures (Bermejo et al., 2016). Additionally, thalli of 
beach-cast R. okamurae (BCRo) also accumulates in the eulittoral zone 
and shallow well-lit habitats, where E. selaginoides can develop. Even 
more concerning is that several populations of E. selaginoides in this 
region, especially those located within marine protected areas, occur in 
the upper sublittoral zone, where R. okamurae becomes the most suc
cessful competitor (García-Gómez et al., 2021) and may be subject to 
these previously overlooked impacts.

Sensitivity of marine benthic organisms to environmental and 
anthropogenic stressors changes across life stages (Alestra and Schiel, 
2015; Coelho et al., 2000; Przeslawski et al., 2015). Single- and 
few-celled stages of the life-history of seaweeds are more susceptible to 
stress than multi-celled adult thalli, showing lower success of recruit
ment and higher mortality rates in their natural habitats (Brawley and 
Johnson, 1991; Vadas et al., 1992). This has been attributed to the ac
tion of several stressors, such as osmotic stress, solar ultraviolet radia
tion (UVR, λ = 280–400 nm), temperature, ocean acidification or 
pollution (Altamirano et al., 2003a, 2003b; Clausing et al., 2023; de 
Caralt et al., 2020; Guenther et al., 2018; Melero-Jiménez et al., 2017; 
Wiencke et al., 2000; Wright and Reed, 1990). Intra- and interspecific 
interactions can also limit recruitment, development, and survival of 
seaweeds, via physical (Brawley and Johnson, 1991), allelopathic 
mechanisms (Longo and Hay, 2017), or competitive mechanisms 
(Råberg et al., 2005; Worm et al., 2001).

In this study, we explore the effects of decomposing thalli of BCRo on 
different life-stages of the native foundational brown seaweed 
E. selaginoides, in combination with different warming scenarios for ju
veniles and adults. In microscopic stages of the life history of seaweeds, 
sensitivity to environmental stressors usually decreases during onto
genesis due to the development of adult-like metabolism (Altamirano 
et al., 2003b; Tarakhovskaya et al., 2017). Herein, we hypothesized that: 
1) decomposing biomass of R. okamurae beach-cast affects uni- and 
few-celled stages of E. selaginoides life-history; 2) sensitivity of 
E. selaginoides life-stages to R. okamurae might decrease with the course 
of ontogenesis and 3) different warming scenarios can alter the outcome 
of that interaction. To address this, we performed five independent in 

Abbreviations

AF After fertilization
BCRo Beach-cast Rugulopteryx okamurae
Fv/Fm Optimum quantum yield of photosystem II
FW Fresh weight
NSW Natural seawater
PAM Pulse amplitude modulated
PAR Photosynthetically active radiation (λ = 400–700 nm)
RCP Representative concentration pathway
RGR Relative Growth Rate
UVR Ultraviolet radiation (λ = 280–400 nm)
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vitro experiments to test the sensitivity of different life-stages of 
E. selaginoides to the presence of R. okamurae, in combination with actual 
and projected future thermal levels in the northern shores of Alboran 
Sea. If the presence of R. okamurae hampered survival of microscopic 
life-stages of E. selaginoides, it would be needed to ascertain whether the 
hypothetical deleterious effects of beach-cast R. okamurae on 
E. selaginoides early life-history stages would be attributable to alter
ations in physicochemical properties (pH) and/or chemical interactions 
(i.e., secondary metabolites).

2. Material and methods

2.1. Algal material collection

We used decomposing thalli of BCRo collected from washed-ashore 
deposits in Calaburras (Mijas, Málaga, Spain; 004.328◦ W, 36.506◦ N). 
Samples were collected in September 2021, at low spring tide from the 
shoreline, and transported to the laboratory in natural seawater (NSW), 
under cold and dark conditions, in less than 1 h (see Sánchez de Pedro 
et al., 2023 for details). Once in the laboratory, thalli were cleaned with 
a soft-bristle toothbrush to remove epiphytic biota and debris. At that 
time of the year, R. okamurae exhibited an intermediate morphotype 
sensu Sun et al. (2006), characterized by wider basal thalli and thinner 
apical regions. The apical parts showed a high degree of degradation, 
which could lead to biomass loss and introduce errors in weight mea
surements. To standardize the material used, we selected only the basal 
to intermediate portions of the thalli, removing the thinner and 
degraded apical regions. The selected parts were then cut, weighed, and 
placed in multi-well plates. Selected parts were cut off, weighted, and 
put in several multi-well plates. To ensure that algal material was dead 
and non-photosynthetically active, we applied PAM fluorometry to 
ensure a zero value of optimum quantum yield of photosystem II (Fv/Fm; 
Genty et al., 1989) (data not shown). Samples of E. selaginoides were 
collected from intertidal rocky platforms in La Araña (Málaga, Spain; 
004.328◦ W, 36.700◦ N), at low spring tide in September 2021. Two 
types of branches were collected from 20 individuals: reproductive 
(bearing mature receptacles) and vegetative (apical branches) (sensu 
Roberts, 1970). To reduce the impact of the sampling on the standing 
population cover and biomass, we only took 2–3 cm sections from each 
branch type. Sampled branches were collected at least 50 cm apart to 
account for intraspecific natural variability and prevent 
pseudo-replication. This distance was chosen based on the low dispersal 
range observed in this genus and in other fucoid seaweeds (Verdura 
et al., 2018). Vegetative fragments were kept in sealed zip bags filled 
with NSW. Fertile branches were cleaned in situ and wrapped in humid 
paper. All the algal material was transported under cold and dark con
ditions till laboratory arrival in less than 1 h. Vegetative thalli were 
cleaned as stated for R. okamurae, while fertile branches of E. selaginoides 
were preserved in the fridge at 4 ◦C for 24 h prior to gamete isolation. 
Experiments were conducted following algal collection, and no accli
mation culture period was applied.

