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ABSTRACT 

During recent years, jellyfish blooms have become in a passionate issue among marine 

scientists with a series of studies and reviews. The main concern about this blooms are related 

with ecosystem and socio-economic impacts and lately with the possibility of a global increase in 

these blooms. Jellyfish populations are known to follow periodic fluctuations in occurrence, 

abundance (biomass), where some regions, like the Mediterranean Sea, appear to sustain a long-

term increase. Several causes have been hypothesized as drivers of jellyfish blooms that may 

contribute to a future “jelly-world”; however, long-term data are generally lacking to test if we are 

(or not) approaching this state. Even when data can not reveal a unique global long-term 

increase, there are several human-related threats to oceans that intuitively will be beneficial for 

jellyfishes and may be responsible for the increases where the trend is clear, e.g. the 

Mediterranean Sea.  

The Mediterranean Sea has been largely and historically affected with blooms of several 

jellyfish species. Among them Pelagia noctiluca is the most abundant and the most problematic 

jellyfish species in the Western Mediterranean. Along the Catalan coast evidence for a jellyfish 

increase are not conclusive with signals of an increase in Jellyfish aggregations, duration of the 

bloom and number of species that form these blooms. Beside this, little information about the 

environmental restriction on the spatio-temporal dynamics is available.  

In order to address these needs, this thesis has been structured covering two geographical 

areas reflecting two different approaches to understanding jellyfish spatio-temporal dynamics, 

bloom formation, impacts and analytical procedures. The first part of the thesis (Papers 1-3) deals 

with the outbreaks of the cubozoan Carybdea marsupialis along the coast of Denia (Alicante), 

including innovative work to develop experimentally based tools and analyses to generate 

scientifically-based recommendations for stakeholders. The second part of this thesis was done on 

the northern Mediterranean Spanish coast (Catalan coast) (Papers 4-6). This work is mostly based 

on stranded jellyfish data collected by the MEDUSA project in association with the Catalan Water 

Agency (ACA). The data analyzed covered a four year range (2007-2010), where more than 240 
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beaches were monitored daily during the spring-summer season (May-September). 

The general objective of the Thesis was to understand the spatio-temporal dynamics of the 

jellyfish along the Spanish Mediterranean coast and the economic impacts of their blooms. To 

answer this general objective several specific objectives were defined: 1) To characterize the 

effects of salinity variation on the asexual reproduction of a coastal box jellyfish (paper 1); 2) To 

develop and test a new system for experimenting with jellyfish polyps using continuous seawater 

renewal and testing the effects of pH reduction (paper 2); 3) To characterize the annual cycle of a 

coastal box jellyfish and the effects of environmental variables on its spatio-temporal dynamics 

(paper 3); 4) To understand the ecological context of blooms of the mauve stinger Pelagia 

noctiluca throughout the Mediterranean Sea, with implications for the socio-ecological ecosystems 

(paper 4); 5) To determine the importance of stochastic versus deterministic drivers of jellyfish 

outbreaks along the Catalan Coast (paper 5) and 6)To understand the beach recreationists’ 

preferences and to characterize the economic impact of jellyfish outbreaks along the Catalan 

Coast (paper 6). 

 

First Part: outbreaks of the cubozoan Carybdea marsupialis along the coast of Denia 

(Alicante) (Papers 1-3). 

 

On the central Spanish Mediterranean coast, along the coast of Denia (Alicante), the 

coastal box jellyfish Carybdea marsupialis has caused major concern due to its painful sting and 

high abundances since 2008. A positive association of this species with river mouths suggested an 

important role of salinity changes in its biology. Salinity reduction significantly shortened the time 

required by Carybdea sp. to complete metamorphosis. Thus, late winter-early spring runoff of low 

salinity hastens jellyfish production. Conversely, high salinity extended the days to metamorphosis 

allowing the polyps to produce more buds and increase population size. We hypothesize that 

Carybdea sp. polyps metamorphose into medusae in early spring when salinity decreases from 

high rain and terrestrial runoff and they benefit from high levels of primary and secondary 
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production in the coastal water column generated by the nutrient-rich runoff. The importance of 

freshwater runoff and other environmental conditions for the distribution of C. marsupialis along 

the coast of Denia were further demonstrated by non-normal distribution models. The effects of 

environmental variables on the local (~ tens of kilometres) abundance of the cubomedusae 

showed that sea surface temperature (SST) and salinity were the main environmental variables, 

followed by those related to primary and secondary production and local retention or 

transportation to the coast. This conclusion led to our management recommendation that, to 

reduce the blooms of C. marsupialis, crop fertilizers and sewage discharges should be reduced in 

highly populated or industrialized areas. Most importantly, high amounts of nutrients reaching the 

coast (by rivers or ground water discharges) should be prevented, especially in early spring. In 

order to decrease the amount of sewage water, solutions are possible with improvement in 

technology adding tertiary biological treatment to the sewage plants and by relocating the 

submarine pipeline further from the coast where the currents will spread the effluents.  

Other major issue concerning anthropogenic influences in the marine realm is ocean 

acidification. Our new system was shown to be accurate and stable for experimentation on 

jellyfish polyps. It is also easy to maintain, and therefore, suitable for long-term studies on the 

responses of these organisms to environmental stressors such as ocean acidification. The 

mortality rate of polyps during our experiment was very low compared with other studies. Overall, 

this study presents a relatively simple and affordable system that can greatly improve the results 

obtained from testing the effects of a range of environmental pressures on the eco-physiology of 

jellyfish polyps. 

 

Second Part: outbreaks of Pelagia noctiluca and other jellyfish along the Catalan coast 

and their economical impacts (Papers 4-6). 

 

The mauve stinger Pelagia noctiluca is the most common jellyfish in the Mediterranean 

Sea. Its records began in the 1700s, motivated by its high numbers and painful stings. In the 
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Mediterranean Sea, this species is known to form dense aggregations offshore that reach the 

coast when favored by winds and surface currents.  

From The Medusa Project along the Catalan Coast some characteristic species of spring 

time were Chrysaora hysoscella, Aurelia aurita, Aequorea forskalea and Velella velella. During the 

summer, the most frequent jellyfish species recorded was the scyphozoan Rhizostoma pulmo. 

Finally, in late summer, the scyphozoan Cotylorhiza tuberculata arrived and dominated the 

records. Stranded P. noctiluca medusae occurred throughout the sampling period (May-

September), but with highest abundances in spring. The stability of the shelf-slope front and its 

duration in time and space have been proposed to be responsible for the massive arrival of 

medusae to the coast. Many sightings (high abundances) of P. noctiluca were spatially correlated 

with canyons along the Catalan coast. That phenomenon also occurs in other places in the 

Western Mediterranean, which led to a new hypothesis about the seasonal vertical migration and 

overwintering behavior of this species.  

Bayesian analysis of the importance of stochastic versus deterministic drivers of jellyfish 

outbreaks along the Catalan Coast showed that jellyfish outbreaks were more frequent in May and 

June, particularly in the years 2009 and 2010. Outbreaks were negatively associated with SST and 

distance to canyons, and positively associated with the onshore current transport force. This 

model was largely influenced by the abundance of P. noctiluca, the most common jellyfish along 

the Catalan coast and elsewhere in the Western Mediterranean, and the environmental factors 

reflect the conditions in which P. noctiluca reaches the coast. Our results indicated that 

deterministic processes were more important than the stochastic component of environmental 

variation, suggesting that extreme events, visualized as the compound effects of environmental 

variables, did not affect the probability of an outbreak along the Catalan Coast. Nevertheless, SST 

and the onshore current transport force were significant time-varying predictors, but their signal 

was not strong enough to overwhelm deterministic effects.  

From a stated-choice questionnaire and a Random Utility Model, which estimated how 

much respondents were willing to spend, in terms of reported extra travel time to a bathing beach 
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with lower risk of jellyfish outbreaks, we tested the impact of the risk of jellyfish outbreaks on 

beach recreationists along the Catalan coast. The visitors were willing to spend an additional 

23.8% of their travel time to enjoy beach recreation where risk of a jellyfish outbreak was lower. 

We calculated that the well-being gains associated with a reduction of jellyfish outbreaks in this 

area would range between €312 and €322 million annually, corresponding approximately to 19% 

of the tourism expenditures of the Catalan population in 2012. Nevertheless, improvement in the 

beach water quality was, by far, the most valuable attribute for all types of respondents. 

Improvement in the beach infrastructure was ranked second and reduction in the risk of jellyfish 

outbreaks, third. This study confirms the urgency to provide daily information by use of the wide 

set of social media applications. The current lack of public knowledge about jellyfish suggests that 

providing such information to beach recreationists is the only effective policy instrument to 

minimize the impact of jellyfish outbreaks. 
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GENERAL INTRODUCTION 

Jellyfish concept 

 The term “jellyfish” includes several phylogenetically unrelated organisms that have 

evolved under different selective pressures (Boero et al. 2008; Boero 2013; Pitt and Lucas 2014). 

One common characteristic of this polyphyletic group is its watery constitution with a low 

carbon/water content ratio and low energy densities (Doyle et al. 2007, Lucas et al.  2011), which 

has let them to be collectively known as gelatinous (macro) zooplankton (Hamner et al. 1975). 

The gelatinous plankters have evolved several times within the Metazoa (Fig. 1), gathering taxa as 

disparate as the Phyla Mollusca, Urochordata, Cnidaria, Ctenophora, Echinodermata, Annelida and 

Nemertea (Fig. 2). Based on their trophic similarity, the term jellyfish was first (mid-1800s) 

attributed to various medusae and later (1990s) applied to other groups, including ctenophores 

and siphonophores (Mills 1995). This definition has been widely accepted in order to refer the 

planktonic stages of three Classes (Classes Hydrozoa, Scyphozoa and Cubozoa) of the Phylum 

Cnidaria, the “true” jellyfish plus the Phylum Ctenophora (Purcell 2012, Boero 2013; Pitt and 

Lucas 2014). This definition will be used throughout this manuscript.  

Trends of jellyfish 

 Jellyfish, as for other planktonic marine species, show cyclical patterns of high biomass 

that lead to sequential pulses of phyto- and zooplankton (Boero 1994). These pulses are mostly 

driven by good environmental conditions and zooplankton predators like jellyfish respond with 

high abundances during the highly productive conditions (Boero 1994). This last condition is 

particularly important in species like jellyfish that have a metagenetic life cycle (alternation of a 

sexually reproducing medusa in the pelagic realm and an asexually reproducing benthic polyp; 

Fig. 3). The scyphozoan benthic polyps can increase their numbers through asexual reproduction 

(budding), they posses greater longevity than the medusa phase, they can withstand bad 

environmental conditions through resistant cyst or podocyst and can produce several free-

swimming ephyrae in each strobilation process. If good environmental conditions are coupled with 

this asexual process occurs, a bloom is triggered (Lucas et al. 2012). Thus, high numbers of 
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jellyfish as part of their biological cycle can be seen as a normal phenomenon (Boero et al. 2008), 

referred as a “true” bloom (Graham et al. 2001). But many individuals or high biomass does not 

always represent an increase in reproduction and/or growth (i.e. a consequence of their life 

cycle), because planktonic organisms can drift by wind and surface currents and accumulate 

elsewhere, leading to conditions that resemble a jellyfish bloom. This last condition is referred to 

as an accumulation or mass occurrence depending on the magnitude of the event. For a review 

and detailed suggested nomenclature see Box 2.2 in Lucas and Dawson (2014).  

 During recent years, jellyfish blooms have become in a passionate issue among marine 

scientists with a series of studies and reviews (Brodeur et al. 2008; Brotz et al. 2012; Mianzan et 

al. 2012; Purcell 2012; Condon et al. 2012). The main concern about this blooms are related with 

ecosystem and socio-economic impacts (reviewed in Purcell et al. 2007) and lately with the 

possibility of a global increase in these blooms (Mills 2001; Purcell 2005; Brotz et al. 2012; Purcell 

2012; Condon et al. 2012). Jellyfish populations are known to follow periodic (circa-decadal) 

fluctuations in occurrence, abundance (biomass) (Goy et al. 1989, Purcell 2005; Brotz et al. 2012; 

Condon et al. 2013), where some regions, like the Mediterranean Sea, appear to sustain a long-

term increase (Condon et al. 2013).  

