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Extreme storms could limit the expansion of the invasive species Caulerpa cylindracea  
on rocky shores
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Abstract

Invasive species constitute a major environmental concern worldwide and extreme events, favoured by climate change, are 
expected to enhance their invasiveness. However, more scientific evidence is needed to better understand the circumstances under 
which this assumption holds true. An experimental manipulation was performed to test how storm intensity and frequency affect-
ed the re-colonisation of rocky boulders by the non-indigenous species Caulerpa cylindracea following mechanical disturbance. 
Low intensity storms with a high frequency were found to enhance Caulerpa cylindracea invasiveness, while extreme storms 
limited the invasiveness. These effects were not only short-term, they were also observed up to nine months after the disturbance. 
Caulerpa cylindracea presents a low attachment capacity to rocky substrata, and its colonisation capacity may be favoured by the 
existence of other canopy-forming algae that create structures to which Caulerpa cylindracea can attach. Caulerpa cylindracea 
may be excessively affected by uprooting and dislodgement following high-intensity disturbances that produce bare rock. The 
shear stress driven by wave action on rocky shores can hinder its colonisation of the upper subtidal zone. This study suggests that 
extreme events do not necessarily enhance the exotic species invasiveness and that their effects may vary depending on the habitat. 
Thus, the effects of extreme events on exotic species invasiveness needs to be studied across diverse environments. Such research 
is essential to define site-specific management strategies that optimally mitigate the effects of alien species within current climate 
change constraints.
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Introduction

Invasive species constitute a global ecological threat 
(Kumschick et al., 2015; Beaury et al., 2020). They pro-
duce major changes in the structure and functioning of 
the invaded ecosystems, modifying their biodiversity 
(Occhipinti-Ambrogi & Savini, 2003; Piazzi & Cec-
cherelli, 2006; Beaury et al., 2020) and ecological func-
tions (Walsh et al., 2016). Consequently, these alterations 
lead to a significant reduction in ecosystem services as 
well as economic losses ( Pimentel et al., 2005; Brad-
shaw et al., 2016). In the current global change context 
(Hulme, 2009; Katsanevakis et al., 2014), the number of 
invasive species is continuously growing (Seebens et al., 
2017). Thus, the impacts of invasive species and their in-
teractions with other environmental stressors, such as that 
deriving from climate change, are expected to increase in 
the coming decades.

Most studies on climate change-related environmen-

tal effects have focused on climate variable trends, yet 
another relevant climate change consequence is that 
weather events are becoming more extreme (Meehl et 
al., 2000). Extreme climatic events (hereafter extreme 
events) are characterised by their high magnitude and 
exceptionally low frequency. However, they are actually 
occurring more often owing to climate change (Meehl et 
al., 2000; Stephenson et al., 2008; Cai et al., 2012). Ex-
treme events produce severe ecosystem changes due to 
their catastrophic nature (Wernberg et al., 2013). Thus, 
climate change is modifying ecosystem disturbance re-
gimes, reducing ecosystem resilience (Johnstone et al., 
2016), and driving biological invasions (Walther et al., 
2009; Diez et al., 2012).

Due to their significant potential to produce distur-
bances, extreme events are projected to facilitate the pro-
liferation of invasive species, which can easily occupy 
the empty space left available by disturbance (Diez et al., 
2012; Mulas & Bertocci, 2016; Maxwell et al., 2019). 
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They can also impair community recovery after an ex-
treme event (Vetter et al., 2020). However, depending on 
event occurrence timing and frequency, their effect on 
different species can vary substantially (Meisner et al., 
2013). Under the current climate change scenario, it is 
necessary to understand how invasive species respond to 
modifying disturbance regimes (Sanz-Lazaro, 2019). 

Caulerpa cylindracea (Sonder, 1845) is among the 
most deleterious invasive species in the world (Lowe et 
al., 2000). In the Mediterranean, this species colonises 
extensive areas at depths of 0-50 m ( Piazzi et al., 2001; 
Ceccherelli & Campo, 2002), altering benthic assem-
blages by reducing native species diversity, affecting 
encrusting and erect macrophytes, while promoting turf 
species (Argyrou et al., 1999; Piazzi et al., 2001; Bala-
ta et al., 2004). The remarkable colonisation capacity of 
C. cylindracea owes mainly to its capacity for vegetative 
reproduction through fragmentation and stolonisation 
(Ceccherelli & Piazzi, 2001). C. cylindracea invasive-
ness depends on the canopy of other biological assem-
blages (Ceccherelli et al., 2014), nutrient levels (Gennaro 
et al., 2015), and ecosystem status (Terradas-Fernández 
et al., 2020). Degraded habitats affected by eutrophica-
tion with low density canopies have been reported to be 
more susceptible to invasion by C. cylindracea (Bulleri 
et al., 2010; Ceccherelli et al., 2014; Casoli et al., 2021; 
Terradas-Fernández et al., 2020).