2.2. Isolation of early life stages of E. selaginoides

Ericaria selaginoides is a monoecious species with gametic life history, 
where mature receptacle branches bear conceptacles with basal oogonia 
and antheridia towards the ostiole (Roberts, 1970). Gamete release was 
induced in cold-preserved mature receptacle branches of E. selaginoides 
following protocols applied in other fucoids (Falace et al., 2018; Verdura 
et al., 2018). After 24 h of storage at 4 ◦C, fertile branches were placed in 
trays with GF-C filtered and sterilized NSW (20 ◦C, pH 8.2 and salinity of 
36). The contrast from cold, emerged and humid conditions to sub
mersion induces the mechanical process of gamete release in fucoids, 
based on osmotic and thermal shock (Brawley and Johnson, 1991). 
Based on our observations, after gamete release fertile branches can be 
again preserved at 4 ◦C and induce a new cycle of gamete release 24 h 

later. We performed this process up to 5 times in consecutive days, but 
successful gamete release and fertilization was only possible within the 
first 4 d. Oospheres (female gametes) were extruded from conceptacles 
before antherozoids (45 and 60 min after re-submersion of mature 
receptacle branches, respectively). This fact allowed us to isolate a 
sub-sample of cell-wall free unfertilized oospheres with a Pasteur 
pipette, to test the effect of BCRo addition (see section 2.3, Experiment 
1). Antherozoid release was detected by the presence of an orange 
mound around the ostiole, as defined by Roberts (1967). Antherozoid 
motility and fertilization was confirmed by direct observations under a 
Motic AE31 inverted microscope (Motic, Xiamen, China), and marked 
the initial time after fertilization (AF) for the different experiments 
(Nagasato et al., 2001). Fertilized oospheres (zygotes) were collected 
30–45 min following re-submersion of fertile branches and pooled in a 
dense stock. Zygotes were immediately inoculated due to their rapid 
attachment to the substrata in this species (60–90 min). Multi-well 
plates or microscopy slides were used as substrate depending on the 
aim of each experiment.

2.3. Experimental design

We performed five independent experiments to investigate the effect 
of BCRo on different life-stages of E. selaginoides. It should be noted that 
the interactive effect of BCRo and temperature was only included in 
experiment 3. The following life-stages were selected for the different 
experiments: unfertilized oospheres (0 d, prior to antherozoid release), 
embryos (1 d AF), germlings (2 d AF), juveniles (7–14 d AF) and adults 
(vegetative branches). It should be pointed out that the main focus was 
to test the effect of BCRo within each stage, but as the experimental 
approach were different for juveniles/adults comparisons among stages 
would not be accurate.

2.3.1. Experiment 1: short-term effect of BCRo biomass density and 
exposure time on unfertilized oospheres

Oosphere stock 100 μL aliquots with a density ca. 210 cells mL− 1 (see 
section 2.2) were inoculated in six wells of a 24-multiwell plate (n = 6) 
for each treatment (BCRo biomass densities) and control. Different 
densities of BCRo were weighted and added to the plates in the wells 
(0.25, 0.75, 1.5, 3, 4.5 mg FW mL− 1), filled with 2 mL of GF-C filtered 
and sterilized NSW (pH 8.2 and salinity of 36). Survival of 21 ± 11 
oospheres was monitored on each independent well at 0.5, 1, 1.5 and 24 
h. A physical control using a mesh fragment with the same surface area 
than the highest BCRo biomass density was included to discard a 
negative interaction due to physical contact or shading (Paul et al., 
2011).

2.3.2. Experiment 2: effect of BCRo exposure time on embryo survival and 
germination

The second experiment assessed the effect of BCRo on embryo sur
vival and germination of 1-d old embryos of E. selaginoides at a fixed 
BCRo biomass density. Embryos were isolated as indicated in section 
2.2., attached to microscopy slides (n = 12) and placed in independent 
Petri dishes filled with 20 mL of GF-C filtered and sterilized NSW (pH 8.2 
and salinity of 36). Then, 5 mg FW of BCRo was added to half of the Petri 
dishes as BCRo treatment, with a final density 0.25 mg FW mL− 1. This 
density was selected as it was the minimum concentration tested in 
experiment 1, which exerted a significant effect on oospheres. Time 
course of individual embryo survival was monitored under the micro
scope and microphotographs were taken at 15, 30, 90 and 120 min (see 
section 2.4). Embryo survival was additionally checked 24 h after BCRo 
addition in the same slides, for which BCRo was removed after 24 h of 
exposure. To assess possible delays in germination due to previous BCRo 
exposure, germination rates were monitored at day 2 and 7 after its 
initial addition, corresponding to 3- and 8-d old embryos.

E. Gálvez-Pastor et al.                                                                                                                                                                                                                         Marine Environmental Research 208 (2025) 107105 

3 



2.3.3. Experiment 3: interactive effects of BCRo and temperature on 
juveniles and adults

This experiment was designed to explore the possible interactive 
effects of BCRo addition under combinations of different temperatures 
(20, 24, 28 ◦C) on the growth of juveniles and adults of E. selaginoides. 
Despite similar designs, such effects were separately analysed for both 
life stages due to the different approaches in growth measurement in 
juvenile and adult thalli (see section 2.4). A fixed density of 4 mg mL− 1 

BCRo was selected, lying in the range of maximal densities used in exp. 1 
to make later comparisons feasible. Temperature levels were selected 
based on current (20 ◦C) and future (24 ◦C) warming scenarios under the 
Representative Concentration Pathway (RCP) 8.5, and the thermal 
extreme historically detected during marine heatwave events in the area 
of study (28 ◦C) (Campos-Cáliz et al., 2019).

For juveniles, fertilized zygotes of E. selaginoides were inoculated in 
24-multiplate plates filled with 2 mL of GF-C filtered and sterilized NSW 
(pH 8.2 and salinity of 36). Each well was inoculated with an individual 
zygote (n = 20–22 zygotes per plate/temperature), and thus, they could 
be considered as an individual replicate. From day 0–7 all embryos grew 
without BCRo at the common culture conditions indicated in section 2.4. 
At day 7, 8 mg of BCRo (final density of 4 mg FW mL− 1) was added to 12 
individuals, remaining 10 individuals as controls without BCRo addi
tion. Microscopic stages length was monitored on an individual basis at 
0, 7 and 14 d.

For adult individuals, 2–3 cm of vegetative branches (175 ± 14 mg 
FW) were placed in two multiwell plates filled with 10 mL of GF-C 
filtered and sterilized NSW at the previously indicated pH and salinity. 
At day 0, 40 mg FW of BCRo (final density of 4 mg FW mL-1) was added 
to the treatment plate (n = 6) (Fig. S1). Biomass was weekly measured 
for 2 weeks to monitor algal growth under control and treatment 
conditions.