Environmental restriction on jellyfish and outbreak formation 

 Several causes have been hypothesized as drivers of jellyfish blooms that may contribute 

to a future “jelly-world” (Richardson et al. 2009); however, long-term data are generally lacking to 

test if we are (or not) approaching this state. Evidence showed that climatic cycles (e.g., the 

North Atlantic Oscillation, El Niño Southern Oscillation; Purcell et al. 2007, Brodeur et al. 2008, 

Kogovšek et al. 2010) and the effects of over-fishing (Pauly et al. 2003, Lynam et al. 2006) are 

responsible for the deviation from natural oscillations of some gelatinous zooplankton on their 

ecosystem-specific baselines (reviewed in Purcell et al. 2007; Purcell 2012). Even when data can 

not reveal a unique global long-term increase, there are several human-related threats to oceans 

that intuitively will be beneficial for jellyfishes and may be responsible for the increases where the 

trend is clear, e.g. the Mediterranean Sea (Purcell et al. 2007; Brotz et al. 2012; Purcell 2012). 
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The over-harvesting of fish could be beneficial for jellyfish populations through the removal of 

their predators and competitors (the fishing down described by Pauly et al. (1998)) that has been 

occurring since ancient times (reviewed in Purcell 2012). Other important factors are those related 

to the human intervention in coastal areas. Different human-made transformations on the 

shoreline can increase the available free substrata needed for the benthic stage (polyps) of many 

jellyfishes and the building rate of these structures is increasing, favoring jellyfish populations (Lo 

et al. 2008; Bulleri and Chapman 2010; Duarte et al. 2013). Coastal pollution like eutrophication 

generate high N:P ratios, altering the plankton community structure with shifts from large diatoms 

to small flagellates, allowing for short trophic chains with small zooplankton that favor jellyfish 

feeding over fish (Parsons and Lalli 2002; Purcell et al. 2007). Also, eutrophication generates high 

turbidity conditions that can lead to competitive feeding advantages of jellyfish (tactile predators) 

compared with fishes (visual predators), increasing the role of coastal eutrophication on the 

relative effect of jellyfish predation (Ohata et al. 2011; Purcell 2012). For zooxanthellate species, 

where a direct uptake of inorganic nutrients occurs, the coastal eutrophication was shown to 

increase the size and density of jellyfish populations (Stoner et al. 2011). Counterintuitively, the 

jellyfish predatory effects on herbivorous zooplankton and the subsequent release of inorganic 

nutrients (e.g. NH4
+) and dissolved organic compounds (e.g. free amino acids) can increase the 

levels of Chl-a in a top-down stimulation of primary production (Møller and Riisgård 2007; Kideys 

et al. 2008; Pitt et al. 2008). Additionally, the deposition of dead jellyfish, “jelly-falls”, accelerate 

the biological pump and benthopelagic coupling (Lebrato et al. 2012) and increase the effect of 

coastal eutrophication, because many of the jelly-falls happen in coastal areas.   

 Associations with environmental variables showed a general pattern of positive 

relationships of jellyfish abundance with SST and salinity, e.g. in the North Sea (Aurelia aurita and 

Cyanea spp.), the Northern Adriatic Sea (Pelagia noctiluca, A. aurita and Rhizostoma pulmo), 

Chesapeake Bay (Chrysaora quinquecirrha) and the Humboldt Current System (Chrysaora 

plocamia) among others (Goy et al. 1989; Purcell 2005; Decker et al. 2007; Quiñones et al. 2010; 

Kogovšek et al. 2010; Lynam et al. 2011). These population correlations agree with the results of 
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controlled increased temperature experiments that show an increase in survival and asexual 

reproduction (e.g. Purcell et al. 1999, 2012). As seen for other zooplankton taxa, the effects of 

the long-term sea surface temperature increase globally as a consequence of global climate 

change, will trigger a pole-ward migration (Richardson 2008; Klein et al. 2014), with negative 

impacts expected for species living at their upper thermal limit (e.g. Mastigias sp. in Palau, 

Dawson et al. 2001) and affecting the biogeography of several species. Other important variables 

related to jellyfish biogeography are primary production (PP) and apparent oxygen utilization 

(AOU) (Lucas et al. 2014). This last variable reveals an advantage to jellyfish in low dissolved 

oxygen (DO) environments. Their ability is related to outstanding asexual reproduction even in 

low oxygen concentrations, a general tolerance of low oxygen and their ability to use of the 

intragel as an oxygen reservoir (Condon et al. 2001; Rutherford and Thuesen 2005; Thuesen et 

al. 2005; Stramma et al. 2010), resulting in a jellyfish increased competitive advantage over their 

prey items and fish (reviewed in Purcell et al. 2001). Finally ocean acidification has been 

addressed as a driver of jellyfish populations with contrasting conclusions (Attrill et al. 2007; 

Richardson and Gibbons 2008); however, experimental results suggest a lack of detrimental 

effects (Winans and Purcell 2010; Yang et al. 2011; Klein et al. 2014). Thus, as ocean acidification 

increases and detrimental effects arise for several marine species (Doney et al. 2009; 2012), 

competitive advantages for jellyfish may occur.  

Spatio-temporal dynamics of common jellyfish in the Mediterranean Sea and along the 

Catalan coast 

 The Mediterranean Sea has been largely and historically affected with blooms of several 

jellyfish species, with 12 species of scyphomedusae forming dense blooms (Axiak et al, 1991; Gili 

and Pagès 2005). Among them the most conspicuous scyphozoans are Pelagia noctiluca (Forskål, 

1775), Rhizostoma pulmo (Macri 1778), Aurelia aurita (Linnaeus, 1758), Cotylorhiza tuberculata 

(Macri, 1778), and Chrysaora hysoscella (Linnaeus, 1767), and among the hydromedusae, 

Aequorea forskalea (Forskål, 1775) and Velella velella (Linnaeus, 1758) (Mariottini and Pane 

2010; Fuentes et al. 2011; Purcell et al. 2012b). All of them are large and easy to detect, with P. 
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noctiluca being the most abundant and the most problematic jellyfish species in the Western 

Mediterranean (Mariottini and Pane 2010; Ferraris et al. 2012). 

Recently, Bordehore et al. (2011) showed a recent outbreak of another painful stinger, the 

cubozoan Carybdea marsupialis (Linnaeus, 1758), along the southwest Mediterranean (Alicante 

coast). Its outbreak negatively affected the local tourism due to its painful stings and high 

abundances in very shallow coastal areas. This species also is important in southern Italy, being 

the third most important jellyfish species in stinging people and causing important economic 

losses (De Donno et al. 2014). 

Along the Catalan coast evidence for a jellyfish increase are not conclusive, Atienza et al. 

(2010) showed no obvious trend for any species over the last decade, nevertheless Calvo et al. 

(2011) pointed out that since 2000, and especially the last five years, an increase in Jellyfish 

aggregations (swarm in her study), duration of the bloom and number of species that form these 

blooms can be observed. Beside this, little information about the environmental restriction on the 

spatio-temporal dynamics is available. In the case of P. noctiluca, Sabatés et al. (2010) highlights 

the role of oceanographic structures like shelf-slope front in explaining the accumulation and 

feeding performance of jellyfish associated with this structure on a limited spatio-temporal scale 

(one transect in one year). Thus, there are clear needs for longer spatio-temporal analyses on the 

dynamics of jellyfish along the Mediterranean Spanish coast and evaluation of the effects of 

jellyfish blooms. 

In order to address these needs, this thesis has been structured covering two geographical 

areas reflecting two different approaches to understanding jellyfish spatio-temporal dynamics, 

bloom formation, impacts and analytical procedures. The first part of the thesis (Papers 1-3) deals 

with the outbreaks of the cubozoan C. marsupialis along the coast of Denia (Alicante), including 

innovative work to develop experimentally based tools and analyses to generate scientifically-

based recommendations for stakeholders. The second part of this thesis was done on the northern 

Mediterranean Spanish coast (Catalan coast) (Papers 4-6). This work is mostly based on stranded 

jellyfish data collected by the MEDUSA project in association with the Catalan Water Agency (ACA) 



 

18 

 

(http://www.icm.csic.es/bio/medusa/Castellano/CastProyecto.html). The data analyzed covered a 

four year range (2007-2010), where more than 240 beaches were monitored daily during the 

spring-summer season (May-September).  

Carybdea marsupialis in Alicante 

 The outbreak of the cubozoan Carybdea marsupialis (Linnaeus, 1758) in 2008 along the 

coast of Denia (Alicante) negatively affected as many as 185 people day-1, with consequences on 

local tourism (Bordehore et al. 2011). A positive association of this species with river mouths 

suggested an important role of salinity changes in its biology. Thus, the first step for testing 

salinity effects on C. marsupialis was to conduct a controlled experiment on the asexual 

reproduction of its polyps. Because the genus Carydea is under revision and the polyps from the 

Mediterranean cubomedusae (C. marsupialis) were not found, we tested the effects of salinity 

changes on the asexual reproduction on polyps from the congener, Carybdea sp. (Paper 1) 

(Canepa et al. 2014b). After running this experiment, the need for an specially designed 

experimental system for jellyfish polyps was apparent. Thus, a new system was developed to keep 

polyps individually under controlled temperature and salinity with continuous water renewal and 

testing, in this case, the differences in pH levels for insights into ocean acidification (Paper 2) 

(Olariaga et al. 2014).  

 Due to the urgent need to understand the unusual outbreak of C. marsupialis, the LIFE 

CUBOMED project (http://www.lifecubomed.eu/es/) was conducted to explain the environmental 

restrictions of cubomedusae presence and abundance along the coast of Denia. Six sites were 

selected to cover a gradient in environmental variables along the coast, where weekly sampling 

was done over a year. The abundance and size of medusae and the associated environmental 

variables were collected. Non-normal distribution models were applied to understanding the role 

of the environmental variables in C. marsupialis medusa distribution and zero-inflated models also 

were used to evaluate the conditions of false zero captures. As a result, some highlights and 

recommendations about monitoring and coastal management could be given to deal with 

outbreaks of this species (Paper 3). 
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Pelagia noctiluca and other jellyfish along the Catalan coast 

 The massive occurrences of Pelagia noctiluca have stimulated research since the 1980s, 

mostly by its massive occurrences in the Eastern Mediterranean Sea, the North Adriatic Sea, and 

subsequently the western Mediterranean Sea. Its temporal dynamics was first evaluated by Goy et 

al. (1989), who reconstructed a time series of the occurrences of P. noctiluca dating back to 1775. 

In her analysis, Goy et al. (1989) determined a periodicity of blooms of about 12 years that was 

related to climatic fluctuations. More recently, an increasing frequency of blooms has been 

suggested for the Balearic Islands (Daly Yahia et al. 2010), the North Adriatic Sea (Kogovšek et al. 

2010) and the Ligurian Sea in the western Mediterranean Sea (Bernard et al. 2011). Despite its 

importance due to its painful sting, high numbers and broad distribution, information on P. 

noctiluca bloom conditions and consequences on a Mediterranean Basin scale was unavailable. 

Thus, in the framework of a global overview of jellyfish blooms in the book “Jellyfish Blooms” (Pitt 

and Lucas 2014), Paper 4 of this thesis deals with P. noctiluca blooms throughout the 

Mediterranean Sea (Canepa et al. 2014a). In this chapter, all the information about the blooming 

behavior, environmental restrictions, human interactions and costs for the Mediterranean Sea are 

summarized. In addition, new information was analyzed from stranded jellyfish data collected by 

the MEDUSA project between 2007 and 2010 along the Catalan coast. Thus, the spatio-temporal 

variability of the most important jellyfish species along the Catalan coast was analyzed with 

emphasis on P. noctiluca. A model for the arrival of P. noctiluca to the coast was presented 

considering drift associated variables. From the distributional data gathered, and in agreement 

with observations from other co-authors, a new hypothesis about the role of marine canyons in 

the overwintering and seasonal vertical migration of the species was proposed. Finally, analysis of 

the number of stings recorded by the Red Cross and medusae abundance showed that P. noctiluca 

was the species mainly responsible for these stings. 

 From this medium-term database, a relatively new statistical approach (environmental 

bootstrapping) was used to evaluate short- to medium-term temporal data. This analysis tested 

the deterministic versus stochastic environmental variables that can lead to jellyfish blooms 
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(outbreaks) (Paper 5). Additionally, the importance of deterministic features, like coastal 

morphology, for P. noctiluca blooming periodicity is highlighted.  

Finally, Paper 6 examined beach users’ perceptions about jellyfish blooms and their 

preferences in different scenarios of jellyfish presence along the Catalan coast. To do this, at-

beach questionnaires were conducted for more than 300 people, from which results from a stated-

choice experiment enabled conclusions about the economic importance of jellyfish blooms along 

the Catalan coast. 
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OBJECTIVES 

General Objective: 

 To understand the spatio-temporal dynamics of the jellyfish along the Spanish 

Mediterranean coast and the economic impacts of their blooms. 

 

Specific objectives: 

 To characterize the effects of salinity variation on the asexual reproduction of a coastal box 

jellyfish. 

 To develop and test a new system for experimenting with jellyfish polyps using continuous 

seawater renewal and testing the effects of pH reduction. 

 To characterize the annual cycle of a coastal box jellyfish and the effects of environmental 

variables on its spatio-temporal dynamics. 

 To understand the ecological context of blooms of the mauve stinger Pelagia noctiluca 

throughout the Mediterranean Sea, with implications for the socio-ecological ecosystems. 

 To determine the importance of stochastic versus deterministic drivers of jellyfish 

outbreaks along the Catalan Coast. 

 To understand the beach recreationists’ preferences and to characterize the economic 

impact of jellyfish outbreaks along the Catalan Coast. 
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GENERAL DISCUSSION 

Despite the popular view that we are approaching a “jelly world” and the dramatic increase 

in the number of papers on jellyfish blooms published during the last decade (Condon et al. 