Over the last few decades,  the Mediterranean Sea has 
experienced a rising frequency of extreme storms (Ama-
rouche & Akpınar, 2021; Martzikos et al., 2021). Storms 
can physically reduce macrophyte canopy density (Paine 
& Levin, 1981; Thompson et al., 2002; Oprandi et al., 
2020) facilitating C. cylindracea colonisation (Bulleri et 
al., 2010; Ceccherelli et al., 2014; Benedetti-Cecchi et 
al., 2019; Casoli et al., 2021). However, to the best of our 
knowledge, this hypothesis has not been tested yet.

The study objective was to evaluate the recovery 
capacity of C. cylindracea when subjected to varying 
storm-induced disturbance regimes. We adopted a ma-
nipulative approach and applied disturbances on a Med-
iterranean rocky reef to simulate a gradient of storm 
intensities with varying levels of extremeness. We then 
assessed how the biological assemblage recovered after 
the disturbances, focusing on C. cylindracea. During the 
experiment, the disturbances were applied separately, at 
two contrasting times of the year, i.e., when the water 
temperature was high and low, coinciding with the active 
and senescence periods of the invasive species, respec-
tively. The hypothesis was formulated as follows: C. cy-
lindracea invasiveness increases as disturbances become 
more extreme, while biological assemblage recovery is 
hindered, especially when the disturbances coincide with 
the warm season.

Material and Methods

Study area

The experiment was conducted on the rocky shore 

shallow platform (upper subtidal zone; ca. 0.2-0.4 m 
depth) of Agua Amarga in Alicante, Spain (38.30167° 
N, 0.51806° W) in the Western Mediterranean (Fig. S1). 
This area is notably subjected to coastal development 
and water eutrophication, resulting in a typical biological 
community dominated by the algae Corallinales, Ulvales 
and Ectocarpales (Terradas-Fernández et al., 2020). Eu-
trophication favours C. cylindracea abundance (Martín 
et al., 2003; Sanz-Lazaro et al., 2022), peaking in late 
summer and early autumn, coinciding with highest water 
temperatures (Terradas-Fernández et al., 2020). 

Experimental design

A total of 40 experimental plots (35 × 35 cm) were 
randomly distributed along the shoreline. They were 
delimited and numbered using epoxy putty (Subcoat S; 
Veneziani, Trieste, Italy). Disturbances were performed 
by eroding the rocks using a chisel and a hammer, which 
caused the removal of sessile organisms. Such a caused 
disturbance is comparable to the effect of natural storms 
in providing empty space on rocks (Paine & Levin, 1981). 
We chose the frequency level based on heavy storm re-
cords of the last decades in the Mediterranean Sea (0-6 
heavy storms per year) (Amarouche & Akpınar, 2021; 
Camuffo et al., 2000; Martzikos et al., 2021).

To establish a realistic gradient of storm extremeness, 
we inversely manipulated frequency and intensity. This 
approach ensured that total cumulated disturbance ap-
plied during the six-month experimental period remained 
constant across treatments (sensu Sanz-Lázaro, 2016). 
Accordingly, the manipulative treatments of the storm 
extremeness gradient were as follow: one very intense 
storm that removed 100% of the community cover (ex-
tremeness level 6); two intense storms, each of which re-
moved 50% of the community cover (extremeness level 
3); three moderate storms, each of which removed 33% of 
the community cover (extremeness level 2); and six mild 
storms, each of which removed 16% of the community 
cover (extremeness level 1; Fig. S2). The numbering of 
the treatment extremeness levels corresponds to the num-
ber of times that the treatment was more extreme than the 
lowest level. For example, the highest extremeness level 
(level 6) was 6 times more extreme than the treatment 
with the lowest extremeness level (level 1). The distur-
bance was interspersed within each experimental plot, so 
the cover was homogeneously removed along the whole 
area of the plot for each disturbance event across all treat-
ments.

 In addition, the control treatment was created with 
plots in which the rocks were not eroded. Each treatment 
level was replicated four times. Plots were placed ran-
domly and interspersed among treatments to maximise 
data independence. As C. cylindracea abundance in the 
Mediterranean is markedly seasonal and blooms at high 
water temperature (Ruitton et al., 2005; Terradas-Fernán-
dez et al., 2020), we ran the experiment twice: during the 
warm (from May to December, average water tempera-
ture of 22.9oC) and cold (from November to June, aver-
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age water temperature of 16.1oC) seasons independently. 
A total of 20 different plots that included the five treat-
ments over each period were used. We interspersed the 
plots ensuring that C. cylindracea cover was evenly dis-
tributed at comparable levels. 

To minimise border effects, we estimated the sessile 
species cover (see Table S4 for the species list) in the 
centre of the experimental plot on a 20 × 20 cm surface. 
The samplings were always performed immediately prior 
to simulating any disturbance; thus, each plot had been 
left undisturbed for at least one month when sampled. To 
study the short-term effects, the plots were sampled five 
times at each period of the year, beginning two months 
after the first disturbance was applied, and subsequently 
each following month (Fig. S3). To study the long-term 
effects of the disturbance regimes over each period of the 
year, five more samplings were performed every 2 to 3 
months after the fifth sampling. The latter corresponded 
to 9 to 21 months after the first disturbance was applied. 
Thus, each experimental plot was sampled 10 times (Fig. 
S3). No extreme storms were observed during the exper-
iment.