2.3.4. Experiment 4: effect of BCRo biomass density and exposure on 
seawater pH

To assess whether BCRo can modify the pH of seawater and identify 
critical pH values, we added two different densities of BCRo (0.75 and 4 
mg FW mL− 1). A total of 7.5 or 40 mg FW of BCRo were added to two 
multiplate plates with each well filled with 10 mL of GF-C filtered and 
sterilized NSW (pH 8.2 and salinity of 36). Seawater pH was measured at 
0, 0.5, 1, 2, 3, 24 h following BCRo addition with a Crison pH-Meter 
BASIC 20 electrode (Crison Instruments S.A., Barcelona, Spain).

2.3.5. Experiment 5: effect of pH on juvenile survival and growth
Since we found significant changes in NSW pH due to BCRo addition, 

we performed an additional experiment to test whether these pH levels 
affected growth and survival of microscopic stages of E. selaginoides. This 
experiment would allow us to understand if the negative effects of BCRo 
on microscopic stages might be solely attributed to changes in the pH or 
also to a possible chemical interference due to high concentrations of 
secondary metabolites (Casal-Porras et al., 2021). In this case, mature 
receptacular branches were directly placed on multiwell plates instead 
of pipetting zygotes from a stock, filled with 10 mL of GF-C filtered and 
sterilized NSW (salinity of 36) at three different pH: 7.2, 7.5 and 8.2 
(control). Acidified treatments were selected following the final con
centrations obtained in experiment 4, by adding drops of a sterilized 1 N 
HCl solution. Fertile fragments were left for 2 h for gamete release 
(Falace et al., 2018). Despite we used 6 initial replicates, 3 out of the 6 
receptacular branches did not released any gametes only 3 replicates 
could be used. Microscopic stages size and survival were compared be
tween days 0 and 14 on a culture well instead of on an individual basis, 
taking a total of three randomly chosen microphotographs per technical 
replicate (see details in section 2.4.).

2.4. Culturing conditions and growth and survival measurements

Multiwell plates containing different life-stages of E. selaginoides 

under the different treatment combinations were kept in a growth 
chamber set at 20 ± 0.5 ◦C (EQUITEC EGCS 501 LED, Equipos Técnicos 
para Controles S.L., Spain). To set the experimental temperatures of 24 
and 28 ◦C, two aquaria were placed inside the growth chamber, each of 
them thermostatized with a submersible precision aquarium heater (75 
W Eheim Jäger, Eheim, Deisizou, Germany, temperature control accu
racy of ±0.5 ◦C). Plates were sealed with Parafilm® to minimize 
possible water evaporation or water leakage into the plates from the 
aquaria. All life stages were cultured in the same sterile GF-C filtered 
NSW reported in previous sections at a PAR irradiance of 150 μmol m− 2 

s− 1, provided by LED lamps under a photoperiod of 18:6 light:darkness.
Growth and survival rates in early-post settlement stages (oospheres, 

embryos, germlings and juveniles) were estimated from photomicro
graphs on a Motic AE31 inverted microscope (Motic, Xiamen, PCR) 
coupled with a Moticam 10.0 Mp digital camera with Moticam Images 
Plus 3.0 ML software (Motic). Images were processed using the ImageJ 
distribution Fiji (Schindelin et al., 2012). Alive and dead oospheres, 
embryos or germlings were counted from the photomicrographs and 
survival rate was calculated as the proportion of alive cells. We based 
our selection criteria on the visual integrity of the cells. Growth of 
microscopic stages was calculated on a length basis, considering the 
length of the major axis and excluding the rhizoids (Altamirano et al., 
2003a). Alternatively, spherical zygotes were counted and measured 
(zygote diameter) by using an automated procedure of selection of re
gion of interest (ROI) based on image contrast in Image J distribution 
Fiji. Growth of adult individuals (vegetative apical branches) was fol
lowed by changes in biomass over the experiment. Relative growth rates 
(RGR) of microscopic stages and adults of E. selaginoides were calculated 
on a length or biomass basis, as: 

RGR
(
% d− 1)=100⋅

ln (St) − ln (S0)

Δt
,

where St and S0 are the final and initial size (length in μm or biomass in g 
FW), and Δt is the elapsed time.

2.5. Statistical analysis

Different statistical analyses were applied to test the effects of BCRo 
on microscopic stages of E. selaginoides throughout the five experiments, 
which are summarized in Table 1. When the sphericity assumption was 
not met in the repeated measures designs, we applied the Greenhouse- 
Geisser correction (1959), by using adjusted degrees of freedom and 
P-values. When normality and homoscedastic assumptions were not met 
in ANOVA designs, non-parametric tests were run (Kruskal-Wallis non- 
parametric ANOVAs). When ANOVA tests showed significant differ
ences, post-hoc Tukey honest significant differences (HSD) analysis was 
run. All graphs were made using GraphPad Prism 8.01 (GraphPad 
Software Inc.) and statistical analyses were performed using STATIS
TICA 7.0 (StatSoft Inc., Tulsa, OK, USA).

3. Results

3.1. Short-term effect of BCRo biomass density and exposure time on the 
survival of oospheres

Exposure of oospheres of E. selaginoides to BCRo decreased their 
survival by 50–100 % depending upon exposure time and density of 
BCRo (Fig. 1, Table A.1). Oospheres from control plates without BCRo 
addition and control plates with a physical control (mesh addition) 
showed a survival rate of 96 ± 3 % (Fig. 1, at BCRo = 0), without any 
sign of cell damage. Survival of oospheres exposed to 0.25 mg FW mL− 1 

of BCRo dropped by 50 % regardless of the exposure time (Fig. 1).
Survival of oospheres exposed for 30 min to increasing BCRo biomass 

densities (up to 4.5 mg FW mL− 1) decreased from 55 to ca. 25 % (Fig. 1). 
As exposure time increased (60, 90 min) all oospheres died at densities 
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above 3 mg FW mL− 1. There was no survival of oospheres under any 
treatment 24 h later, while those from the control remained without 
visible cell damage (data not shown). Fig. 2 shows oosphere death in the 
proximity of a piece of thallus of BCRo over a 15 min time span, at a 
BCRo concentration of 1.5 mg FW mL− 1.

To depict how fast this process occurred, the oosphere cell-death was 
recorded (Supplementary material, Video 1, Fig. 3). Oospheres experi
enced the extrusion of cytoplasmic vesicles through the plasmalemma 
within less than 3 min when exposed to BCRo (Fig. 3A), containing 
numerous vesicles of differing sizes (~0.3–15 μm). After cytoplasm 
extrusion, the oosphere nucleus remained inside the plasmalemma, and 
the membrane rapidly adjusted to the shrunk cytoplasm. However, in 
oospheres where cytoplasmic extrusion occurred in less than 30 s 
(Fig. 3B), the plasma membrane integrity was lost, and a surge release of 

the cell content to the external medium was observed. Following this, 
broken sections of plasma membrane rapidly rearranged into single 
layered spheres (micelles) (Fig. 3B).