2012), there are not enough data to sustain this suggestion on a global scale, with only some 

places indicating a significant increase (Brotz et al. 2012; Condon et al. 2013). Rather than 

arguing against the possibility of our ecological footprint being favourable for jellyfish blooms 

(reviewed in Purcell et al. 2007; Purcell 2012; Duarte et al. 2013), the lack of data should 

stimulate increased studies. Many places face blooms of gelatinous organisms annually and have 

in common highly perturbed marine ecosystems (Purcell 2012). Unfortunately, our increasing 

impacts in the socio-ecological marine ecosystem may lead to more problems associated with the 

positive phases of decadal oscillations of gelatinous zooplankton populations. Thus, it is a pressing 

need to understand which extrinsic factors relevant to the modern seas and near-future scenarios, 

coupled with the intrinsic functional biological traits of this polyphyletic group, can interact to 

trigger jellyfish blooms (Gibbons and Richardson 2013; Lucas and Dawson 2014).  

 The present work highlights the environmental drivers of the spatio-temporal dynamics of 

jellyfish along the Spanish Mediterranean coast. Also addressed are some differences associated 

with their geographical location and life cycle strategies (meroplanktonic versus holoplanktonic) in 

the relationship to both stochastic and deterministic environmental factors that modulate the 

abundance and spatial dynamics of jellyfish along the Spanish Mediterranean coast.   

The importance of environmental conditions to jellyfish distributions 

 On the central Spanish Mediterranean coast, along the coast of Denia (Alicante), the 

coastal box jellyfish Carybdea marsupialis has caused major concern due to its painful sting and 

high abundances since 2008. Previous field based observations have shown that medusae were 

associated geographically with places near river mouths. The results of the salinity reduction 

experiment revealed the importance of this location for Carybdea. Salinity reduction significantly 

shortened the time required by Carybdea sp. to complete metamorphosis. Thus, late winter-early 

spring runoff of low salinity hastens jellyfish production. Conversely, high salinity extended the 
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days to metamorphosis allowing the polyps to produce more buds and increase population size. 

Thus, the importance of salinity changes may be related to the habitat of some species living 

where salinity changes occur seasonally (i.e. mangroves, estuaries) (Studebaker 1972; Kingsford 

et al. 2012). Thus, the population of Carybdea sp. responds to changes in salinity by transforming 

into medusae at low salinity regimes and by increasing polyp population size with asexual budding 

at high salinity conditions. We hypothesize that Carybdea sp. polyps metamorphose into medusae 

in early spring when salinity decreases from high rain and terrestrial runoff and they benefit from 

high levels of primary and secondary production in the coastal water column generated by the 

nutrient-rich runoff. 

 The importance of freshwater runoff and other environmental conditions for the distribution 

of C. marsupialis along the coast of Denia were further demonstrated by non-normal distribution 

models. The effects of environmental variables on the local (~ tens of kilometres) abundance of 

the cubomedusae showed that sea surface temperature (SST) and salinity were the main 

environmental variables, followed by those related to primary and secondary production and local 

retention or transportation to the coast. 

Temperature and salinity showed sudden changes (increases and decreases, respectively) 

during the spring period, at the same time small medusae were captured in samples, suggesting a 

relationship between changing environmental variables and the metamorphosis of C. marsupialis 

cubopolyps, as seen for jellyfish of other species (reviewed in Lucas et al. 2012; Purcell et al. 

2012a). Salinity changes also signaled high coastal production, as hypothesized by Canepa et al. 

(2014b). In addition, the abundance of small C. marsupialis medusae was significantly correlated 

with Chl a, nitrate and phosphate along the coast of Denia. Thus, reduction of salinity with 

associated increases in nutrients and coastal production may be increasing the production of C. 

marsupialis medusae. 

 The distribution of C. marsupialis medusae seems to reflect the dispersion of the small and 

medium size classes by the onshore transport due to surface currents and by the high levels of 

primary and secondary production associated with the bottom type (sandy bottom and algae/sea 
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grass meadows). Those factors allow C. marsupialis medusae to thrive where high densities were 

also recorded previously (Bordehore et al. 2011). Synergistic effects of fresh water discharge and 

processes related to artificial beach replenishment (Sardá et al. 2000) and locally nutrient rich 

water discharges seemed to occur. We speculate that the local industries add high nitrate and 

other crop fertilizers loads in freshwater, as commonly found in Spain where there is traditional 

farming and agricultural industry (Sebastiá et al. 2012; Gadea et al. 2013). Although, C. 

marsupialis has been recorded several places in the Mediterranean Sea, it rarely generates blooms 

(reviewed in Acevedo et al. 2013). Along the coast of Denia, high abundances of C. marsupialis 

were associated with variables indicating high local productivity.  

This conclusion led to our management recommendation that, to reduce the blooms of C. 

marsupialis, crop fertilizers and sewage discharges should be reduced in highly populated or 

industrialized areas. Most importantly, high amounts of nutrients reaching the coast (by rivers or 

ground water discharges) should be prevented, especially in early spring. In order to decrease the 

amount of sewage water, solutions are possible with improvement in technology adding tertiary 

biological treatment to the sewage plants and by relocating the submarine pipeline further from 

the coast where the currents will spread the effluents. The idea behind this recommendation is to 

diminish the local secondary production, especially where habitats are good for C. marsupialis, i.e. 

soft bottom, sandy to gravel-sandy beaches and sea grass meadows. 

 Further investigation on the effects of increased coastal production on the fitness and 

cubopolyp metamorphosis is needed. Because in situ experimental research is difficult to conduct, 

with only a few studies following natural established polyp populations (Purcell et al. 2009; Malej 

et al. 2012), asexual reproduction of polyps has been mostly studied in controlled experiments. 

For this, a specialized experimental setup is needed. A number of experiments to determine the 

effects of different environmental parameters (especially temperature and salinity) on jellyfish 

polyps have been conducted in the past (reviewed in Lucas et al. 2012; Purcell et al. 2012). In all 

of these studies, the jellyfish polyps (1 to 2 mm high) were placed in small containers, from 5 to 

160 mL volume, with periodic seawater renewal. That method might lead to unfavorable 
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conditions for experimentation (Connor and Wilson 1972); the physico-chemical conditions of the 

seawater changed during the experiment, due to accumulation of waste products, depletion of 

dissolved oxygen, changes in pH, and growth of bacterial communities, which could alter the 

outcome of the experiment.  

One major issue concerning anthropogenic influences in the marine realm is ocean 

acidification (Doney et al. 2009). Several studies on the effects of pH on different organisms have 

shown that maintain pH levels constant is a major challenge (Winans and Purcell 2010). Our new 

system was shown to be accurate and stable for experimentation on jellyfish polyps. It is also 

easy to maintain, and therefore, suitable for long-term studies on the responses of these 

organisms to environmental stressors such as ocean acidification. The mortality rate of polyps 

during our experiment was only 0.05% d-1 over 278 days, a very low mortality rate compared with 

other studies (Purcell et al. 2012a). This prototype contributes a unique design to the new devices 

(e.g., Fangue et al. 2010; McGraw et al. 2010; Hoffmann et al. 2013; Bockmon et al. 2013) aimed 

at providing better tools for testing the effects of acidification and other environmental stressors 

in marine organisms, a discipline that recently was ranked as the top research front in Ecology 

and Environmental Sciences (King and Pendlebury 2013). Overall, this study presents a relatively 

simple and affordable system that can greatly improve the results obtained from testing the 

effects of a range of environmental pressures on the eco-physiology of jellyfish polyps. 

The mauve stinger Pelagia noctiluca is the most common jellyfish in the Mediterranean 

Sea. Its records began in the 1700s, motivated by its high numbers and painful stings. Because it 

has a holoplanktonic life cycle without polyps, this species has a global distribution (Purcell 2004) 

and reaches up to 4° north in European waters (Doyle et al. 2008; Bastian et al. 2011). In the 

Mediterranean Sea, this species is known to form dense aggregations offshore that reach the 

coast when favored by winds and surface currents. Along the Catalan coast, the abundances of P. 

noctiluca and other planktonic cnidarians were highest at the shelf-slope front (Sabatés et al. 

2010). The stability of the front and its duration in time and space have been proposed to be 

responsible for the massive arrival of medusae to the coast (Rubio and Muñoz 1997). 
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Nevertheless, the vertical migration, swimming activity and abundance of prey that enhance its 

survival, will ultimately determine the time spent in the column water affected by surface 

transport (reviewed in Canepa et al. 2014a). Thus, coastal morphology and local hydrodynamics 

explain its massive presence in enclosed coastal habitats like ports, beaches and coves.  

Recently, a citizen science-based monitoring program along the Catalan coast (see section 

11.5.1 “The Medusa Project” in Canepa et al. 2014a), revealed the fact that many sightings (high 

abundances) of P. noctiluca were spatially correlated with canyons along the Catalan coast. That 

phenomenon also occurs in other places in the Western Mediterranean, which led to a new 

hypothesis about the seasonal vertical migration and overwintering behavior of this species (Fig. 

11.5a-d in Canepa et al. 2014a). In summer, warm temperatures and the reduction of 

zooplankton prey make surface waters unfavorable for P. noctiluca and their records along 

shorelines become increasingly rare. Boero (in Sacchetti 2012) hypothesized that, during summer, 

jellyfish migrate down to cooler mid-water depths, possibly along canyon corridors. Thus, P. 

noctiluca may spend the warmer months at deeper habitats along the continental slope with 

abundant food sources like euphausiid shrimps maintained in part by the high amount of the 

coastal surface primary production that is swept down by the canyons net downward particle flux 

(Palanques et al. 2005). At depth, P. noctiluca can invest more energy towards future sexual 

reproduction. During the late autumn and early winter, massive numbers of P. noctiluca appear at 

localities along the coastline nearest the upper margins of marine canyons and upwelling areas, 

such as around the Aeolian archipelago and the Strait of Messina, NE Sicily, the Island of Elba, 

Tuscany, and the continental platform of the Ligurian Sea. In late autumn-winter, large P. 

noctiluca can be found in surface waters even in daytime, where they also exhibit an uncommon 

swimming behavior, with frequent formation of couples (Fig. 11.6 in Canepa et al. 2014a), which 

may be associated with sexual reproduction and lead to a new cohort of planulae and ephyrae. 

Indeed, swarms of juvenile jellyfish are encountered throughout winter. During the following 

months, the juvenile medusae will feed in surface waters on the spring zooplankton and 

ichthyoplankton. After the increase of sea surface temperatures and water mass stratification, P. 
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noctiluca will leave the surface waters, starting a new annual migratory cycle.      

 From The Medusa Project along the Catalan Coast some characteristic species of spring 

time were Chrysaora hysoscella, Aurelia aurita, Aequorea forskalea and Velella velella. During the 

summer, the most frequent jellyfish species recorded was the scyphozoan Rhizostoma pulmo, 

whose occurrence seemed to increase over time, especially in 2011 and 2012 (Fuentes et al. 

2011). Finally, in late summer, the scyphozoan Cotylorhiza tuberculata arrived and dominated the 

records. Stranded P. noctiluca medusae occurred throughout the sampling period (May-

September), but with highest abundances in spring (Fig. 11.3 in Canepa et al. 2014a).  

Our Bayesian analysis of the importance of stochastic versus deterministic drivers of 

jellyfish outbreaks along the Catalan Coast showed that jellyfish outbreaks were more frequent in 

May and June, particularly in the years 2009 and 2010. Outbreaks were negatively associated with 

SST and distance to canyons, and positively associated with the onshore current transport force. 

This model was largely influenced by the abundance of P. noctiluca, the most common jellyfish 

along the Catalan coast and elsewhere in the Western Mediterranean, and the environmental 

factors reflect the conditions in which P. noctiluca reaches the coast. The model results agreed 

with other data that P. noctiluca is more abundant during spring and summer months (Morand et 

al. 1992; Licandro et al. 2010; Berline et al. 2013). This result gives empirical support to the 

hypothesis proposed by Canepa et al. (2014a) that canyons funnel blooms of P. noctiluca to the 

coast during upwelling of cold water masses.  

 Our results indicated that deterministic processes were more important than the stochastic 

component of environmental variation, suggesting that extreme events, visualized as the 

compound effects of environmental variables, did not affect the probability of an outbreak along 

the Catalan Coast. Nevertheless, SST and the onshore current transport force were significant 

time-varying predictors, but their signal was not strong enough to overwhelm deterministic 

effects. These results are in accord with the relationship of the distribution of gelatinous 

zooplankton at the shelf-slope front and with the signal of frontal mesoscale activity; specifically, 

when the front weakens, jellyfish are able to reach the coast (Gili et al. 1988; Rubio and Muñoz 
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1997; Sabatés et al. 2010).  

Return time values from the model indicated that the frequency of jellyfish outbreaks 

should not increase in the study region as a consequence of environmental fluctuations. This 

return time (~ 6.5 years) is more similar to that predicted by (Kogovšek et al. 2010) for 1960s 

onwards (< 8 years) than 12 years previously calculated by Goy et al. (1989). Shorter return 

times also have been predicted for the Western Mediterranean, averaging 3-4 years (Goy et al. 

1989; Daly Yahia et al. 2010). These results highlight the necessity to better understand how 

environmental factors affect population and demographic processes in jellyfish species. By doing 

this, we can greatly improve our ability to anticipate their outbreaks in the future. 

The increasing importance of jellyfish interactions with humans 

In this thesis, I have addressed the problem of jellyfish – human interactions in three main 

ways. The first focus was to provide recommendations for dealing with proliferation of stinging 

Carybdea marsupialis cubomedusae along the coast of Denia. In addition to the recommendation 

to reduce nutrient supplies to the coast (see Discussion section ‘The importance of environmental 

conditions to jellyfish distributions’ and paper 3), the results from our study suggested two steps. 