Data analysis

The response variables analysed were: C. cylindracea 
cover as well as canopy-forming species, which can lim-
it C. cylindracea invasiveness (Ceccherelli et al., 2002); 
Ellisolandia elongata individually because it is the area’s 
most abundant canopy-forming species (Terradas-Fernán-
dez et al., 2020); other sessile species; and bare rock. 
In this study, canopy-forming species were considered 
as the dominant species that create a three-dimensional 
structure, acting as a foundation species in their habitat, 
despite their reduced size of 10-20 cm (sensu Terradas 
et al., 2018; Catra et al., 2019). Short- and long-term ef-
fects were assessed separately. Storm short-term effects 
were analysed by averaging the values recorded for the 
five samplings performed during the disturbances peri-
od to obtain an overall estimate of the disturbance effect 
while minimising the unavoidable fact that the timing of 
disturbance application differed among treatments (Fig. 
S2; sensu Bertocci et al., 2010). To study the long-term 
storm effects, samplings 6 to 10 were each analysed in-
dividually (Fig. S3). Regression models were used to in-
dependently evaluate short- and long-term effects across 
the storm extremeness gradient (cold and warm: sensu 
Sanz-Lázaro, 2016). Additionally, to test whether C. cy-
lindracea abundance depended on other sessile species, 
a regression was fitted between C. cylindracea cover and 
that of all other sessile species, using all the samplings in 
which C. cylindracea cover exceeded 5%. The best fit-
ting model between a first- and second-order polynomial 
regression was consistently chosen using the AICc (cor-
rected Akaike Information Criterion) (Burnham & An-
derson, 2004). A t-test was applied to compare the control 
treatment with each disturbed treatment. Homogeneity of 
variances and normality were assessed through Cochran 
and Shapiro-Wilk tests, respectively. Analyses were con-

ducted using the statistical platform R (v. 2.15.0). Data 
were reported as mean ± standard error (SE) and all sta-
tistical tests were performed with a nominal Type I error 
rate (alpha) fixed at 0.05.

Results 

Regarding the short-term effects, when disturbanc-
es were applied during the warm period, C. cylindracea 
cover showed a significantly negative trend (R2= 0.76; 
p<0.001) as storms became more extreme. Several mild 
disturbances enhanced C. cylindracea cover (23±0.5%), 
while one extreme storm yielded the lowest C. cylindra-
cea cover (4.4±0.9%), which was notably lower than 
the C. cylindracea cover under undisturbed conditions 
(15±4.3%; p=0.05; Table S1). The cover of all cano-
py-forming algae and, individually, of E. elongata (the 
predominant canopy-forming species in this area) were 
similar across most treatment levels, including the con-
trol group, ranging from 86±7.5 to 93±6.0% and from 
25±2.8 to 33±5.7%, respectively. However, the most ex-
treme regime treatment showed the lowest cover of all 
canopy-forming algae (68±5.5%; p=0.07; Table S2). This 
treatment level therefore produced a significant reduction 
in E. elongata cover compared to the control (11±0.3%; 
p=0.01; Table S2). Similarly, the most extreme regime 
treatment displayed the largest bare rock cover (37±2.8%; 
p=0.08; Table S2), while bare rock ranged from 13±1.5 to 
21±7.1% in the rest of the treatment levels (Fig. 1).

When disturbances were applied during the cold 
period, C. cylindracea cover was generally one order 
of magnitude lower compared to the warm period. The 
same decreasing algae cover trend observed during the 
warm period as storms became more extreme was also 
reported in the cold period, the trend being albeit non-sig-
nificant (R2=0.14; p=0.08; Table 1). Similarly to warm 
period treatments, the cover of all canopy-forming algae 
and of E. elongata was similar in most of the treatments 
including the control, ranging from 95±2.7 to 112±7.2% 
and from 16±10 to 62±7.6%, respectively. As in the case 
of the plots disturbed during the summer, the treatment 
with the most extreme disturbance regime showed the 
minimum cover of all canopy-forming algae and of E. 
elongata, this treatment producing the largest bare rock 
cover 16.2±1.6%. However, the bare rock cover was 
not markedly different across the rest of the treatments, 
which ranged from 6.7±2.3 to 15.8±2.3% (Fig. 1).

As regards long-term effects, when disturbances were 
applied during the cold period, C. cylindracea cover in 
the successive warm period (9 months after the first dis-
turbance; sampling 6), when C. cylindracea bloomed, 
followed a significant decline as storms became more 
extreme (R2= 0.31; p<0.05). This trend was similar to 
that observed when applying the disturbances (short-term 
effects) irrespectively of the period of the year when the 
disturbances were applied. Thus, the short-term decreas-
ing trend of C. Cylindracea cover was still visible several 
months after the last disturbance. In this sampling (sam-
pling 6 of the disturbance applied during the cold peri-
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Fig. 1: Trends of Caulerpa cylindracea cover, cover of the sessile species, canopy-forming species, Ellisolandia elongata and bare 
rock (mean ± SE; n = 4) across two extremeness gradient scenarios. The disturbances simulating the storms were applied in the 
warm or cold periods (Fig. S3) on the short-term (averaged data of samplings 1-5 during the application of the disturbances). Al-
though the response variables (the cover of the different taxa and bare rock) were manipulated under the same storm extremeness 
level, they are slightly displaced from the x axis in the plot to avoid overlapping and to facilitate visualisation. The control was 
not included in the extremeness gradient analyses (dotted vertical line separation) since no storm was simulated in this treatment. 
When there is a significant trend (Table 1), the prototypical trajectory is indicated with a solid line.