3.2. Effect of BCRo exposure time on the survival and germination of 
embryos

Survival of 1-d old embryos of E. selaginoides decreased from 87 % to 
72 % during 2 h exposure to 5 mg FW mL− 1 of BCRo (Fig. B.1). A sig
nificant decline of survival of embryos was detected between 15 and 30 
min, and then it progressively declined (F3, 72 = 4.58, P = 0.018).

In an independent assay, survival of 1-d old embryos exposed to 
BCRo for 24 h decreased by 50 % (Mann-Whitney U = 0, P = 0.004; 
Fig. 4A, Table A.2). In addition, germination rates of these same em
bryos significantly declined after 2- and 7- d of exposure to BCRo (3- and 
8-d after fertilization, respectively), from ~91 to ~58 % (Table A.2). 
Germination rates did not significantly vary between experimental times 
(2 vs. 7 d) within the control or BCRo treatment (Fig. 4B, Table A.2). 
Furthermore, 7-d old germlings exposed to BCRo experienced delayed 
elongation, loss of regular shape of their apical hairs and rhizoidal 
weakness from which some of them got detached of the plates.

3.3. Interactive effects of BCRo and temperature on juveniles and adults

3.3.1. Juveniles (7 d-old embryos)
Growth of juveniles of E. selaginoides ranged from 10.5 to 12.4 % d− 1 

between 0 and 7 d AF, when the apical hairs were developed (Fig. 5). 
Under control treatment, juvenile growth was unaffected by tempera
ture (20–28 ◦C) between 0 and 7 d, but it decreased significantly from 
2.7 to − 1 % d− 1 at 28 ◦C between days 7 and 14 (Fig. 5). The addition of 
BCRo at day 7 A F had a negative effect on embryo growth at 20 ◦C 
(Fig. 5). Differences in embryo length between control (C) and treatment 
(R) were not significant at 24 or 28 ◦C (Table 2). Nonetheless, exposure 
to BCRo and/or warming led to distinct morphological features (Fig. 6). 
Exposure to BCRo decreased rhizoid number and thickness, causing 
weaker attachment and more frequent dislodgment. Moreover, both 
temperature and BCRo addition had a negative effect on the number and 
regular shape of apical hairs (Fig. 6). Lastly, embryos grown at optimal 
conditions (20 ◦C, without BCRo) had the greatest bilateral symmetry, 
while those exposed to warmer conditions and in the presence of BCRo 
presented more irregular shapes (Fig. 6).

3.3.2. Adults
Adults of E. selaginoides were significantly affected by the exposure to 

BCRo, showing similar or lower (up to 7-times) relative growth rate 
(RGR) than the control (Fig. 7, Table 3). In addition, an interactive effect 
was detected between temperature and time interval for both BCRo and 
control treatments. Relative growth rate of adult E. selaginoides were 
higher during the first week and were not affected by temperature. In 
contrast, RGR gradually decreased with temperature, reaching a mini
mal value at 28 ◦C during the second week of experiment. In addition, 
apical tips of E. selaginoides grown with BCRo showed damaged reddish 
tissues that easily broke and fell apart (Fig. B.2).

3.4. Effect of BCRo biomass density and exposure on seawater pH

Natural seawater pH decreased following the addition of BCRo but at 
a different pace depending on the biomass density (F4,40 = 40.1, Greiner- 
Greenhouse Adjusted P < 0.001) (Fig. 8). A significant reduction in pH 
was detected after 1 and 2 h at BCRo concentrations of 4 and 0.75 mg FW 
mL− 1 BCRo, respectively, and it declined by 1–2 % after 3 h (Fig. 8). 
NSW reached final pH values of 7.33 ± 0.03 and 7.64 ± 0.03 after 24 h 
at high and low BCRo concentrations, respectively, while pH of control 
treatment (without BCRo) remained at 8.31 ± 0.02 during the experi
ment (Fig. 8).

Table 1 
Statistical analyses applied to each of the experiments of the study.

Experiment Control variable ANOVA 
analysis

Factors/levels n

Exp. 1 Survival of 
E. selaginoides 
oospheres

1-way RM 
ANOVA

BCRo Biomass 
density (i = 6) 
Time (j = 3)

6

Exp. 2 E. selaginoides embryo 
germination rates

1-way RM 
ANOVA

Treatment (i =
2) 
Time (j = 3)

6

Short term time 
course survival rates 
of embryos

1-way 
ANOVA

Time (i = 4) 6

Embryo survival 24 h 
after BCRo addition

Mann- 
Whitney U

BCRo treatment 
(i = 2)

6

Exp. 3 Growth of adult tips 
of E. selaginoides

2-way RM 
ANOVA

Temperature (i 
= 3) 
BCRo treatment 
(j = 2) 
Time (k = 2)

6

Growth rate of 
E. selaginoides 
juveniles

2-way 
crossed 
ANOVA

Temperature (i 
= 3) 
Treatment (j =
2)

10–12

Exp. 4 pH of natural 
seawater (NSW)

1-way RM 
ANOVA

BCRo Biomass 
density (i = 2) 
Time (j = 5)

6

Exp. 5 Survival and growth 
of juveniles of 
E. selaginoides

​ pH (i = 3) 3

Abbreviations: Repeated measures (RM) ANOVA. i, j and k indicate the number 
of levels within each factor.

Fig. 1. Short-term survival of oospheres of Ericaria selaginoides exposed to five 
densities of beach-cast Rugulopteryx okamurae (BCRo, 0.25, 0.75, 1.5, 3, 4.5 mg 
FW mL− 1) and three exposure times (30, 60, 90 min).
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3.5. Effect of pH on growth and survival of juveniles of E. selaginoides

NSW pH did not affect the survival of juveniles of E. selaginoides (F2,6 
= 0.12, P = 0.89), with an overall mean value of 62 ± 23 % (Fig. 9). 
Juveniles of E. selaginoides grown at pH 7.2 had 1.2-fold times higher 
RGR than at pH 7.5 or 8.2 (6.21 ± 2.2 % d− 1 vs. averaged pooled value 
of 5.4 ± 2.1 % d− 1) (F2,319 = 5.40, P = 0.005).