First, in order to detect the presence and estimate the abundance of C. marsupialis, coastal 

sampling should start in mid-spring and use ~ 500 µm mesh size to collect the small medusae. 

Sampling during rough sea conditions should be avoided to minimize underestimation and false 

negative records. Once the population is established and the presence of medium size is 

confirmed, the large medusae should be sampled with greater mesh size (~ 4 mm) to collect the 

most, large stinging individuals. In this case, sampling should be restricted to popular beaches 

with sandy bottom associated with three dimensional structures like sea grass/algae meadows, 

new breakwaters or other artificial substrata. Similarly, sampling for large individuals should start 

earlier at beaches with low wave dynamics and higher temperature due to shallow profiles. 

The problems for humans from jellyfish have increased many places around the world 

(Purcell et al. 2007, Purcell 2012). Jellyfish blooms appear to be increasing in parts of the world, 

including the Mediterranean Sea (Brotz et al. 2012; Condon et al. 2013). This trend is supported 
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by relatively few existing long-term data sets due to the earlier lack of recognition of the 

importance of jellyfish and to the expense and scarcity of long-term monitoring programs. A 

solution to such problems has arisen recently. Citizen science, in which the public participates in 

scientific research mostly by collecting of data, has proven to be a positive and economical source 

of data (reviewed in Conrad & Hilchey 2011). One of the principal benefits of these activities is 

that many minimally-trained people can make simple sampling with much greater spatial and 

temporal coverage and lower costs than limited scientific studies. Citizen scientists are involved in 

many topics, including climate change, invasive species, conservation biology, ecological 

restoration, water quality and species monitoring and population ecology (Silvertown 2009). 

Jellyfish citizen science programs along the Mediterranean Sea have resulted in efforts to 

understand epidemiology, jellyfish sting treatments and socio-economic impacts (De Donno et al. 

2014) and have led to new sightings of non-native species like the ctenophore Mnemiopsis leidyi 

off the NW Mediterranean Spanish coast (Fuentes et al. 2009), the scyphozoan Rhopilema 

nomadica in Maltese waters (Deidun et al. 2011), and a new species in Venice Lagoon (Piraino et 

al. 2014). My second focus is based on a citizen science based monitoring program that lead to 

key information on the importance of jellyfish to local beach tourism (Canepa et al. 2014a). 

During the summer season, Pelagia noctiluca, Rhizostoma pulmo, Olindias phosphorica, and 

Carybdea marsupialis (in decreasing order of abundance) were responsible for stings that required 

first aid attention. But importantly, among the jellyfish species associated with painful stings, P. 

noctiluca was the only species positively correlated with the number of stings, which in 2006 

totaled 9,155 cases in the northern province (Girona) of Catalonia and contributed to the total of 

22,655 assistances due to jellyfish stings for the Catalan coast (Fig. 11.10 in Canepa et al. 

2014a). 

Citizen Science contributed even more value. Papers 4 and 5 relied on those data from the 

Catalan coast, which in turn, provided critical insights into the locations and times that jellyfish 

arrive at the coast and affect tourism. The citizen science program also provides a key educational 

tool to increase public understanding of jellyfish, which in turn reduces their economic damage to 
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tourism.  

Finally the third focus of my thesis sought to characterize the public perception of jellyfish 

outbreaks and to determine their importance to tourism in economic value. From a stated-choice 

questionnaire and a Random Utility Model, which estimated how much respondents were willing to 

spend, in terms of reported extra travel time to a bathing beach with lower risk of jellyfish 

outbreaks, we tested the impact of the risk of jellyfish outbreaks on beach recreationists along the 

Catalan coast. The visitors were willing to spend an additional 23.8% of their travel time to enjoy 

beach recreation where risk of a jellyfish outbreak was lower. We calculated that the well-being 

gains associated with a reduction of jellyfish outbreaks in this area would range between €312 and 

€322 million annually, corresponding approximately to 19% of the tourism expenditures of the 

Catalan population in 2012. Nevertheless, improvement in the beach water quality was, by far, the 

most valuable attribute for all types of respondents. Improvement in the beach infrastructure was 

ranked second and reduction in the risk of jellyfish outbreaks, third. From the econometric view 

point, the difference in ranking between improved infrastructure and jellyfish risk was not 

statistically significant, meaning that these attributes were seen as equally important by the 

respondents of this study. This study confirms the urgency to provide daily information by use of 

the wide set of social media applications. The current lack of public knowledge about jellyfish 

suggests that providing such information to beach recreationists is the only effective policy 

instrument to minimize the impact of jellyfish outbreaks.  
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FIGURES 

 

Figure 1. The gelatinous planktonic ecotype arose at least nine separate times within Metazoa. 

Phylogeny of the metazoans (left) indicating the principal gelatinous zooplanktonic phyla (black 

branches, bold) and also other phyla in which there are occasional gelatinous zooplanktonic taxa 

(underlined). Relationships within the principal gelatinous zooplanktonic taxa are shown for 

Cnidaria (right top), for Urochordata (right upper middle) and within Mollusca (bottom). 

Appendicularia is highlighted (italics) because, although their body is not gelatinous, the large 

mucous net they secrete conveys many of the functional attributes of other gelatinous 

zooplankton. (Fig. 2.1; Pitt and Lucas 2014). 
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Figure 2. Schematic view of the gelatinous plankton ecotype and several nested taxa. Groups that 

are in bold are those defined as jellyfish (common names equivalent with clades are marked ‘i.e.’). 

(Re-drawn from Box 2.1; Pitt and Lucas 2014). 
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Figure 3. The life cycle of the scyphozoan Rhizostoma pulmo, which is typical for most 

scyphozoans. (From Fuentes et al. 2011). 
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GENERAL CONCLUSIONS (addendum)  

First Part: outbreaks of the cubozoan Carybdea marsupialis along the coast of Denia, Alicante 

(Papers 1-3) 

Salinity changes affected the asexual reproduction of Carybdea sp., by hastily transforming into 

medusae at low salinity regimes and by increasing polyp population size through asexual budding at high 

salinity conditions. 

Environmental restriction on box-jellyfish Carybdea spp. 

Metamorphosis of Carybdea marsupialis polyps into medusae along the coast of Denia seemed not 

to be one synchronized event and possible related with a sudden increase in temperature and decrease in 

salinity.  

The distribution and high abundance of C. marsupialis medusae along the coast of Denia was 

associated with springtime salinity changes and increased primary and secondary production due to 

anthropogenic activities, in association with the availability of free substrata and type of sea bed. 

 

A new methodological device was designed and tested demonstrating its efficiency to evaluate the 

effects of environmental variables on jellyfish polyp biology. 

Methodologies to study environmental restriction on jellyfish polyps 

 

Second Part: outbreaks of Pelagia noctiluca and other jellyfish along the Catalan coast and 

their economical impacts (Papers 4-6) 

The spatio-temporal analysis of a citizen science-based monitoring program along the Catalan 

coast showed that the characteristic species of springtime were Chrysaora hysoscella, Aurelia aurita, 

Aequorea forskalea and Velella velella. During the summer and late summer, the most frequent jellyfish 

species recorded were the scyphozoans Rhizostoma pulmo and Cotylorhiza tuberculata, respectively. 

Abundance of Pelagia noctiluca medusae was highest in spring and was spatially correlated with the 

location of marine canyons along the Catalan coast, suggesting a new hypothesis about the seasonal 

vertical migration and overwintering behaviour of this species. 

Spatio-temporal dynamics of jellyfish in the Catalan coast 



For those species with a benthic phase the arrival and coastal proliferations of jellyfish are related 

with anthropogenic activities like habitat transforming and coastal eutrophication, offering new substrata 

and elevated primary and secondary production. In contrast, the spatio-temporal dynamics of jellyfish 

arrivals to the coast, for holoplanktonic species, will be determined by oceanographic characteristics like 

shelf-slope front and geostrophic currents modelled by the presence of canyons near the coast. 

Along the Catalan coast sea surface temperature (SST) and the onshore current transport force 

were significant time-varying predictors of the distribution of stranded jellyfish, in accord with the 

relationship of the distribution of gelatinous zooplankton at the shelf-slope front and with the signal of 

frontal mesoscale activity; specifically, when the front weakens, jellyfish are able to reach the coast. 

The effect of deterministic processes were more important than the stochastic component of 

environmental variation in order to explain the spatio-temporal distribution of jellyfish, suggesting that 

alignment in space and time of the environmental variables selected had little influence on the spatial 

distribution of jellyfish outbreaks. 

We demonstrated the usefulness of a citizen science-based monitoring program to characterize 

and understand the spatio-temporal dynamics and the underlying environmental restriction of jellyfish 

blooms along the Catalan Coast. 

Along the Catalan coast jellyfish outbreaks were the third most important factor for beach users 

when choosing a beach and visitors were willing to spend an additional 23.8% of their travel time to enjoy 

beach recreation where the risk of a jellyfish outbreak was lower.  

Socio-economical impact of jellyfish in the Catalan coast 

We calculated that the well-being gains associated with a reduction of jellyfish outbreaks in this 

area corresponded, approximately, to 19% of the tourism expenditures of the Catalan population in 2012, 

highlighting the necessity of preventive and adaptive policy measures associated with jellyfish outbreaks. 

Jellyfish blooms in coastal areas are heterogeneous in space and time and will differ from the 

species involved. Thus, providing species-specific predictive tools and increasing the effort in prevention 

and information at local scale are the most efficient mechanism to minimize their impacts.  
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Medusa production in cubozoans may be associated with reduced-salinity waters.
Asexual reproduction of Carybdea sp. differed at different salinities. The metamor-
phosis of Carybdea sp. polyps into medusae was accelerated at low salinity (32), while
more polyps were budded from the original polyp at the highest salinity (38), prob-
ably due to prolonged metamorphosis. High-nutrient river discharge may provide
favorable conditions for Carybdea sp. blooms.

KEYWORDS: box jellyfish; budding; jellyfish bloom; metamorphosis; mixed
models; survival analysis

Jellyfish blooms have been increasingly reported in
recent decades (Brotz et al., 2012; Condon et al., 2012;
Purcell, 2012). The main concerns about blooms are due
to their ecosystem and socio-economic impacts (reviewed
in Purcell et al., 2007) and possible long-term increases of
such blooms (Brotz et al., 2012; Condon et al., 2012;
Purcell, 2012; Gibbons and Richardson, 2013). Several

authors report the appearance or increased abundance
of cubomedusae after seasonal rains (Gordon et al., 2004;
Bordehore et al., 2011). Among jellyfish, the Class
Cubozoa is particularly interesting due to its visual
ecology, mating behavior and toxicity (Bentlage et al.,
2010), but the ecology of cubozoans is poorly known and
understanding their life cycle and seasonal dynamics of
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all life history stages with controlled experiments is ur-
gently needed (Kingsford et al., 2012). Cubozoans have a
metagenetic life cycle, characterized by a benthic polyp
that can asexually produce more polyps by budding, each
of which then can metamorphose into a single medusa
(Werner et al., 1971). Most cubozoan species inhabit
coastal habitats in tropical to subtropical and even tem-
perate waters of many parts of the world (Kraeuter and
Setzler, 1975; Bentlage et al., 2010; Kingsford et al., 2012).

The early life cycle of Carybdea marsupialis (von Linné,
1758) was described from polyps found on shells of dead
bivalves on the bottom of mangrove channels in Puerto
Rico (Studebaker, 1972; Cutress and Studebaker, 1973;
Stangl et al., 2002; Fischer and Hofmann, 2004;
Straehler-Pohl and Jarms, 2005). Nevertheless, some dif-
ferences were found between medusae of C. marsupialis,
from the Mediterranean, and those from Puerto Rico
(Acevedo et al., unpublished data), supporting the hy-
pothesis based on molecular data that Carybdea in
Caribbean waters might not be C. marsupialis (Bentlage
et al., 2010). The identity of the polyps herein is uncertain
and currently under review (Acevedo et al., unpublished
data); therefore, we refer to it as Carybdea sp.

In the present study, we tested the null hypothesis that
different salinity levels do not affect the asexual reproduc-
tion of the polyps of Carybdea sp. As far as we know, no
previous data exist on the effects of salinity on the asexual
reproduction of Carybdea sp.

Stock cultures of polyps established by Werner in 1971
from south western Puerto Rico (La Parguera) were
kindly provided by the laboratory of Ass. Prof. Dr Anders
Garm (University of Copenhagen). The polyps were
maintained at the Marine Science Institute (Barcelona,
Spain) in glass dishes containing 500 mL of 5-mm-filtered
ambient seawater at 238C and salinity of 35.

The salinity treatment simulated seawater conditions
in Puerto Rico: (i) low rainfall (high salinity level ¼ 38),
(ii) the annual average salinity throughout the known
polyp area (35) (Otero, 2009) and (iii) high rainfall (low
salinity ¼ 32), following Hertler (Hertler, 2002). Before
the experiment, polyps were transferred and acclimated
to salinity changes by increases or decreases of 15% per
day, resulting in a “Rapid Dilution” scheme, following
Hartwick (Hartwick, 1991).