Table 1. Summary of regression coefficients for Caulerpa cylindracea cover across the storm extremeness gradient. Mod-
els were analysed separately for disturbances applied during the cold and warm periods, evaluating both short-term effects 
(averaged data from samplings 1-5) and long-term effects with sampling 6. Included are only those samplings where the 
regression models yielded a significant or close to significant trend. Significant coefficients are indicated in bold.

Period of the year
Sampling times 

(months)
    Coefficient (SE) P

Cold

1-5
(Intercept) 1.68 (0.41) <0.01

Extremeness -0.22 (0.12) 0.08

6
(Intercept) 35.9 (5.32) < 0.001

Extremeness -4.18 (1.51) <0.05

Warm 1-5
(Intercept) 27.4 (1.90) <0.001

Extremeness -3.80 (0.54) <0.001
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od), several mild disturbances enhanced C. cylindracea 
cover (30±6.5%), while one extreme storm yielded the 
lowest C. cylindracea cover (10±3.6%). The latter was 
notably lower than the C. cylindracea cover under undis-
turbed conditions (26±13%). In this sampling, the cover 
of all canopy-forming algae showed a decreasing trend as 
storms became more extreme, ranging from 104±8.8%, 
when there were several mild storms, to 68±24%, when 
there was a single extreme storm. For tis part, E. elongata 
cover was similar across most extremeness levels includ-
ing the control, ranging from 17.5±6.8% ‒ when several 
mild storms occurred‒ , to 38.3±3.3% ‒when three medi-
um storms took place. To assess the long-term effects in 
the rest of the samplings, no clear decreasing trend of C. 
Cylindracea cover was observed with rising disturbance 
extremeness (Fig. 2).

In the sampling periods in which the mean of overall 
C. cylindracea cover exceeded 5%, the relationship be-
tween C. cylindracea cover and the cover of all sessile 
species showed a significantly positive trend (R2=0.10; 
p=0.003; Fig. 3). 

Discussion 

The experiment demonstrated that in rocky shores 
in the upper subtidal zone (below a depth of 50 cm), C. 

cylindracea invasiveness can be driven by low intensity 
and recurrent storms, while it can be notably reduced by 
extremely intense storms. This finding apparently contra-
dicts the current paradigm in which extreme events are 
expected to favour exotic species invasiveness (Diez et 
al., 2012). Specifically, previous studies performed in 
seagrass meadows at deeper zones (5-13 m) than in the 
present study showed that high intensity disturbances can 
favour the expansion of C. cylindracea (Bulleri et al., 
2010; Ceccherelli et al., 2014; Katsanevakis et al., 2010). 

In this study, C. cylindracea showed the largest cover 
during the summer and early autumn, thereby supporting 
other studies in the Mediterranean ( Piazzi et al., 2001; 
Bulleri et al., 2010; Terradas-Fernández et al., 2020). 
This period of the year is when the water temperature 
peaks above 25° C in the Mediterranean, in agreement 
with natural C. cylindracea distribution in warm, temper-
ate and subtropical regions (Verlaque et al., 2003).

The effect of extreme events on enhancing C. cylin-
dracea invasiveness can vary depending on the availa-
bility of a resource benefitting the exotic species (Lear 
et al., 2020) ‒empty space in this case (Jiménez et al., 
2011). However, in the upper subtidal zone, empty space 
may not necessarily favour C. cylindracea expansion, 
but rather limit it. Indeed, the absence of canopy-form-
ing species can reduce their protection against wave ac-
tion, which is an important driver of natural disturbance 

Fig. 2: Trends of the cover of Caulerpa cylindracea, cover of sessile species, canopy-forming species, Ellisolandia elon-
gata and bare rock (mean ± SE; n = 4) as storms become more extreme when the disturbances simulating the storms were 
applied in the warm or cold periods were applied in the warm or cold periods; Fig. S3) on the long-term (samplings 6-10, 
the ones done after the application of the disturbances). The control was not included in the extremeness gradient analyses 
(dotted vertical line separation) since no storm was simulated in this treatment. When there is a significant trend (Table 1), 
the prototypical trajectory is indicated with a solid line.
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at this level of the shore (upper subtidal) (Ceccherelli & 
Cinelli, 1999). This hypothesis is supported by previous 
evidence gathered on rock pools, where negative effects 
on C. cylindracea cover were found at high disturbance 
intensities (Incera et al., 2010), especially under nutrient 
enrichment conditions (Bertocci et al., 2015).