4. Discussion

Invasive species are considered the second biggest threat for biodi
versity conservation, behind climate change. Among the most recent 
invasion events, the arrival of R. okamurae to the Strait of Gibraltar in 
2015 and the expansion in the Western Mediterranean seems to be 
especially threatening to marine biodiversity, as well as a relevant 
problem for several economical activities (mainly, fisheries and tourism) 
(García-Gómez et al., 2021b; Mogollón et al., 2024). For this reason, we 
addressed the study of the impact of BCRo on structural, native seaweed 
species. Our study provided unquestionable evidence on the negative 
effects of decomposing BCRo across single- and few-celled stages of 
E. selaginoides. We demonstrated that exposure to BCRo was lethal for 
oospheres of E. selaginoides, and massive cell-death occurred within 
minutes. Nonetheless, during early development, E. selaginoides required 
longer exposure to BCRo to exhibit changes in survival, growth, and 
development, even under higher BCRo biomass conditions. Tempera
ture, in the range which could be achieved according to future scenarios 
of climatic change, did not exert an additive effect to BCRo exposure in 
the physiological performance of juveniles of E. selaginoides. Despite 
adults of E. selaginoides were less sensitive to BCRo exposure than 
microscopic stages, their growth also decreased significantly. This effect 
aligns with previous studies demonstrating the inhibitory impact of 
various algal allelopathic compounds on photosynthesis by blocking the 
electron transport chain, ultimately affecting growth (Patterson et al., 
1979; Patterson and Harris, 1983; Sudatti et al., 2020). Interestingly, the 
sesquiterpene elatol, extracted from the rhodophyte Laurencia den
droidea J. Agardh, exhibited stronger effects on the apical portions of its 
own thalli compared to the basal sections. This autotoxicity, which in
creases with higher population densities, regulates seaweed growth to 
prevent self-shading by structuring the population through density 
control (Sudatti et al., 2020). Although elatol is not present in 
R. okamurae, this species contains up to six different secondary com
pounds, most of them are terpenoids. In this context, future studies 
should investigate the effect of R. okamurae extracts on E. selaginoides 
photosynthesis along the adult thalli. Finally, we detected that pH of 
NSW proportionally decreased with the density and incubation time 
with BCRo, but contrary to our initial hypothesis, a pH level of 7.2 

reached after 24 h did not limit the growth of E. selaginoides juveniles 
and rather enhanced it. In addition, this response might have been 
mediated by the carbonic-carbonate system, where growth would be 
enhanced via higher inorganic C uptake at lower pH. In fact, several 
studies point at the potential benefit experienced by brown algae under 
ocean acidification (Celis-Pla et al., 2015), including E. selaginoides if 
temperatures do not surpass 2–3 ◦C above optimum temperature and 
nutrients are not limiting (Celis-Plá, 2015). Nonetheless, we cannot rule 
out that pH changes by BCRo might be also the result of an allelopathic 
effect in this species that requires in-field demonstration.

The two species from this study were not collected at the same 
location since E. selaginoides population at the location of large strands of 
BCRo was highly reduced (it must be highlighted that the populations of 
this species were very abundant in the location where BCRo was 
collected, characterizing the beginning of the infralittoral zone; Conde 
and Seoane, 1983; Flores-Moya et al., 2021) and fertile branches were 
not detected. Nonetheless, through our experimental in vitro approach 
we evidenced a proof of concept with relevant ecological significance, as 
the extent of coastline where the two species overlap is rapidly 
increasing towards the Mediterranean and eastern Atlantic coast (Dia
z-Tapia et al. 2024). This first approach highlighted the vulnerability of 
native foundational species, particularly in the few- and single-celled 
stages of the life history to the impacts of R. okamurae. Given the 
differing physiological status of beach-casted R. okamurae material 
depending on the distribution area and season (Roca et al., 2022), 
further studies should investigate how this variability may influence the 
activity of its bioactive compounds and their interactions with native 
communities.

The exposure time needed to detect a significant negative effect on 
the physiological traits (growth, survival, or germination) increased 
from minutes to days from oospheres to juveniles of E. selaginoides. 
Oospheres experienced rapid cell death within minutes, while young 
embryos had a similar fate but at higher BCRo concentrations and after 
longer exposure times. Stage-sensitivity have been reported for several 
stressors in other fucoid algae, such as temperature, UVR or metals 
(Brawley and Johnson, 1991; Altamirano et al., 2003b; de Caralt et al., 
2020). During early ontogenesis, fucoid embryos experience multiple 
physiological, biochemical, and developmental changes, with apical 
hairs development as a milestone (Tarakhovskaya et al., 2017). At that 
point, juveniles acquire similar physiological performance than apical 
tissues of adult thalli (Falace et al., 2018; Sánchez de Pedro et al., 2022).

In addition to the several impacts of R. okamurae on native marine 
species, our reported effects of BCRo across life-stages of E. selaginoides 
might extend across different life-stages of many others keystone foun
dation organisms (Cebrián et al., 2012; García-Gómez et al., 2020b; 
Sempere-Valverde et al., 2021). Considering that survival of propagules, 

Fig. 2. Effect of 1.5 mg FW mL− 1 of beach-cast Rugulopteryx okamurae (BCRo) on oospheres of Ericaria selaginoides. Elapsed time of 15 min between left and right 
micrographs (4× magnification). Beach-cast R. okamurae (BCRo), alive oospheres (AO, green arrows), dead oospheres (DO, red arrows). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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spores and recruits in nature is very low (Vadas et al., 1992), an added 
stressor such as the interaction of an invasive species as R. okamurae 
would represent a critical bottleneck for population persistence and 
success of sexual reproduction, since recruitment ensures genetic vari
ability within a population. Cystoseira s.l. Forests comprise species with 
varying connectivity among populations and unique pools of genetic 
diversity (Bermejo et al., 2018; Buonomo et al., 2017; Falace et al., 
2018). Dispersal distances are low in this genus (Verdura et al., 2018), 
but recruits and rafted fertile branches may reach longer distances due 
to local currents (Reynes et al., 2021). In this regard, if a fast degradation 

of oospheres as that found in our study would occur in nature, the 
chance of viable oospheres reaching longer distances would be heavily 
constrained under the presence of R. okamurae. Nevertheless, extrapo
lating the detected lethal dose from our study to the field is highly 
difficult, due to local currents, dilution effects and the interaction with 
other factors that might enhance decomposition of beach-cast materials. 
Areas with high densities of R. okamurae, as the coasts of Ceuta 
(Southern Strait of Gibraltar), up to 5000 tons of BCRo were detected 
only during fall 2015 (García-Gómez et al., 2020). In fact, in the 
northern shore of the Strait of Gibraltar, it has been suggested that such 