At each salinity level, 18 polyps were kept individually
in 3 6-well polycarbonate culture plates with 10 mL of
5-mm-filtered seawater. The polyps were fed ad libitum

twice weekly with newly hatched Artemia salina nauplii,
resulting in equal feeding in all levels of the treatment
and were kept in dark conditions and at a constant tem-
perature of 238C. After the polyps were fed for 1.5 h, the
water was replaced with clean filtered sea water of the ap-
propriate salinity and temperature.

Every second day each individual was checked for bud
production and metamorphosis state following Straehler-
Pohl and Jarms (2005). Detached buds and medusae
produced were counted and removed from each well.
Parameters evaluated to quantify the asexual reproduc-
tion of Carybdea sp. were budding index ¼ BI (buds cubo-
polyp21 day21); accumulated buds produced during
the experiment ¼ AB (buds salinity21); accumulated
medusae produced during the experiment¼ AM (medusa
salinity21); days to metamorphosis ¼ DTM (days) and
metamorphosis development ¼MD. For our analyses, the
metamorphosis stages given in Straehler-Pohl and Jarms
(Straehler-Pohl and Jarms, 2005) were simplified to: meta-
morphosis stages a–c ¼ early, stages d–f ¼ mid, and sta-
ges g and medusa¼ late. The experiment ran for 74 days.

Comparisons of the BI among salinities were made
using one-way ANOVA. For AB and AM, the effects of
repeated measurements on the same individuals were
assessed using random slope for each polyp through the
generalized linear mixed models (GLMM) with the
package lme4 (Bates et al., 2011) setting a Poisson error
family and a log link. The DTM was treated as a survival
analysis because, after a polyp metamorphosed, it was no
longer part of the experiment (i.e. the distribution of
remaining polyps followed a Kaplan–Meier survivor
function) and the transformation to medusa was consid-
ered as “death” data. The survival analysis was done
using censored data, because all polyps had not meta-
morphosed into medusae by the end of the experiment.
To do this the Survival package (Therneau, 2012) fitting a
parametric model using the survreg (accelerated failure-time
models) function was used to estimate the total number of
days to become a medusa for the un-metamorphosed
polyps using a GLM with an exponential error distribu-
tion. Differences in MD were compared using the
Pearson’s x2 test and the P-values obtained by Monte
Carlo simulation (number of simulations¼ 2000). All ana-
lyses and figures were made using the free statistical soft-
ware R, version 2.15.0. Data are presented as mean+
standard error.

Survival of Carybdea sp. polyps was 100% at all sali-
nities and the polyps began budding new polyps on the
eighth day (Fig. 1A). The BI (buds cubopolyp21 day21)
showed no differences between tested (32 and 38) and the
control (35) salinities (Table I). The AB (buds salinity21)
during the experiment did not differ among salinities
(Table I), but the interaction between the days of the
experiment and salinity was significant at P , 0.01. After
Day 43, polyps at low salinity (32) had accumulated
fewer buds than those at the control salinity (35)
(t ¼ 24.1, P , 0.0001). In contrast, polyps at high salin-
ity (38) after Day 43 had accumulated more buds than in
the control (t-value 26.36, P-value , 0.0001) (Fig. 1A).
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It is important to note that both budding and metamor-
phosis into medusae occurred simultaneously during
each metamorphosis phase (except “a”) at all salinities
(Supplementary data, Fig. S1).

Metamorphosis of polyps into medusae was signifi-
cantly (P , 0.05) affected by the salinity treatment. The
average number of medusae produced was higher at low
salinity (0.89+ 0.07 medusae salinity21 day21) than at
the control and high salinities (0.72+ 0.1 and 0.56+
0.1 medusae salinity21 day21, respectively) (Fig. 1B). The
AM (medusae salinity21) also differed among salinities,
showing a negative trend with the increase in salinity
(Table I). DTM (days) clearly increased with increasing
salinity (Fig. 2A). Survival analysis showed that polyps at
high salinity took significantly (P , 0.01) longer to

Fig. 1. Accumulated buds (A) and medusae (B) produced by 18 polyps
of Carybdea sp. during the 74-day experiment at three salinities (low ¼
32, control ¼ 35, high ¼ 38) at 238C. The pie charts in (B) represent
the proportion of polyps in three metamorphosis states (early, mid and
late) at the beginning of the experiment and at 25-day intervals
thereafter.
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metamorphose than at the low and control salinities
(Fig. 2B). The survival model with censored data esti-
mated times for all polyps to metamorphose into medusae
to be 36, 56 and 116 days for the low, control and
high salinities, respectively (Table I). Differences in the
medusa development stage (MD) among salinities were
obvious and significant (P , 0.01) at the end of the ex-
periment (Fig. 1B, Table I).

Our results show that salinity significantly affects the
asexual reproduction of the cubozoan Carybdea sp.
Salinity variability along the coast of La Parguera (SW
Puerto Rico), where the polyps live (Studebaker, 1972), is
governed mostly by weather conditions; thus clear
weather conditions can increase salinity to 37.7, compar-
able to our high salinity of 38, and rain storms can
reduce salinity ,31, even in bottom waters (Otero,
2009). These and the annual average coastal salinity (35)

as the control (Hertler, 2002; Otero, 2009) provided real-
istic levels for our experiment.

Carybdea sp. polyps produced medusae more rapidly at
low salinity than at control and high salinities. Significant
effects of salinity on medusa production have also been
shown in hydrozoans (Ma and Purcell, 2005) and scy-
phozoans (Rippingale and Kelly, 1995; Purcell, 2007;
Holst and Jarms, 2010).

The budding index (BI) of Carybdea sp. showed no sig-
nificant differences among salinities (Table I). This BI
reflects the numbers of buds produced per polyp before
metamorphosis, comparable to the budding rate com-
monly measured for scyphozoan polyps (Purcell, 2007).
The lack of differences among salinities for BI suggests
that salinity does not change the budding process;
however, salinity affected the time span in which a bud
was produced, as reflected by the significant interaction
between days and treatment levels in AB, which resulted
in a lower proportion of accumulated buds after Day 43
at low (32) salinity.

Salinity affected the time required by Carybdea sp. to
complete metamorphosis. High salinity extended the
days to metamorphosis (DTM). In previous studies,
metamorphosis of Carybdea sp. polyps was induced by in-
creasing the temperature above a critical threshold
(248C) and by suspension of feeding (Stangl et al., 2002).
Gordan et al. (Gordon et al., 2004) found young medusae
of Chiropsalmus sp. ( ¼ Chiropsella bronzie; Gershwin, 2006)
after rain events, suggesting enhanced metamorphosis at
low salinity conditions. The opposite may be true for the
sea wasp (Chironex fleckeri; Southcott, 1956), for which
small (,2 mm) medusae appeared when river waters
were .258C and at the annual salinity peak (.40)
(Hartwick, 1991). Kingsford et al. (Kingsford et al., 2012)
similarly suggested that high rainfall may negatively
affect this species. In contrast, polyps of Alatina nr mordens

budded at all combinations of temperature (18–318C)
and salinity (22–40); however, metamorphosis was not
induced in any of the temperature–salinity combinations
over 6 weeks, even when polyps were returned to pre-
experimental conditions (258C and 32.6) (Courtney and
Seymour, 2013). Thus, the importance of salinity changes
may be related to the habitat of some species living
where salinity changes occur seasonally (i.e. mangroves,
estuaries) (Studebaker, 1972; Kingsford et al., 2012).

The effect of salinity seemed to be most important for
the rate of metamorphosis of Carybdea sp. This idea is sup-
ported by both (i) the results of the survival model and
(ii) the results from MD. The survival model showed that
the DTM at high salinity (38) was more than three times
longer than at low (32) salinity (116 vs. 36 d). Although
all polyps followed the stages of metamorphosis described
for Carybdea sp. (Straehler-Pohl and Jarms, 2005), those at

Fig. 2. Effects of salinity on the days to metamorphosis for Carybdea sp.
(A) Number of days until metamorphosis in each salinity and (B) the
survival model in which the decay rates of the curves are proportional
to the numbers of polyps that transformed into a medusa.
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the low salinity completed metamorphosis in significantly
fewer days and, consequently, were in a significantly dif-
ferent stage at the end of the experiment (Fig. 1B,
Table I). Furthermore, metamorphosis reversed in high
salinity (38) during the last week of the experiment;
between Days 57 and 67, three of five remaining polyps
reverted from mid- to early metamorphosis stage. The
other two polyps continued metamorphosis to late stage.

Our results clearly show that salinity affected the
asexual reproduction of Carybdea sp., mainly modifying
the rate of metamorphosis, but also the total numbers of
buds and medusae accumulated. Moreover, if we use
the total days predicted by the survival model, the
numbers of buds generated at the three salinities would
be 78, 151 and 334 for the low, control and high sali-
nities, respectively. Thus, the population of Carybdea sp.
responds to changes in salinity by transforming into
medusae at low salinity regimes and by increasing polyp
population size with asexual budding at high salinity
conditions.

For some cubozoans, salinity changes may be an im-
portant signal for metamorphosis. Kingsford et al.
(Kingsford et al., 2012) noted that planktonic food abun-
dance as well as polyp substrates and retention areas for
medusae ultimately may be related to cubozoan abun-
dance. In tropical waters, salinity changes in coastal areas
are correlated with rains and river run-off and, conse-
quently, increased coastal productivity (Rippingale and
Kelly, 1995; Hertler, 2002; Otero, 2009). As part of the
natural seasonal cycle in Puerto Rican coastal surface
waters, zooplankton abundance increases in July, following
the peak of Chl a and the decline in salinity (Yoshioka et al.,
1985). In a similar context, Bordehore et al. (Bordehore
et al., 2011) described an unusually high abundance of C.

marsupialis associated with low salinity of natural freshwater
discharges with increased Chl a due to the enhancement of
nutrients from anthropogenic (agricultural, sewage dis-
charges) activities along the coast of Denia (Alicante,
Spain). Thus, Carybdea sp. polyps metamorphose in the wet
season and release medusae that benefit from high levels of
production in the coastal water column.

S U P P L E M E N TA RY DATA

Supplementary data can be found online at http://plankt.
oxfordjournals.org.

F U N D I N G

This work was funded by the LIFE Programme of the
European Commission, the Ministry of the Environment
of Spain and the Conselleria de Medi Ambient from the

Generalitat Valenciana CUBOMED project (LIFE08
NAT ES64). A.C. was supported by a doctoral fellowship
from the Chilean National Commission for Scientific
and Technological Research (CONICYT – PFCHA/
Doctorado al Extranjero 4ª Convocatoria, 72120016).

R E F E R E N C E S

Bates, D., Maechler, M. and Bolker, B. (2011) lme4: linear mixed-effects
models using S4 classes. R package version 0.999375-42. http://
CRAN.R-project.org/package=lme4 (accessed on 6 December 2012).

Bentlage, B., Cartwright, P., Yanagihara, A. A. et al. (2010) Evolution of
box jellyfish (Cnidaria: Cubozoa), a group of highly toxic inverte-
brates. Proc. R. Soc. B, 1707, 1–9.

Bordehore, C., Fuentes, V. L., Atienza, D. et al. (2011) Detection of an
unusual presence of the cubozoan Carybdea marsupialis at shallow
beaches located near Denia, Spain (south-western Mediterranean).
Mar. Biodivers. Records, 4, 1–6.

Brotz, L., Cheung, W. W. L., Kleisner, K. et al. (2012) Increasing jellyfish
populations: trends in large marine ecosystems. Hydrobiologia, 690,
3–20.

Condon, R. H., Duarte, C. M., Pitt, K. A. et al. (2012) Recurrent jelly-
fish blooms are a consequence of global oscillations. P. Natl Acad. Sci.,
110, 1000–1005.

Courtney, R. J. and Seymour, J. (2013) Seasonality in polyps of a tropical
cubozoan: Alatina nr mordens. PLoS One, 8, e69369.

Cutress, C. E. and Studebaker, J. P. (1973) Development of the cubome-
dusae, Carybdea marsupialis.Proc. Ass. Is. Mar. Lab. Caribb., 9, 1.

Fischer, A. B. and Hofmann, D. K. (2004) Budding, bud morphogen-
esis, and regeneration in Carybdea marsupialis; Linnaeus, 1758
(Cnidaria: Cubozoa). Hydrobiologia, 530/531, 331–337.

Gershwin, L. A. (2006) Comments on Chiropsalmus (Cnidaria: Cubozoa:
Chirodropida): a preliminary revision of the Chiropsalmidae, with
descriptions of two new genera and two new species. Zootaxa, 1231,
1–42.

Gibbons, M. J. and Richardson, A. J. (2013) Beyond the jellyfish joyride
and global oscillations: advancing jellyfish research. J. Plankton Res.,
35, 929–938.

Gordon, M., Hatcher, C. and Seymour, J. (2004) Growth and age deter-
mination of the tropical Australian cubozoan Chiropsalmus sp.
Hydrobiologia, 530/531, 339–345.

Hartwick, R. F. (1991) Distributional ecology and behaviour of the early
life stages of the boxjellyfish Chironex fleckeri. Hydrobiologia, 216/217,
181–188.

Hertler, H. (2002) The implications of resource management in La
Parguera, Puerto Rico. PhD Thesis. Drexel University, Philadelphia,
USA, 143 pp.