In deep subtidal Mediterranean zones, light, not only 
empty space, can represent a limiting resource for C. cy-
lindracea. Moreover, in these zones, Posidonia oceanica 
(Linnaeus) Delile, 1813 is the dominant canopy-forming 
species (Marbà et al., 2014), creating a massive canopy in 
terms of height (ca. 1 m) compared to the canopy height 
of upper subtidal communities (ca. 10 cm). Thus, in these 
zones, small canopy gaps may not be sufficient for C. 
cylindracea to receive enough light (Bernardeau-Estell-
er et al., 2015), while large canopy gaps will not only 
result in more empty space resources, but also more light 
availability, enhancing alga expansion (Ceccherelli et al., 
2014).

Along rocky shores, in the shallow subtidal zone, light 
is not expected to be a limiting factor (Bulleri et al., 2010; 
Marín-Guirao et al., 2015) and empty space may be the 
only resource that C. cylindracea can draw from a storm. 
However, in the shallow subtidal zone, the eroding ef-
fect of waves, which is much more relevant that at deep 
zones, can limit the expansion of this alga as its attach-
ment capacity to bare rock is low. Thus, low intensity 
disturbances that remove a low canopy structure cover 
may leave few, yet sufficient bare rock gaps to allow this 
species to expand, while preserving enough cover of can-
opy-forming species to form the structures to which C. 
cylindracea can attach (Piazzi et al., 2003). Large gaps of 

bare rock produced by high intensity storms may leave C. 
cylindracea too intensely affected by the effects of waves 
in this highly hydrodynamic zone, and a reduced number 
of gaps presenting structures to attach to. 

This hypothesis is supported by the results of the pres-
ent study, which revealed a negative trend in C.cylindra-
cea cover as storm extremeness increases. This decline 
coincides with a notable reduction in canopy-forming 
species, especially the dominant E. elongata, and a nota-
ble increase in bare rock coverage. Additionally, the posi-
tive relationship of the C. cylindracea cover with the cov-
er of all sessile species in the rocky shore also supports 
the hypothesis. Our results demonstrate that disturbance 
effects across the extremeness gradient remain evident up 
to 4 to 9 months after the last disturbance. This period is 
relatively long for rocky shore communities with such a 
short-life cycle in which the composition of the whole 
community can change entirely across the seasons. Thus, 
in rocky shores, not only can extreme storms limit C. cy-
lindracea invasiveness on the short-term, they can also 
have a legacy effect on the months-long scale. Further 
studies need to be performed, however, in diverse loca-
tions to confirm this hypothesis.

Conclusions

In the upper subtidal zone (< 0.5 m depth), extreme 
storms can limit the invasiveness of a major aquatic ex-
otic species: C. cylindracea. This apparent contradiction 
with the current paradigm in which extreme events are 
expected to enhance exotic species invasiveness can be 

Fig. 3:  Relationship between the cover of Caulerpa cylindracea and the cover of all sessile species (mean ± SE; n=4) taking the 
sampling periods in which the mean of the overall cover of C. cylindracea was higher than 5%, which were the samplings 1-5 
(blue symbols) and 8 (red symbols) in the plots of the experiment where the disturbances simulating storms were applied during 
the warm period and the samplings 6 (black symbols) and 10 (green symbols) in the plots of the experiment where the disturbances 
simulating storms were applied during the cold period (Fig. S3). Symbols indicate the treatments: one very intense storm ( ), 
two intense storms ( ), three moderate storms ( ), six mild storms ( ) and the undisturbed control ( ). The line indicates the 
prototypical trajectory of the regression model; regression model is y=-4.5+0.2x (p value=0.003).
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explained by the specific conditions of this habitat. In the 
upper subtidal zone, large releases of empty space pro-
moted by highly intense storms may not favour C. cy-
lindracea expansion, but rather limit its recolonisation 
ability, due to the lack of wave action protection in the 
absence of canopy-forming species. This study suggests 
that extreme events do not necessarily enhance exotic 
species invasiveness and that their effects can depend on 
the habitat. Thus, the actual effects of extreme events on 
the invasiveness capacity of exotic species need to be as-
sessed across various environments. Optimised manage-
ment strategies should then be adapted to each context to 
mitigate the effects of climate change.

Author contributions: C.S.-L. contributed with the 
original idea and analyses presented of the study. C.S.-L., 
N.C.-C. and M.T.-F. developed the idea and did the field 
work. C.S.-L. acquired the funding. C.S.-L. and N.C.-C. 
performed the proposed analyses and wrote the manu-
script. M.T.-F. reviewed the manuscript. Data availabil-
ity:Sampling data is available upon request to the corre-
sponding author.

Acknowledgements

Authors are grateful for the help in the field of Rocío 
Huguet, Ana Belén Jodar, Natalia Sánchez, Iraide Saez, 
Aitor Navarro, Laura Sempere, Mari Paz Gallego and 
Cristina Núñez. This work was supported by the Bio-
diversity Foundation of the Ministry for the Ecological 
Transition and Demographic Challenge from Spain (FBI-
OMARINA20-01). C. S. was funded by the University of 
Alicante (Ref. UATALENTO 17-11). The authors have 
no conflicts of interest to declare. 

References

Amarouche, K., Akpınar, A., 2021. Increasing trend on storm 
wave intensity in the western Mediterranean. Climate, 
9 (1), 11.