Fig. 3. Detailed micrographs of the effect of 1.5 mg FW mL− 1 of beach-cast Rugulopteryx okamurae (BCRo) on oospheres of Ericaria selaginoides. Time-lapse of “slow” 
(A, 150 s) and “surge” cell-death (B, 30 s) of oospheres of E. selaginoides exposed to 1.5 mg mL− 1 BCRo. Dashed yellow circles depicted the initial shape of the cell. 
Dashed red shapes depicted areas with higher chromatin density in the oosphere. White arrowheads indicated extruded vesicles. Red arrowheads indicated formation 
of micelles (small, single layered spheres, dashed white shapes) following plasma membrane disruption in oospheres that experienced “surge” cell-death. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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accumulations of BCRo might be interfering with larval settlement of 
Patella ferruginea (Gmelin, 1791) (CAGPDS, 2019). Since we used small 
amounts of BCRo in our in vitro approach, the actual effects could be 
much bigger and act together with other competitive traits of this spe
cies, environmental stressors, and pollutants.

Our results also pointed out the negative effect of warming especially 
on juvenilesof E. selaginoides and showed that BCRo effects were not 
additive to warming. For instance, within the BCRo treatment, juveniles 
grew similar but slower at all temperatures; in contrast, in its absence, 
juveniles of E. selaginoides grew optimally at 20 ◦C and showed an upper 
thermal limit at 28 ◦C. These responses to warming were like those re
ported for other Cystoseira s.l. Species, being unable to survive at 28 ◦C 
(Bernal-Ibáñez et al., 2022b; Falace et al., 2021; Verdura et al., 2021). 
Within the Northern Alboran Sea, this temperature corresponded to the 
RCP 8.5 warming scenario and the extreme historical temperature 
(Campos-Cáliz et al., 2019). However, these authors also revealed that 
thermal sensitivity of E. selaginoides varied along an 
Atlantic-Mediterranean thermal gradient. Although we obtained growth 
values in juveniles like those reported by Campos-Cáliz et al. (2019)

Fig. 4. A) Survival of 1-d old embryos of E. selaginoides 24 h after fertilization (AF) under control (C) and BCRo treatment (R). B) Germination rate of embryos of 
E. selaginoides 2- and 7-d AF of control samples (C) and exposed to 5 mg FW mL− 1 of beach-cast R. okamurae (R). Asterisks indicate significant differences be
tween treatments.

Fig. 5. Relative growth rates (RGR) of juveniles of Ericaria selaginoides (n = 10–12) between 0-7 and 7–14 d after fertilization, under two treatments: control (C) and 
exposed to 8 mg FW mL− 1 of beach-cast Rugulopteryx okamurae (R) in combination with three temperature levels (20, 24 and 28 ◦C). Superscript letters indicate sub- 
homogeneous groups derived from Tukey’s HSD post-hoc comparisons within each time interval. Data are mean ± SD. Asterisks indicate that BCRo was not added for 
juveniles until day 7 A F.

Table 2 
Two-way ANOVA results for the growth rates of juveniles of Ericaria selaginoides 
(n = 10–12) between 0-7 and 7–14 d after fertilization, under two treatments: 
control (C) and exposed to 8 mg FW mL− 1 of beach-cast Rugulopteryx okamurae 
(R) in combination with three temperature levels (20, 24 and 28 ◦C).

Time 
interval

Source of 
variation

df F P Rank order of main 
factors

0–7 Treatment 1 2.87 0.094 ​
Temperature 2 0.51 0.602 ​
Treatment ×
Temperature

2 0.31 0.734 ​

7–14 Treatment 1 6.51 0.012 C > R
Temperature 2 12.6 < 0.001 20 = 24 > 28
Treatment ×
Temperature

2 8.54 < 0.001 [C (20=24) ] ≥ R (24) 

≥ [R (20=28) ]≥ C (28)

Bold fonts indicate the statistical significance for each factor. Rank order of main 
factor is derived from sub-homogeneous groups of data obtained by Tukey’s 
HSD post-hoc comparisons.
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between 20 and 24 ◦C (RGR 0–14–7.3 % d− 1), that study indicated 
positive but reduced growth for juveniles at 28 ◦C. These differences 
might be attributed to the different season at which the specimens were 
collected (winter 2019 vs. late-summer 2021). Seasonality plays a major 
role in modulating thermal sensitivities of early life stages which might 

be indicative of a greater warming tolerance in winter recruits, as occur 
with another intertidal fucoid of this region, Fucus limitaneus (Montagne) 
Montagne (Melero-Jiménez et al., 2017; Sánchez de Pedro et al., 2022, 
2023).

Ocean acidification can negatively affect recruitment of some 

Fig. 6. Morphological features of juveniles of E. selaginoides grown for 14 d under the combination of three temperatures (T, 20, 24, 28 ◦C) and with and without 
exposure to 4 mg FW mL− 1 of the invasive beach-cast R. okamurae (BCRo). The treatment T + BCRo indicates the combination of both variables. Note that BCRo was 
present in the culture plates between 7 and 14 d after fertilization. Red arrows indicate loss or absence of apical hairs. White arrows indicate slender and debilitated 
rhizoids. Dashed red lines depict the axis of bilateral symmetry for the optimum (20 ◦C, control) and less favourable conditions (28 ◦C). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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seaweeds by weakening and delaying spore adhesion (Guenther et al., 
2018), but sensitivities depend upon species, with higher impacts on 
calcifying species (Kroeker et al., 2010), and its early life stages 
(Ordoñez et al., 2019). Our study demonstrated that small amounts of 
BCRo in a closed system could acidify water from 8.2 to 7.2 within 24 h. 
This change has been previously mainly attributed to the release of ex
udates and intracellular compounds from decomposing and broken tis
sues of other brown algae (Sieburth and Jensen, 1969). Such exudates 
can induce significant changes in seawater chemistry for some species, 
altering the structure and function of associated microbial communities 
(Lozada et al., 2021; Paine et al., 2021). The acidification of NSW was 
initially explored based on the low vacuolar pH of many Dictyotales (up 
to 0.5) due to the presence of H2S (Sasaki et al., 1999). This implies that 
BCRo might acidify surrounding waters, particularly in enclosed areas 
such as bays, which would agree with the reported impacts of 
R. okamurae on coralligenous communities (Sempere-Valverde et al., 
2021). Using decomposing and non-photosynthetically active thalli of 
BCRo also allowed us to discard the interference of the algal metabolism 
itself and to eliminate a possible confounding effect by resource 
competition (i.e., nutrients, light) (Carpenter, 1990). Contrary to our 
expectations, we found that a pH of 7.2 (the lowest value reached after 
24 h incubation of BCRo) promoted juvenile growth and no visible 

differences in adhesion were observed between pH levels. This sug
gested that the lethal and physiologically limiting effects of BCRo on 
E. selaginoides should be driven by the action of its secondary metabo
lites rather than through changes in pH. Nevertheless, it cannot be ruled 
out that other indirect variables that have not been yet addressed might 
mediate these responses, as for example indirect microbiome modifi
cations by algal exudates (Haas et al., 2013) or decomposing algal 
biomass (Quilliam et al., 2014).