Holst, S. and Jarms, G. (2010) Effects of low salinity on settlement and
strobilation of Scyphozoa (Cnidaria): is the lion’s mane Cyanea capillata

(L.) able to reproduce in the brackish Baltic Sea? Hydrobiologia, 645,
53–68.

Kingsford, M. J., Seymour, J. E. and O’Callaghan, M. D. (2012)
Abundance patterns of cubozoans on and near the Great Barrier
Reef. Hydrobiologia, 690, 257–268.

Kraeuter, J. N. and Setzler, E. M. (1975) The seasonal cycle of
Scyphozoa and Cubozoa in Georgia estuaries. Bull. Mar. Sci., 25,
66–74.

A. CANEPA ET AL. j SALINITYAFFECTS ON REPRODUCTION OF CARYBDEA SP

589

 at C
SIC

 on M
arch 23, 2014

http://plankt.oxfordjournals.org/
D

ow
nloaded from

 

http://plankt.oxfordjournals.org/lookup/suppl/doi:10.1093/plankt/fbt124/-/DC1
http://plankt.oxfordjournals.org/lookup/suppl/doi:10.1093/plankt/fbt124/-/DC1
http://plankt.oxfordjournals.org/lookup/suppl/doi:10.1093/plankt/fbt124/-/DC1
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4
http://plankt.oxfordjournals.org/
http://plankt.oxfordjournals.org/


Ma, X. and Purcell, J. E. (2005) Temperature, salinity, and prey effects
on polyp versus medusa bud production by the invasive hydrozoan
Moerisia lyonsi. Mar. Biol., 147, 225–234.

Otero, E. (2009) Spatial and temporal patterns of water quality indicators
in reef systems of southwestern Puerto Rico. Caribb. J. Sci., 45, 168–180.

Purcell, J. E. (2007) Environmental effects on asexual reproduction rates of
the scyphozoan, Aurelia labiata. Mar. Ecol. Prog. Ser., 348, 183–196.

Purcell, J. E. (2012) Jellyfish and ctenophore blooms coincide with
human proliferations and environmental perturbations. Annu. Rev.

Marine Sci., 4, 209–235.x

Purcell, J. E., Uye, S.-I. and Lo, W.-T. (2007) Anthropogenic causes of
jellyfish blooms and their direct consequences for humans: a review.
Mar. Ecol. Prog. Ser., 350, 153–174.

Rippingale, R. J. and Kelly, S. J. (1995) Reproduction and survival of
Phyllorhiza punctata (Cnidaria: Rhizostomeae) in a seasonally fluctuat-
ing salinity regime in Western Australia. Mar. Freshwater Res., 46,
1145–1151.

Southcott, R. V. (1956) Studies on Australian cubomedusae, including a
new genus and species apparently harmful to man. Aust. J. Mar. Fresh.

Res., 7, 254–280.

Stangl, K., Salvini-Plawen, L. V. and Holstein, T. W. (2002) Staging and
induction of medusa metamorphosis in Carybdea marsupialis (Cnidaria,
Cubozoa). Vie Milieu, 52, 131–140.

Straehler-Pohl, I. and Jarms, G. (2005) Life cycle of Carybdea marsupialis

Linnaeus, 1758 (Cubozoa, Carybdeidae) reveals metamorphosis to
be a modified strobilation. Mar. Biol., 147, 1271–1277.

Studebaker, J. P. (1972) Development of the cubomedusa, Carybdea mar-

supialis. Masters Thesis. Department of Marine Sciences, University
of Puerto Rico College of Agriculture and Mechanical Arts
Mayaguez, Puerto Rico, pp. 1–60.

Therneau, T. (2012) A package for survival analysis in S. R package
version 2.36-12. http://CRAN.R-project.org/package=survival
(accessed on 6 February 2013).
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Fig. S1. Carybdea sp. polyp in state “g” of metamorphosis (following Straehler-
PohlandJarms, 2005) showing simultaneously two buds in stage “5 and 6” 
(following Fischer and Hofmann, 2004)
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In recent years, reports of jellyfish blooms are increasing
worldwide (Brotz et al. 2012; Purcell 2012), and there are rea-
sons to believe that oceans are facing a more gelatinous future
(Richardson et al. 2009; Purcell et al. 2012). Many anthro-
pogenic stressors are likely to impact jellyfish development,
including global warming, overfishing, nutrient additions,
invasion and translocation of species or global ocean sprawl
(Purcell et al. 2007, 2012; Duarte et al. 2012). Ocean acidifica-
tion, the decrease in seawater pH due to the marine absorp-
tion of atmospheric CO2 (Pelejero et al. 2010 and references
therein), could also play an important role. However, the very
few published studies attempting to assess the possible effect

of acidification on jellyfish are still inconclusive, and it is
unknown whether this group of animals will be benefited or
harmed by such pressure. Even though one study has sug-
gested increasing jellyfish population due to ocean acidifica-
tion (Attrill et al. 2007), the conclusions are still unclear and
even contradictory results had been shown in other studies
(Richardson and Gibbons 2008).

The term jellyfish includes several taxonomic groups, but
scyphozoans are the most known group that produces jelly-
fish blooms. Most scyphozoans have a metagenetic life cycle
that includes planktonic medusa and benthic polyp genera-
tions (Fig. 1). Polyps produced from the settlement and meta-
morphosis of planktonic planulae larvae can increase the pop-
ulation by asexual reproduction, contributing to the
development of jellyfish blooms (Boero et al. 2008). Monitor-
ing and testing these polyps in the field is notoriously difficult
due to their small sizes and the lack of knowledge regarding
the settlement preferences of the planulae (Holst and Jarms
2007; Holst 2012). Thus, laboratory experimentation is still
the most feasible approach to study the response of jellyfish
polyps to natural environmental conditions and to detect the
factors that might affect their survival, reproduction, and
other developmental parameters (see references in Table 1). In
all these studies, however, results were obtained from incuba-
tion experiments under non- or discontinuous renewal of sea-
water. In such conditions, it is very difficult to maintain the
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Abstract
Research interest on jellyfish has grown exponentially over the last years and studies focusing on the biolo-

gy and ecology of the jellyfish polyp stage are being recognized as crucial in understanding jellyfish prolifera-
tions. Due to the difficulty of conducting in situ work with jellyfish polyps, laboratory experiments are the most
used approach. Here, we describe the design and successful testing of a new system that allows continuous sea-
water renewal while keeping constant the selected physicochemical conditions of the water throughout the
experiment in contrast to closed systems used previously. As a first test, we started an experiment to assess the
effects of ocean acidification on the growth and development of jellyfish polyps of Aurelia sp. This new design
demonstrated high precision in maintaining constant conditions (pH, temperature, and flow rates) among the
replicates of each treatment, and ensured excellent conditions for jellyfish polyp survival. All together it has
shown to be an effective platform to assess the effect of environmental variables on the growth and develop-
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different physicochemical parameters at the desired constant
levels, making complex the assessment of possible environ-
mental effects from specific stressors. Therefore, improving
the available methodology towards continuously seawater
renovation systems is of special interest.

In this context, we provide details on a newly developed
experimental set-up that allows the manipulation of environ-
mental parameters in individual containers with continuous
water renewal. They are designed to host single jellyfish polyps
under a continuous seawater flow, guaranteeing a good repro-
ducibility amongst all containers in each treatment. Given the
recently recognized potential threat of ocean acidification, this
set-up has been focused on pH manipulation, but it could be
well adapted to modify other relevant parameters (e.g. nutrients,
salinity, temperature, oxygen, among others). This new set-up
represents an important step forward in experimental research
on jellyfish, with the potential to provide new information on
the fate of these species in the future changing ocean.

Materials and procedures
System overview

In this article, we describe a new system that we call “polyp
flats” specially designed to conduct experiments with jellyfish

polyps. As a first test of its performance and suitability, we
have used this system for assessing the effect of ocean acidifi-
cation on jellyfish proliferations. In the following, we provide
full details on the design of this system and the specific con-
figuration that allows changing and maintaining the pH con-
ditions of the polyp flats associated to each treatment.
Incubation chambers and main containers

The polyp flats system was designed to supply a constant
flow of seawater in 18 replicates for each level of the experi-
mental treatment, whose parts and components are depicted
in Fig. 2.

A transparent acrylic closed box (40 cm long, 23 cm wide,
5 cm high; A in Fig. 2) was built and 18 circular holes (4 cm
diameter each) were sawed in the upper surface of it to allow
fitting the individual incubation chambers. The distribution
of the holes in the box is shown in Fig. 2. In one of the verti-
cal sides, two small circular holes are used as water inlet/out-
let (B in Fig. 2) allowing the connection of several boxes to the
same water bath line. This recirculating water through the
acrylic boxes acts only to homogenize temperature between
all the individual incubation chambers, and there is no con-
tact between the water in the bath with that inside the incu-
bation chambers.
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Fig. 1. The life cycle of the scyphozoan Rhizostoma pulmo, which is typical for most scyphozoans, including Aurelia sp. (adapted from Fuentes et al.
2011), with kind permission of Springer Science+Business Media 
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The acrylic box containing the incu-
bation chambers was constructed on
top of a PVC box of the same size (C in
Fig. 2). This PVC box has a transparent
lid and contains 18 MSD light-emitting
diodes (LED), located on the perpendi-
cular axis of each incubation chamber.
The LEDs are connected to an
adjustable external power supply that
allows for regulation of the light’s dura-
tion and intensity, which are impor-
tant factors to be considered depend-
ing on the jellyfish species under study.
For example, the Mediterranean jelly-
fish Cotylorhiza tuberculata has symbi-
otic zooxanthellae and, therefore, light
conditions are critical. In this experi-
ment, light was used to facilitate the
polyp’s feeding. The LEDs were located
at the bottom of the polyp flat, where
the polyps are fixed. The polyps were
fed with live Artemia salina nauplii that
have positive phototaxis, facilitating
their capture by the polyps.

Each incubation chamber (Fig. 3)
consists of a 6 cm high transparent
acrylic cylinder (1 cm thick) with an
external diameter of 4 cm and an inter-
nal volume of 35 cm3. Nylon lids were
made using a mechanical lathe and an
O-ring assured the sealed connection
with the acrylic cylinder. Two holes
were drilled in the lids to house the inlet
and outlet water tubes, ensuring water
renewal, and a small 60 μm mesh cov-
ered the water outlet, acting as a filter to
avoid losses of organisms (food, polyp
buds, or even small polyps). The specifi-
cally designed cover of the incubation
chamber is shown in detail in Fig. 4.
Positioning and maintenance of the
jellyfish polyps in the polyp flat

Polyps of the scyphozoan species
Aurelia sp. (NW Mediterranean sea pop-
ulation) were used on this first experi-
ment to test the performance of the
new system. The polyps were obtained
from the jellyfish cultures maintained
at the Experimental Aquaria Zone
(ZAE) of Institut de Ciències del Mar
(ICM-CSIC), which are kept at a salin-
ity of 38 and a temperature of 21°C to
ensure the typical natural strobilation
in spring.Ta
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Fig. 2. Complete polyp flat for one treatment consisting in 18 individual incubation chambers submerged in a temperature controlled water bath. A)
Acrylic box, B) holes for the bath water inlet and outlet, C) PVC box with a transparent lid containing the LED lights, D) incubation chambers. 

Fig. 3. Detail of an incubation chamber. A) Jellyfish polyp, B) Nylon lid,
C) Water outlet, D) Water inlet, E) Incubation chamber, F) “o”-ring slot
housing, G) 60 μm mesh. Fig. 4. Detail of the designed lid of each incubation chamber. 



Single polyps of similar sizes were selected from these cul-
tures and positioned at the base of each incubation chamber
(Fig. 3). Before starting the experiment, all polyps were kept in
their chambers with a very low water flow to ensure and facil-
itate their proper attachment. Once the polyps were totally
attached, the water flow was increased to achieve a proper
water renewal (~30 mL/min) so approximately the whole vol-
ume of the chamber was renewed every minute.

Once a week, the polyps were checked for survival, asexual
reproduction (production of buds), and strobilation (produc-
tion of ephyrae) following Purcell et al. (2012). The produced
buds were removed periodically while maintaining the origi-
nal polyp in the incubation chamber, allowing the tracking of
individual specimens. The polyps were fed twice a week with
newly hatched A. salina nauplii by closing the seawater flow-
through during one hour to ensure a proper feeding. After
feeding, the chambers were cleaned using a fine brush to gen-
tly scrap away all dirt and food remains.
Experimental setup and CO2 system manipulation

Filtered seawater (through a 20 μm cartridge filter) was con-
tinuously supplied to four 150 L tanks (A in Fig. 5), and their
pH was gradually adjusted to four selected values of ~8.10,
~7.80, ~7.50, and ~7.20 units (total scale). To achieve these pH

levels, seawater in each tank was bubbled with CO2 (99.9%
purity; C in Fig. 5) or CO2-free air (using a filter filled with
soda lime absorber, Sigma Aldrich; F in Fig. 5). Seawater pH
was monitored continuously by glass electrodes (LL Ecotrode
plus –Metrohm; K in Fig. 5) connected to two pH controllers
(Consort R316, Topac Inc.; E in Fig. 5), which automatically
opened and closed the solenoid valves of CO2 or CO2-free air
when needed (J and G in Fig. 5, respectively). To avoid drifts
in the pH measurements, glass electrodes were calibrated on a
daily basis with a Tris buffer, following standard procedures
(SOP6a of Dickson et al. 2007). In addition, small volumes of
water were taken periodically to analyze total alkalinity (TA)
by potentiometric titration (Perez and Fraga, 1987; Perez et al.
2000) and pH using spectrophotometry (Clayton and Byrne
1993), which provides better precision than glass electrodes.
Water from the 150 L tanks flowed continuously (1.8 L per
hour) by means of individual silicone tubing (not shown)
through each incubation chamber where organisms were
maintained. The pH-manipulative experimental set-up was
installed inside a thermostatic room, ensuring constant tem-
perature values during the whole experiment.