Argyrou, M., Demetropoulos, A., Hadjichristophorou, M., 
1999. Expansion of the macroalga Caulerpa racemosa and 
changes in softbottom macrofaunal assemblages in Moni 
Bay, Cyprus. Oceanologica Acta, 22 (5), 517-528.

Balata, D., Piazzi, L., Cinelli, F., 2004. A comparison among 
assemblages in areas invaded by Caulerpa taxifolia and C. 
racemosa on a subtidal Mediterranean rocky bottom. Ma-
rine Ecology, 25 (1), 1-13.

Beaury, E.M., Fusco, E.J., Jackson, M.R., Laginhas, B.B., Mo-
relli, T.L., et al. 2020. Incorporating climate change into 
invasive species management: insights from managers. Bi-
ological Invasions, 22 (2), 233-252. 

Bernardeau-Esteller, J., Ruiz, J.M., Tomas, F., Sandoval-Gil, 
J.M., Marín-Guirao, L., 2015. Photoacclimation of Cauler-
pa cylindracea: light as a limiting factor in the invasion of 
native Mediterranean seagrass meadows. Journal of Exper-
imental Marine Biology and Ecology, 465, 130-141.

Bertocci, I., Domínguez Godino, J., Freitas, C., Incera, M., 

Araújo, R., et al., 2015. The regime of climate-related dis-
turbance and nutrient enrichment modulate macroalgal in-
vasions in rockpools. Biological Invasions, 17 (1), 133-147.

Bertocci, I., Maggi, E., Vaselli, S., Benedetti-Cecchi, L., 2010. 
Resistance of rocky shore assemblages of algae and in-
vertebrates to changes in intensity and temporal variabil-
ity of aerial exposure. Marine Ecology Progress Series, 
400, 75-86.

Bradshaw, C.J.A., Leroy, B., Bellard, C., Roiz, D., Albert, C. et 
al., 2016. Massive yet grossly underestimated global costs 
of invasive insects. Nature Communications, 7 (1), 12986.

Bulleri, F., Balata, D., Bertocci, I., Tamburello, L., Benedet-
ti-Cecchi, L., 2010. The seaweed Caulerpa racemosa on 
Mediterranean rocky reefs: from passenger to driver of eco-
logical change. Ecology, 91 (8), 2205-2212.

Burnham, K.P., Anderson, D.R., 2004. Multimodel inference: 
understanding AIC and BIC in model selection. Sociologi-
cal methods & research, 2004, 33 (2), 261-304.

Cai, W., Lengaigne, M., Borlace, S., Collins, M., Cowan, T. et 
al., 2012. More extreme swings of the South Pacific con-
vergence zone due to greenhouse warming. Nature, 488 
(7411), 365-369.

Camuffo, D., Secco, C., Brimblecombe, P., Martin-Vide, J., 
2000. Sea storms in the Adriatic Sea and the Western Med-
iterranean during the last millennium. Climatic Change, 46 
(1–2), 209-223.

Casoli, E., Mancini, G., Ventura, D., Belluscio, A., Ardizzone, 
G., 2021. Double Trouble: Synergy between Habitat Loss 
and the Spread of the Alien Species Caulerpa cylindra-
cea (Sonder) in Three Mediterranean Habitats. Water, 13 
(10), 1342.

Ceccherelli, G., Campo, D., 2002. Different effects of Caulerpa 
racemosa on two co-occurring seagrasses in the Mediterra-
nean. Botanica Marina, 45 (1), 71-76.

Ceccherelli, G., Cinelli, F., 1999. Effects of Posidonia oceanica 
canopy on Caulerpa taxifolia size in a north-western Medi-
terranean bay. Journal of Experimental Marine Biology and 
Ecology, 240 (1), 19-36.

Ceccherelli, G., Piazzi, L., 2001. Dispersal of Caulerpa rac-
emosa fragments in the Mediterranean: lack of detach-
ment time effect on establishment. Botanica Marina, 44 
(3), 209-213.

Ceccherelli, G., Piazzi, L., Balata, D., 2002. Spread of intro-
duced Caulerpa species in macroalgal habitats. Journal of 
Experimental Marine Biology and Ecology, 280 (1–2), 1-11.

Ceccherelli, G., Pinna, S., Cusseddu, V., Bulleri, F., 2014. The 
role of disturbance in promoting the spread of the invasive 
seaweed Caulerpa racemosa in seagrass meadows. Biolog-
ical Invasions, 16 (12), 2737-2745.

Diez, J.M., D’Antonio, C.M., Dukes, J.S., Grosholz, E.D., Old-
en, J.D. et al., 2012. Will extreme climatic events facilitate 
biological invasions? Frontiers in Ecology and the Environ-
ment, 10 (5), 249-257.

Gennaro, P., Piazzi, L., Persia, E., Porrello, S., 2015. Nutrient 
exploitation and competition strategies of the invasive sea-
weed Caulerpa cylindracea. European Journal of Phycolo-
gy, 50 (4), 384-394.

Hulme, P.E., 2009. Trade, transport and trouble: managing in-
vasive species pathways in an era of globalization. Journal 
of Applied Ecology, 46 (1), 10-18.