Chemically mediated interactions have been reported between 
macroalgae and different life stages of several marine benthic organisms 
(Longo and Hay, 2017; Jormalainen and Honkanen, 2008; Paul et al., 
2011; Paul and Puglisi, 2004). Here we reported new evidence to this 
field, evidencing a prominent negative in vitro effect of BCRo on 
microscopic life stages of E. selaginoides. Rugulopteryx okamurae present 
more than 20 secondary metabolites, such as dictyterpenoids, sesqui
terpenes and unique newly discovered compounds, all of them with the 

Fig. 7. Relative growth rates of adult apical tips of Ericaria selaginoides (n = 6) calculated between two-time intervals (0–7, 7–14 d), under control (C) and exposed to 
4 mg FW mL− 1 of beach-cast Rugulopteryx okamurae (R) in combination with three warming conditions (20, 24, 28 ◦C).

Table 3 
Two-way repeated measures ANOVA results for the growth rates of adult apical 
tips of Ericaria selaginoides (n = 6) between two-time intervals (0–7, 7–14 d) 
under control (C) and exposed to 4 mg FW mL− 1 of beach-cast Rugulopteryx 
okamurae (BCRo) in combination with three warming conditions (20, 24, 28 ◦C).

Source of variation df F P Rank order of main factors

Treatment 1 4.62 0.040 C > BCRo
Temperature 2 5.70 0.008 20 > 24 = 28
Treatment ×

temperature
2 2.48 0.101 –

Time interval 1 28.7 < 0.001 0-7 > 7-14
Time × Treatment 1 3.64 0.066 –
Time × Temperature 2 4.50 0.020 [0–7 (20=24=28)] ≥ 7–14 (20) ≥

7–14 (24) ≥ 7–14 (28)

Time × Treatment ×
Temperature

2 2.66 0.086 –

Bold fonts indicate the statistical significance for each factor. Rank order of the 
main factor is derived from sub-homogeneous groups of data obtained by 
Tukey’s HSD post-hoc comparisons.

Fig. 8. Time course of pH of natural seawater between 0 and 3 h and 24 h after 
addition of beach-cast Rugulopteryx okamurae (BCRo) at two concentrations 
(0.75 vs. 4 mg FW mL− 1), in a total volume of 10 mL. Superscript letters 
indicate sub-homogeneous groups derived from Tukey’s HSD post-hoc 
comparisons.
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potential to chemically interact with other marine organisms 
(Casal-Porras et al., 2021; Cuevas et al., 2021; Paul et al., 2011; Suzuki 
et al., 2002). Terpenoids from Dictyotales possess feeding-deterrent 
activity for generalist herbivores (Casal-Porras et al., 2021; Suzuki 
et al., 2002), although recent studies show the capacity of sea urchins to 
feed on R. okamurae (Hachero-Cruzado et al., 2024). Those terpenoids 
are used in medicine as cytotoxic for anticancer therapy as cell-cycle 
stopper and cellular apoptosis inducer (Chen et al., 2010; Prakash, 
2018). In this regard, we hypothesize that cytotoxic chemicals derived 
from R. okamurae induced cell-death in the most sensitive oospheres of 
E. selaginoides, and to a lesser extent on successive developmental stages. 
A lethal dose 50 of 0.25 mg FW mL− 1 of BCRo after 30 min of exposure, 
and a DL of approximately 3 mg FW mL− 1 when the exposure time was 
extended up to 60 min, represents a significant threat to E. selaginoides 
recruitment. Recent studies demonstrated the presence of six over
lapping cohorts of R. okamurae throughout the year, with individual 
densities ranging from 3285 to 888 individuals m− 2. Biomass increased 
from November (approximately 15 g DW m− 2) to July, reaching a peak 
of 170 g DW m− 2 (Rosas-Guerrero et al., 2025). This suggests that 
E. selaginoides populations could be permanently exposed to higher le
thal doses for their oospheres, considering that the doses tested in the 
laboratory were based on fresh weight. According to our measurements 
(pers. obs.), DW was 42.33 % of DW for BCRo (R2 = 0.56, n = 30), which 
means these figures would equal ca. 35–401 g FW m− 2.

We provided a microscopic and morphological approach to the cell- 
death process of unfertilized oospheres of E. selaginoides (Suppl. Video, 
see also Fig. 2). Mechanisms regulating programmed cell-death are 
highly evolutionarily conserved (Kasuba et al., 2015). Underlying mo
lecular and biochemical pathways and types of cell-death (i.e., 
apoptotic, necrotic) are well-described in animal cells, and to a lesser 
extent in plant cells (Reape and McCabe, 2010). Despite they undergo 
distinct morphological and biochemical changes or “hallmarks”, they 
share many others. For algae, cell-death has been mainly studied in 
cyanobacteria and microalgae (Kasuba et al., 2015), but not for single- 

and few-celled stages of macroalgae. Nagasato et al. (2001) detected the 
mechanism of nuclei degeneration in two brown algae species, where 
hydrolysis of cell contents is a natural mechanism. Here, we identified 
several key morphological changes during the cell-death of oospheres of 
E. selaginoides exposed to BCRo. Exocytosis is a process already docu
mented for fucoid gametes (Allen and Brawley, 1984), and in eukaryotic 
cells this process is triggered by Ca2+, which occurs after rupture of the 
plasma membrane (Cooper and McNeil, 2015). In this line of reasoning, 
cytotoxic effects of terpenoids have been directly associated with plasma 
membrane disruption and oxidative stress responses (i.e., lipid peroxi
dation, ROS, mitochondrial impairment) (Agus, 2021). In parallel, 
overload of Ca2+ inside the cell leads to mitochondrial dysfunction and 
further ROS production (Shubin et al., 2016). Similar effects have been 
reported for the group of “pore-forming toxins”, a group of 
bacterial-derived toxins that act as ions channels, thus triggering 
vacuolization and osmotic stress (Shubin et al., 2016). The mode of 
action of terpenoids for plasma membrane disruption has been investi
gated in other unicellular eukaryotic cells (i.e., yeasts). Due to their 
lipophilic nature, terpenoids can perforate the plasma membrane lipid 
bilayer, disconnecting the cell wall and the cytoplasm and causing cell 
wall damage (Martínez et al., 2014). Among seaweeds, exposure to other 
toxic lipid substances (i.e., oil) increased cell membrane permeability 
and damaged tissues (Reddin and Prendeville, 1981).