The objective of this manipulation experiment, whose sci-
entific results and implications will be published elsewhere,
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Fig. 5. Experimental setup used to control and modify seawater pH in each polyp flat. A) large 150-L tanks for seawater conditioning at pH 8.10, 7.80,
7.50, and 7.20; B) polyp flats containing 18 isolated polyps in each incubation chamber; C) 50 kg CO2 cylinder; D) 50 kg compressed air cylinder; E) pH
controller and data logger; F) soda lime filter; G) CO2-free air solenoid valve; H) filtered seawater inlet line; I) drain outlet line; J) CO2 solenoid valve; K)
glass electrodes for pH and PT100 probes for temperature measurements. For simplicity, we have not shown all tubing connecting the conditioning tanks
to each polyp flat, but note that all tubing is connected to the lower part of the U-shaped black pipeline depicted in A. 



was to investigate the effects of different acidified conditions
on the physiology, structure, performance, and reproduction
of jellyfish polyps.
pH manipulation experiment and tests of system perform-
ance

In order to test the efficiency of the system in maintaining
stable conditions of seawater pH, temperature, and flow rate in
all replicates of each treatment, periodic measurements were
taken in each of the 72 incubation chambers after adjusting the
seawater pH to the four desired levels (Tables 2-4). To conduct
these measurements, small amounts of water (~25 mL) draining
from each incubation chamber were collected in plastic test
tubes, and pH (total scale), temperature (°C), and salinity were
measured. Afterwards, the flow rate (mL/min) through the polyp

flat was measured using a chronometer and a volumetric flask.
The whole set of measurements (pH, temperature, salinity, and
flow rate) took approximately 1 min per polyp flat, fast enough
to ensure unchanged conditions in the sampled water. Sensors
and equipment used in these measurements were a Metrohm
826 pH mobile with a glass electrode Aquatrode Plus from
Metrohm (± 0.003pH units) calibrated with a TRIS buffer for pH
(total scale), an Ebro TFX-410 Pt1000 temperature probe (± 0.1
°C) for temperature, and a YSI 30 probe (± 0.1) for salinity.

Assessment
Accuracy and precision

As outlined above, the primary objective of this continu-
ous-flow system was to overcome the problems of maintaining
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Table 2. First example of measurements of pH (total scale), temperature (T, in °C), salinity (S), and flow rate (in mL/min). Each param-
eter was measured in each of the 18 polyp flats (1 to 18) in the four pH treatments (T1 toT4). Data are given in separated panels for
each treatment, which are divided into eighteen boxes which identify each polyp flat. Each polyp flat box contains the four measured
parameters ordered as in the panels’ headers. Headers for each treatment contain the average of each parameter over the 18 polyp flats
± the maximum difference from the mean that we considered acceptable for the proper performance of the system. This maximum dif-
ference is used to color code the measured values in the following way: Values marked in white are those that are closer to the average
of the eighteen measurements whereas values marked in dark gray are the most distant from the average. Values outside the ± maxi-
mum difference are all in dark gray. 



stable water conditions, in this case temperature, pH, and
water flow rate, along a long-term experiment. As mentioned,
the system is fed from filtered seawater whose salinity varied
naturally from 37.8 to 38.6 during the experimental period.
No attempt was made to adjust and/or maintain the salinity of
the water constant along the experiment. Data obtained in
three different measurements performed over different days to
test the system (pH, temperature, and flow rate) are shown in
Tables 2-4, where a grayscale color code of measured values for
each polyp flat is used to illustrate the extent of deviation of
each container to the averaged values.

The accuracy and precision of the polyp flat system for
maintaining the measured variables constant in time but dif-
ferent among treatments were statistically tested using a hier-
archical linear model (two-way nested ANOVA). To avoid prob-
lems with repeated measurements (longitudinal data), a
specific error structure was added to the model, leaving indi-
vidual incubation chamber variation in time to be nested
inside each treatment (Logan 2010), allowing for comparisons
of selected parameters among treatments and also among con-
secutive days. In order to pass normality assumptions, rank

transformations were applied to the data. All analyses were per-
formed using the free statistical platform R (R Core Team 2012).

Statistical analysis showed differences in pH levels among
treatments (F3,204 = 119.43, P < 0.01) but no differences were
detected among experimental days (F2,204 = 0.231, P = 0.794).
These results indicate a proper reproducibility of achieved pH
levels in all incubation chambers of each treatment (Fig. 6A).
Regarding those variables that were set fixed among the differ-
ent pH treatments and experimental days, statistical analysis
showed no differences for temperature and flow rate between
treatments (F3,204 = 0.31, P = 0.82 and F3,204 = 0.65, P = 0.59,
respectively) nor between days (F2,204 = 2.42, P = 0.091 and F2,204

= 0.81, P = 0.45, respectively) (Fig. 6 B and C). These results give
strength to the robustness of this system to maintain constant
the selected conditions throughout the experiment. Regarding
salinity, however, stronger deviations from the mean were
measured (color code in Tables 2-4). Because salinity was the
last parameter to be taken, interpretation of these data has to
be made with caution, given that vessels were open several
times during measurements, and different extents of evapora-
tion could have increased the uncertainty in the salinity
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Table 3. Second example of measurements of pH (total scale), temperature (T, in °C), salinity (S), and flow rate (in mL/min), follow-
ing the same scheme and color coding as Table 1. 



results. Therefore, it is possible that the salinity range to which
these organisms were subjected within the polyp flats was
lower than that measured in the open plastic containers.

Health status of the jellyfish polyps
During the experimental period, all polyps remained

attached to their individual incubation chamber and devel-
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Fig. 6. Results of A) pH, B) temperature (in °C), and C) flow rate  (in mL/min) averaged over all the polyp flats of each treatment measured at three
different days during the experiment. 

Table 4. Third example of measurements of pH (total scale), temperature (T, in °C), salinity (S), and flow rate (in mL/min), following
the same scheme and color coding as Table 1. 



oped properly, indicating that the polyp flat constituted an
adequate system for the maintenance and experimentation of
individual specimens. After 268 days of experiment, the total
mortality was only 14% (10 out of a total of 72 polyps).

Discussion
A number of experiments to determine the effect of dif-

ferent environmental parameters (especially temperature
and salinity) on jellyfish polyps have been conducted in the
past. In all these studies (summarized in Table 1), water was
renewed manually at discrete intervals of time. In most of
these cases, the water was renewed when the polyps were
fed, once or twice a week. It was mentioned by some of the
authors that the physico-chemical conditions of the seawa-
ter changed along the experiment at different levels due to
the low water renewal rate (e.g. Winans and Purcell 2010).
Based on our previous experience, low water renewal posed
problems for maintaining constant physicochemical condi-
tions also due to the small volumes of the incubation cham-
bers. As can be seen in Table 1, the jellyfish polyps (very
small in size, from 1 to 2 mm high) were always placed in
small containers, from 5 to 160 mL. Using small test volumes
with inefficient seawater renewal might lead to unfavorable
conditions for experimentation (Connor and Wilson 1972)
because of accumulation of waste products, depletion of dis-
solved oxygen, changes in pH or because of bacterial com-
munities composition. To solve these problems, a new design
of incubation chamber was necessary in which seawater
could run constantly through an open system, ensuring the
necessary water renewal and maintaining constant the
experimental conditions. To facilitate a broad utilization by
the scientific community, the new system had to be simple
and economically affordable.

Regarding the environmental stress of ocean acidification,
on which research has focused recently, experiments of pH
manipulation on jellyfish published so far are limited to a sin-
gle study (Winans and Purcell 2010). This study focused on
Aurelia labiata, a species typical for the west coast of North
America and revealed that pH values affected the size of the
statoliths, small calcium sulphate crystals (Becker et al. 2005)
enclosed in the statocysts, the equilibrium organs in jellyfish.
However, the pH adjustment in this study was performed by
adding HCl (also affecting alkalinity), whereas in our case, we
bubbled CO2, a method that maintains the alkalinity constant
and provides a more realistic approach.

At the time of writing this paper, our new system had been
in use for 268 days, showing to be accurate and adequate for
experimentation on jellyfish polyps. It is also easy to main-
tain, and therefore, suitable for long-term studies on the
response of these organisms to environmental stressors such
as ocean acidification. The mortality of polyps during our
experiment was only 14% of the total number of polyps,
which represents a very low mortality rate compared with
other studies (Purcell et al. 2012). In general, mortality events

in this kind of experiments occur due to the polyp manipula-
tion and water evaporation, which increases salinity (Purcell
et al. 2012). Overall, we conclude that this new system ensures
a very good survival rate compared with previous studies. The
performance assessment presented in this study attests to the
suitability and reliability of this system to meet the current
needs of environmental laboratory research on jellyfish
polyps, taking advantage of the benefits of working in a con-
tinuous flow system. This prototype adds to the current pool
of newly designed devices (e.g., Fangue et al. 2010; McGraw et
al. 2010; Bockmon et al. 2013; Hoffmann et al. 2013) aimed at
providing better tools for testing the effects of acidification
and other environmental stressors in marine organisms, a dis-
cipline that has recently been identified as research front
number one in Ecology and Environmental Sciences (King
and Pendlebury 2013).

Comments and recommendations
In order to conduct experimental work with jellyfish

polyps, several key aspects need to be considered. The polyps
need some time to re-attach to the bottom of the incubation
chamber. It is important to ensure that the animals are fixed
before turning on the running water system. From our experi-
ence, depending on the species, the attaching process can take
from a few days to one week, if polyps are in good conditions.
The size of the mesh covering the water outlets of the incuba-
tion chambers has to be chosen based on the size of the polyps
and the food that needs to be provided. In our experiment
with Aurelia sp. polyps, which were fed with nauplii of A.
salina, 60 μm represents an adequate mesh size. As future
improvements to the system, peristaltic pumps could be used
to facilitate the reproducible regulation of the flow rates of
seawater to the incubation chambers. In addition, in order to
allow the automatic and continuous measurement of selected
physicochemical parameters, specific sensors could be imple-
mented.

Overall, this study presents a relatively simple and afford-
able system that can greatly improve the results obtained from
testing the effects of a range of environmental pressures on
the eco-physiology of jellyfish polyps.

The authors have provided a multimedia Web Appendix
where a multidirectional view of the full system, with details
and close-up views of specific parts, will help researchers inter-
ested in reproducing it.
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ABSTRACT: Jellyfish blooms cause important ecologic and socio-economic problems. Among 

jellyfish, cubozoans are infamous for their painful sometimes deadly stings and are a major public 

concern in tropical to subtropical areas; however, there is little information about the possible causes of 

their outbreaks. After a bloom of the cubomedusae Carybdea marsupialis (Carybdeidae) along the 

coast of Denia (SW Mediterranean, Spain) in 2008 with negative consequences for local tourism, the 

necessity to understand the ecological restrictions on medusae abundance and distribution was evident. 

Here we use different models (GAM and zero-inflated models) to understand the environmental 

restrictions that affect the abundance of C. marsupialis along the coast of Denia and the factors that 

lead to zero-inflated data in order to propose guidelines to conduct monitoring programs. Selected 

variables differed among medusa size classes, showing different environmental restriction associated to 

the developmental stages of the species. Variables implicated with dispersion (e.g. wind and current 

speed and direction) affected mostly small and medium size classes. Sea surface temperature, salinity 

and proxies of primary production (chlorophyll-a, phosphates, nitrates) were related to the abundances 

of small and large size classes, highlighting the roles of springtime salinity changes and increased 

primary production that may promote and maintain high densities of this species. The increased 

primary (and secondary) production due to anthropogenic impact is implicated as the factor enabling 

high numbers of C. marsupialis to thrive. Recommendations for monitoring blooms of this species 

along the study area and applicable to Mediterranean Sea include focus effort in coastal waters enriched 

by anthropogenic activities.   

 

KEY WORDS: box-jellyfish; generalized additive models; zero-inflated models; primary production; 

physical factors; monitoring programs. 

 



INTRODUCTION 

The anthropogenic forcing in coastal areas associated with jellyfish blooms is increasing 

worldwide, thus negative ecological and socio-economic impacts of these blooms are expected to 

increase (Purcell 2012, IPCC 2013). Among jellyfish, the Class Cubozoa is infamous for its powerful 

and even deadly members, which generate major public concern in tropical to subtropical areas (Rottini 

et al. 1995, Tibballs 2006). The most infamous species are the sea wasp (Chironex fleckeri) and from 

the family Carukiidae, which are responsible for the dangerous and increasing Irukandji syndrome 

(Gershwin et al. 2013). In addition cubozoans have received much scientific attention because of their 

complex visual physiology and ecology (Coates 2003, Nilsson et al. 2005), swimming and orientation 

capabilities (Gordon & Seymour 2009, Garm et al. 2012) and mating behaviours (Lewis & Long 2005). 