328 Mediterr. Mar. Sci., 27/2, 2026, 321-329

Incera, M., Bertocci, I., Benedetti-Cecchi, L., 2010. Effects of 
mean intensity and temporal variability of disturbance on 
the invasion of Caulerpa racemosa var. cylindracea (Caul-
erpales) in rock pools. Biological Invasions, 12 (3), 501-514.

Jiménez, M.A., Jaksic, F.M., Armesto, J.J., Gaxiola, A., Me-
serve, P.L. et al., 2011. Extreme climatic events change the 
dynamics and invasibility of semi‐arid annual plant com-
munities. Ecology Letters, 14 (12), 1227-1235.

Johnstone, J.F., Allen, C.D., Franklin, J.F., Frelich, L.E., Har-
vey, B.J. et al., 2016. Changing disturbance regimes, eco-
logical memory, and forest resilience. Frontiers in Ecology 
and the Environment, 14 (7), 369-378.

Katsanevakis, S., Coll, M., Piroddi, C., Steenbeek, J., Ben Rais 
Lasram, F. et al., 2014. Invading the Mediterranean Sea: 
biodiversity patterns shaped by human activities. Frontiers 
in Marine Science, 1, 32.

Katsanevakis, S., Issaris, Y., Poursanidis, D., Thessalou-Lega-
ki, M., 2010. Vulnerability of marine habitats to the inva-
sive green alga Caulerpa racemosa var. cylindracea within 
a marine protected area. Marine Environmental Research, 
70 (2), 210-218.

Kumschick, S., Gaertner, M., Vila, M., Essl, F., Jeschke, J.M. 
et al., 2015. Ecological impacts of alien species: Quantifi-
cation, scope, caveats, and recommendations. BioScience, 
65 (1), 55-63.

Lear, L., Hesse, E., Shea, K., Buckling, A., 2020. Disentan-
gling the mechanisms underpinning disturbance-medi-
ated invasion. Proceedings of the Royal Society B, 287 
(1920), 20192415.

Benedetti-Cecchi, L., Airoldi, L., Bulleri, F., Fraschet-
ti, S., Terlizzi, A. et al., 2019. Species interactions 
and regime shifts in intertidal and subtidal rocky reefs 
of the Mediterranean Sea. Interactions in the Marine 
Benthos: Global Patterns and Processes, 190-213. 
Lowe, S., Browne, M., Boudjelas, S., De Poorter, M., 
2000. 100 of the World’s Worst Invasive Alien Species: A 
Selection from the Global Invasive Species Database. Al-
iens, 12, 1-12.

Marbà, N., Díaz-Almela, E., Duarte, C.M., 2014. Mediterrane-
an seagrass (Posidonia oceanica) loss between 1842 and 
2009. Biological Conservation, 176, 183-190.

Marín-Guirao, L., Bernardeau-Esteller, J., Ruiz, J.M., Sando-
val-Gil, J.M., 2015. Resistance of Posidonia oceanica sea-
grass meadows to the spread of the introduced green alga 
Caulerpa cylindracea: assessment of the role of light. Bio-
logical Invasions, 17 (7), 1989-2009.

Martín, C.P., Fernanz, J.C.C., Crespo, M.B., Poveda, M.S., 
2003. Caulerpa racemosa (Forssk.) J. Agardh (Caulerpace-
ae, Chlorophyceae), nueva para la flora de Alicante. Anales 
del Jardín Botánico de Madrid, 60 (2), 448-449.

Martzikos, N.T., Prinos, P.E., Memos, C.D., Tsoukala, V.K., 
2021. Statistical analysis of Mediterranean coastal storms. 
Oceanologia, 63 (2), 133-148.

Maxwell, S.L., Butt, N., Maron, M., McAlpine, C.A., Chap-
man, S. et al., 2019. Conservation implications of ecologi-
cal responses to extreme weather and climate events. Diver-
sity and Distributions, 25 (4), 613-625.

Meehl, G.A., Karl, T., Easterling, D.R., Changnon, S., Piel-
ke Jr, R. et al., 2000. An introduction to trends in extreme 
weather and climate events: observations, socioeconomic 

impacts, terrestrial ecological impacts, and model projec-
tions. Bulletin of the American Meteorological Society, 81 
(3), 413-416.

Meisner, A., De Deyn, G.B., de Boer, W., van der Putten, W.H., 
2013. Soil biotic legacy effects of extreme weather events 
influence plant invasiveness. Proceedings of the National 
Academy of Sciences, 110 (24), 9835-9838.

Mulas, M., Bertocci, I., 2016. Devil’s tongue weed (Gratelou-
pia turuturu Yamada) in northern Portugal: Passenger or 
driver of change in native biodiversity? Marine Environ-
mental Research, 118, 1-9.

Occhipinti-Ambrogi, A., Savini, D., 2003. Biological invasions 
as a component of global change in stressed marine ecosys-
tems. Marine Pollution Bulletin, 46 (5), 542-551.

Oprandi, A., Mucerino, L., De Leo, F., Bianchi, C.N., Morri, C. 
et al., 2020. Effects of a severe storm on seagrass meadows. 
Science of the Total Environment, 748, 141373.

Paine, R.T., Levin, S.A., 1981. Intertidal landscapes: distur-
bance and the dynamics of pattern. Ecological Mono-
graphs, 51 (2), 145-178.