We found two distinct morphological cell-death patterns depending 
upon the speed of exocytosis, both with the same fate of non-surviving 
oospheres. Under slow exocytosis, the cytoplasm shrunk, and plasma 
membrane rearranged to the new cell size, while under surge exocytosis 
(30 s), we reported plasma membrane disruption and cytolysis. The 
reported morphological changes were in good agreement with the 
hallmarks of apoptotic-like cell-death in plants. Chiboub et al. (2021)
also detected apoptotic-like cell death in two unicellular parasites when 
exposed to diterpenoids of Dictyota spiralis Montagne, where the 
cell-death was defined by these authors as “instantaneous and cata
strophic”, just as it occurred in E. selaginoides oospheres. In the “surge” 
cell-death, the plasma membrane disruption and cell lysis could lie into 
the category of necrotic-like cell death. Several morphological forms 
were reported during massive cell-death in the model algae Chlamydo
monas reinhardtii P. A. Dangeard (Yordanova et al., 2010), where the cell 
form depended on the external inducer. In our study, the two distinct 
responses might be due to the simultaneous action and probable syn
ergistic effects of the different and abundant terpenoids of R. okamurae.

A developmental factor explaining the extremely lethal effect of 
BCRo on oospheres might be their lack of cell wall (Levring, 1952). Cell 
wall and cellulose is formed in fucoids ~20 min after fertilization 
(Stevens, 1974) and increases in thickness over ~16 h prior to polari
zation and settlement. This implies that oospheres were less protected 
than zygotes or embryos from any external stressor, including chemical 
interactions, explaining why we needed longer exposures and BCRo 
concentrations to detect significant impacts. Nevertheless, lethal dosage 
for each terpene depends upon time and dose (Agus, 2021), a fact we 
also detected in our experiments. Similar deleterious effects have been 
reported for larval stages of marine invertebrates by other Dictyotales 
(Olsen et al., 2015; Paul et al., 2011). Moreover, direct exposure to living 
thalli of another Dyctiotales had the same effect than extracts on coral 
recruit survival (Kuffner et al., 2006). That would suggest that terpe
noids can keep their action outside of living cells. Since we used 
decomposing biomass from BCRo, release of such cytotoxic terpenoids 
might have been facilitated, a fact already suggested by Mateo-Ramírez 
et al. (2023). While these authors reported photosynthetically active 
thalli of R. okamurae at bathyal habitats, R. okamurae used in our study 
was decomposed, probably because of the environmental stress of 
beach-cast biomass at the eulittoral zone. A combination of the experi
mental approaches of Paul et al. (2011), with the isolation of key 
cytotoxic compounds from R. okamurae (Casal-Porras et al., 2021; 
Cuevas et al., 2021) together with ultramicroscopic and biochemical 
evaluations will contribute to elucidate the relative effect of these 

Fig. 9. Survival and relative growth rates (RGR) of embryos of Ericaria selagi
noides at natural pH of seawater (8.2) slightly acidified NSW (pH 7.5) and 
acidified medium (pH 7.2, mean final pH detected in seawater) 14 days after 
fertilization. Bars are mean ± SD (n = 3).
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chemical weapons on microscopic stages of marine organisms.

5. Conclusion

The beach-cast thalli of the invasive seaweed Rugulopteryx okamurae 
(BCRo) had severe adverse effects on the early life stages of the native, 
ecosystem-structuring seaweed E. selaginoides. 

• Rapid Cell Death: Oospheres exposed to BCRo underwent rapid cell 
death within less than 3 min.

• Inhibited Germination and Survival: Zygote germination and embryo 
survival decreased significantly by 36 % and 50 %, respectively.

• Temperature Independence: Increasing the temperature from 20 ◦C 
to 28 ◦C did not exacerbate the negative effects of BCRo on the 
growth rate of 7-day-old juvenile thalli.

• Stage-Specific Vulnerability: While adult thalli of E. selaginoides 
exhibited greater resilience, early developmental stages proved 
highly susceptible to BCRo exposure.

These findings underscore the severe impact of R. okamurae on the 
early growth stages of E. selaginoides, providing a potential explanation 
for the rapid expansion of R. okamurae and its displacement of native 
structural species in the Strait of Gibraltar and adjacent areas of the 
Western Mediterranean.

CRediT authorship contribution statement

Emma Gálvez-Pastor: Writing – review & editing, Writing – original 
draft, Visualization, Investigation, Formal analysis. Raquel Sánchez de 
Pedro: Writing – review & editing, Writing – original draft, Visualiza
tion, Validation, Methodology, Investigation, Formal analysis, Concep
tualization. María Jesús García-Sánchez: Writing – review & editing, 
Resources. Antonio Flores-Moya: Writing – review & editing, Re
sources, Funding acquisition. Elena Bañares-España: Writing – review 
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Pearson, G.A., Marbà, N., Duarte, C.M., Airoldi, L., Hernández, I., Guiry, M.D., 
Serrão, E.A., 2018. Marine forests of the Mediterranean-Atlantic Cystoseira 
tamariscifolia complex show a southern Iberian genetic hotspot and no reproductive 
isolation in parapatry. Sci. Rep. 8, 1–13. https://doi.org/10.1038/s41598-018- 
28811-1.

Bermejo, R., de la Fuente, G., Ramírez-Romero, E., Vergara, J.J., Hernández, I., 2016. 
Spatial variability and response to anthropogenic pressures of assemblages 
dominated by a habitat forming seaweed sensitive to pollution (northern coast of 
Alboran Sea). Mar. Pollut. Bull. 105, 255–264. https://doi.org/10.1016/j. 
marpolbul.2016.02.017.
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