Piazzi, L., Ceccherelli, G., 2006. Persistence of biological in-
vasion effects: recovery of macroalgal assemblages after 
removal of Caulerpa racemosa var. cylindracea. Estuarine, 
Coastal and Shelf Science, 68 (3-4), 455-461.

Piazzi, L., Ceccherelli, G., Balata, D., Cinelli, F., 2003. Ear-
ly patterns of Caulerpa racemosa recovery in the Medi-
terranean Sea: the influence of algal turfs. Journal of the 
Marine Biological Association of the United Kingdom, 83 
(1), 27-29.

Piazzi, L., Ceccherelli, G., Cinelli, F., 2001. Threat to macroal-
gal diversity: effects of the introduced green alga Caulerpa 
racemosa in the Mediterranean. Marine Ecology Progress 
Series, 210, 149-159.

Pimentel, D., Zuniga, R., Morrison, D., 2005. Update on the 
environmental and economic costs associated with alien-in-
vasive species in the United States. Ecological Economics, 
52 (3), 273-288.

Ruitton, S., Verlaque, M., Boudouresque, C.-F., 2005. Seasonal 
changes of the introduced Caulerpa racemosa var. cylin-
dracea (Caulerpales, Chlorophyta) at the northwest limit of 
its Mediterranean range. Aquatic Botany, 82 (1), 55-70.

Sanz-Lazaro, C., 2019. A framework to advance the under-
standing of the ecological effects of extreme climate events. 
Sustainability, 11 (21), 5954.

Sanz-Lázaro, C., 2016. Climate extremes can drive biological 
assemblages to early successional stages compared to sev-
eral mild disturbances. Scientific Reports, 6 (1), 1-9.

Sanz-Lazaro, C., Casado-Coy, N., Navarro-Ortín, A., Terra-
das-Fernández, M., 2022. Anthropogenic pressures en-
hance the deleterious effects of extreme storms on rocky 
shore communities. Science of the Total Environment, 
817, 152917.

Seebens, H., Blackburn, T.M., Dyer, E.E., Genovesi, P., Hulme, 
P.E. et al., 2017. No saturation in the accumulation of alien 
species worldwide. Nature Communications, 8 (1), 14435. 
Stephenson, D.B., Diaz, H.F., Murnane, R.J., 2008. Defini-
tion, diagnosis, and origin of extreme weather and climate 
events. Climate Extremes and Society, 340, 11-23.

Terradas-Fernández, M., Botana-Gómez, C., Valverde-Urrea, 
M., Zubcoff, J.J., Esplá, A.R., 2018. The dynamics of phy-



329Mediterr. Mar. Sci., 27/2, 2026, 321-329

tobenthos and its main drivers on abrasion platforms with 
vermetids (Alicante, Southeastern Iberian Peninsula). Med-
iterranean Marine Science, 19 (1), 58-68.

Terradas-Fernández, M., Valverde-Urrea, M., Casado-Coy, N., 
Sanz-Lazaro, C., 2020. The ecological condition of vermet-
id platforms affects the cover of the alien seaweed Caulerpa 
cylindracea. Scientia Marina, 84 (2), 181-191.

Thompson, R.C., Crowe, T.P., Hawkins, S.J., 2002. Rocky in-
tertidal communities: past environmental changes, present 
status and predictions for the next 25 years. Environmental 
Conservation, 29 (2), 168-191.

Verlaque, M., Durand, C., Huisman, J.M., Boudouresque, C.-F., 
Le Parco, Y., 2003. On the identity and origin of the Medi-
terranean invasive Caulerpa racemosa (Caulerpales, Chlo-
rophyta). European Journal of Phycology, 38 (4), 325-339.

Vetter, V.M.S., Kreyling, J., Dengler, J., Apostolova, I., Arfin‐

Khan, M.A.S. et al., 2020. Invader presence disrupts the 
stabilizing effect of species richness in plant community 
recovery after drought. Global Change Biology, 26 (6), 
3539-3551.

Walsh, J.R., Carpenter, S.R., Vander Zanden, M.J., 2016. In-
vasive species triggers a massive loss of ecosystem servic-
es through a trophic cascade. Proceedings of the National 
Academy of Sciences, 113 (15), 4081-4085.

Walther, G.-R., Roques, A., Hulme, P.E., Sykes, M.T., Pyšek, 
P. et al., 2009. Alien species in a warmer world: risks 
and opportunities. Trends in Ecology & Evolution, 24 
(12), 686-693.

Wernberg, T., Smale, D.A., Tuya, F., Thomsen, M.S., Langlois, 
T.J. et al., 2013. An extreme climatic event alters marine 
ecosystem structure in a global biodiversity hotspot. Nature 
Climate Change, 3 (1), 78-82.

Supplementary Data

The following supplementary information is available online for the article:
Table S1. Summary of the t-test results of Caulerpa cylindracea cover comparing the control and each treatment of the storm 
extremeness gradient for the two periods of the year (cold and warm) when the disturbances were applied, and the corresponding 
samplings that showed a significant or close to significant gradients (see Fig. 1 & 2).
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