On the other hand, the ecology of cubozoans is still poorly understood (Kingsford et al. 2012) with few 

papers dealing with quantitative spatial distribution (reviewed in Kingsford & Mooney 2014).   

The Mediterranean Sea has been affected historically with blooms of six conspicuous jellyfish 

species (Gili & Pagès 2005, Canepa et al. 2014, De Donno et al. 2014). Recently, increases in the 

abundances and frequency of blooms have been shown (Kogovšek et al. 2010, Brotz et al. 2012, 

Condon et al. 2013). In the Mediterranean Sea, Carybdea marsupialis is the only representative of the 

Class Cubozoa. This medusa was first reported from the Adriatic Sea by Claus in 1878 (Di Camillo et 

al. 2006), occasionally appearing in high densities, as reported mostly anecdotally in the Adriatic 

region (Acevedo et al. 2013). C. marsupialis is important because of its painful sting and has been the 

second most important stinging jellyfish on the south coast of Italy, leading to important economical 

impacts (De Donno et al. 2014). Along the coast of Denia (south-west Mediterranean coast) where 

Bordehore et al. (2011) showed an unusually high density during the summer of 2008, C. marsupialis 

stung as many as 185 people d-1 and caused major public concern.  

 In order to establish monitoring programs to further develop risk assessment of jellyfish-human 



interactions, scientific effort to understand the physical and environmental restriction on the abundance 

and distribution of stinging cubozoans are greatly needed (Kingsford & Mooney 2014). Research 

dealing with the environmental conditions affecting abundance and spatial patterns of jellyfish species 

and particularly with Class Cubozoa is under development (Decker et al. 2007, Bentlage et al. 2009). 

Most members of this Class are coastal and the most influential variables are changes in salinity 

associated with the presence and dynamics of riverine runoff, temperature and currents (Hartwick 1991, 

Bentlage et al. 2009, Bordehore et al. 2011), changes in primary production associated with inter-

annual climatic fluctuations (Chiaverano et al. 2013) and the presence of sandy bottom and/or seagrass 

(algae) coverage (Matsumoto 1995, Gordon et al. 2004, Tahera & Kazmi 2008, Bordehore et al. 2011). 

For a synthetic analysis see Kingsford & Mooney (2014).  

As for many other planktonic species, jellyfish show highly patchy distributions (Omori & 

Hamner 1982), resulting in high numbers of zeroes in the data collected (Martin et al. 2005). The 

consequences of many zeroes is the tendency to over dispersion and incorrect interpretation of the 

results if no adjustment is made to the analysis, e.g. use of the proper family distribution, like Poisson 

or Negative Binomial, or use of specific models like zero-inflated models (Barry & Welsh 2002, Liu et 

al. 2011). Use of zero-inflated models allows for the identification and effects assessment of two kinds 

(true and false) of zeroes. True zeroes result from real ecological effects like demographic processes, 

competition, or poor habitat quality (e.g. absence of proper substrate), or by the patchy distribution of 

the species in a three dimensional environment. By contrast, false zeroes are caused by failing to detect 

(or record) the species even when the site was suitable. For this case, avoiding mechanisms of the 

species (e.g. fast response swimming to net detection) and/or low quality sampling protocol (e.g. small 

area sampled) can be the responsible for false zeroes (Martin et al. 2005).  

The objectives of the present study were to evaluate the role of environmental variables on the 

abundance and spatio-temporal distribution of a coastal cubozoan species, Carybdea marsupialis, 



which has negative interactions with humans, and to provide recommendations for the establishment of 

monitoring programs.  



MATERIALS AND METHODS 

Study site 

The study area was located at the south of Valencia Gulf along the coast of Denia (Western 

Mediterranean Sea). The geographic extension of the study site ranged between 38º 52’ 01.28’’ and 38º 

50’ 03.12’’ latitude N, covering ~ 12 kilometres. At this area six sites were selected, from North to 

South: Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and 

Les Rotes ‘RO’ (Fig. 1). Beach morphology ranged from sandy beaches with high slopes (AL), sandy 

beaches with very low profiles and meadows of the algae (Caulerpa fructifera) (MC), sandy beaches 

with rocky reefs and seagrass (Posidonia oceanica) meadows (MO and BB) to hard bottom substrate 

covered mostly by the “photophillic” algae community (RO) (Ballesteros, 1993). For a full site 

description see (Bordehore et al. 2011).  

Carybdea marsupialis medusae sampling 

Cubomedusan surveys were conducted from the beginning of July 2010 to the end of July 2011 

covering an annual cycle. The abundance of C. marsupialis medusae was measured weekly at three 

coastal transects of 20 meters length at each of the six sites. Three kinds of nets were used on each 

transect: 200 µm, 500 µm and 4 mm mesh sizes to include the whole size range of the species. The 

sampling area covered a band approximately 10 m wide and a bottom depth between 0.50 to 1.60 m. 

The captured cubomedusae were anaesthetized with menthol crystals (Pope 2007) for 20 to 40 minutes 

and then preserved in buffered sea water-formaldehyde solution (4%). To estimate the volume of water 

filtered by each net, a G.O.ENVIROMENTAL (MODEL 2030H) flow meter was secured in the mouth 

of each net. 

Medusae caught were counted and measured. The Diagonal Bell Width (DBW), the distance 

between the bases of two opposite pedalia, which bear the tentacles, was measured with a calibrated 



stereoscopic microscope (Leica S8APO) for medusae ≤10 mm wide and with Vernier callipers 

(precision ± 0.05 mm) for larger medusae. Afterwards, medusae were grouped in three categories 

representing different developmental stages (Acevedo et al. 2013) based on the DBW: small (≤ 5 mm), 

medium (between 5 and 15 mm) and large (≥ 15 mm). 

Environmental variables sampling 

Sea surface temperature (SST) and salinity profiles were taken in three points at each of the six beaches 

sampled, coinciding with the location and time of the medusa abundance transects. Data were recorded 

using a CTD (Compact-CTD Lite, model ACTD-CMP). The instrument was previously programmed 

for continuous registration at intervals of 1 second.  

Surface currents were obtained by deploying a drift buoy at each beach and recording time and 

its geographical position at the beginning and at the end of the tree transects, using a GPS Garmin 

(MODEL GPS 72H). Data were analysed and the surface current direction and speed were obtained. 

Chlorophyll-a (Chl a), phosphate and nitrate data were obtained from 15 coastal stations. These 

stations form part of a larger monitoring program along the coast of Denia covering more than 20 

kilometres from Z1 (northern station) to Z15 (southern station) (Fig. 1). From each spatially coincident 

stations (marked in bold and with an asterisk in Fig. 1), 5 litres of surface water were taken and two 

replicates from 500 to 1500 ml (depending on turbidity of the water) were filtered. For the Chl a 

analysis water was filtered through a 47 mm diameter GF/F glass fibre filter. For Chl a quantification, 

24 hours extraction with 90 % acetone solution was run in dark and constant temperature (4 ºC) 

conditions. The extract (90% acetone was used as a solvent) was transferred into the measuring cuvette 

of a TURNER fluorometer. Chl a measurements were always done against a blank (reference) cuvette. 

The fluorometer used a wide excitation band around 450 nm and measured at 670 nm. Then, the extract 



was acidified and measured again after chlorhydric was added, although correction for phaeopigment 

was not applied in our analysis. Total Chl a µg l-1 was then calculated following Wasmund et al. (2006). 

The average Chl a content of each sampling station was used in our analysis. 

 For the Suspended Particulate Matter (SPM) analysis, surface seawater was filtered through a 

(pre-weighed) 25 mm diameter GF/F glass fibre filter and preserved at -20ºC. SPM filters were placed 

in the stove at 60ºC for 24 hours and after this period were weighted using a micro-balance (Mettler 

Toledo MX5, precision 1 µg). Total SPM (both organic and inorganic) content in the water was 

calculated as the difference between pre-weighed and dried filter weight, divided by the volume of 

water filtered for each sample. The average SPM content (µg l-1) of each sampling station was used in 

our analysis.  

For the nitrate and phosphate analysis, two 10-ml samples of sea water were frozen at -20ºC. 

Nutrient analysis of the samples was performed by the Nutrient Analysis Service at the Marine Science 

Institute (ICM-CSIC) with an AA3 (Bran + Luebbe) system (formerly known as Technicon), and the 

mean quantity of nitrate and phosphate (µmol l-1) of each sampling station were used. 

Wind speed (m s-1) and direction (grades) were obtained from a coastal meteorological station at 

Dènia (http://www.xuss.es). 

Statistical Analysis 

The abundance (response variable) of the three developmental stages (small, medium and large) were 

analysed independently and in total. For the modelling process, a subset of the environmental 

(explanatory) variables was selected in order to avoid collinearity. A Pearson product-moment 

correlation test was used to elucidate any significant relationship among environmental variables (Zuur 

et al. 2009). If the Pearson's correlation coefficient between each pair of the environmental variables 

tested was higher than 0.5, the least important variable (in terms of its biological-ecological theoretical 

relationship) was dropped from the model.  

http://www.xuss.es/�


Different models were used to describe and characterize the relationship among cubozoan 

abundance (counts) and the explanatory (environmental) variables selected. The models used were: 

Generalized Additive Models using a Poisson (GAM-P) and a Negative Binomial (GAM-NB) error 

distribution family and Zero-inflated Models using a Poisson (ZI-P) and a Negative Binomial (ZI-NB) 

error distribution family. All the models had a logistic-link function. The error family distribution 

selected allowed for heterogeneous, discrete (integers) and always non-negative data. Because the 

abundance (count) of Carybdea marsupialis depends on the sample size, all the models used the 

filtered volume as an offset (Penston et al. 2008, Zuur et al. 2009).  

Generalized additive models are extensions of linear models that allow the response variable to 

be distributed other than normally and the linear predictor is a sum of smooth function of the covariates 

involved in the model (Hastie & Tibshirani 1986, Wood 2006). Thus a general model for a GAM is: 

( ) iiji ε+Xf+α=Υ  

where iΥ is the response variable (medusa count), iX is a covariate, f the smoothing function and iε

are the residuals of the model. The response variable (C. marsupialis counts) was modelled with both a 

Poisson and a Negative Binomial distribution. The amount of smoothing was predefined as a maximum 

of k=4 (equivalent to a third order polynomial model) for all the environmental variables selected. A 

cubic spline (a curve made up of sections of cubic polynomial regressions) was used as a smoothing 

function for the linear predictor and with a maximum of 15 iterations in order to reach mathematical 

convergence (Wood 2006).  

Zero-inflated models (also called mixture models) deal with the extra zeroes by dividing the 

zero counts as coming from two different processes, the count data, which may produce zeroes (true 

zeroes), and also values larger than zero (abundance data) and the binomial process contains only 

zeroes (false zeroes) and values larger than zero (abundance data)(Barry & Welsh 2002). Count data 



was modelled with a Poisson (ZI-P) or negative binomial (ZI-NB) GLM. The probability of measuring 

a false zero versus all other types of data (counts and true zeros) was modelled with a binomial GLM 

(Zuur et al. 2009).  

The probability distribution for the ZI-P model for both the binary part of the data (false zeros 

versus all other types of data) and for the Poisson distribution (the count data) is: 

( ) ( ) iμ
iii ×Π+Π==yΡ e10  

( ) ( )
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where P(yi) is the probability that at site i we count a cubomedusa, Пi is the probability to count a false 

zero, Yi is the response variable for observation i, yi is a possible outcome of Yi, µi is the mean and P(Yi 

= yi | yi > 0) is the probability that yi is a non-zero count. 

Similarly, the probability distribution for the ZI-NB model for both the binary part of the data 

(false zeroes versus all other types of data) and for the negative binomial distribution (the count data) 

which allows for over-dispersion from the non-zero counts is: 
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where κ is the dispersion parameter (the smaller the κ, the larger the over-dispersion) and ƒNB(y) is the 

density function for a Negative Binomial distribution, see Zuur et al. (2009) for details. 

 In order to incorporate the role of explanatory variables into the count data (values larger than 

zero) the sample mean µi was modelled following: 

qqβ+α
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where α represents the intercept of the multiple regression and β and X are the slope and the 

environmental variable term, respectively. Similarly, the role of explanatory variables to generate false 

zeroes Пi was modelled following: 

iqqi1γ+υ
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where υ is the intercept of the logistic regression of environmental variables and zero non-zero data, γs 

are the regression coefficients and Zs are the explanatory variables (that may be different to the 

variables that influence the positive counts). The general mathematical formulations for the mean, 

variance, models structure and error distribution used are summarized in Table S1. 

 The optimal model was determined through a backwards selection based on the significance of 

the each explanatory variable and using the Akaike's Information Criterion (AIC) (Akaike 1974). This 

method negatively penalizes excess parameters; it prevents the over-parameterization and allows 

evaluation of which model has the best fit (i.e. the lower the AIC value, the better the model (Zuur et al. 

2009)). Nested models were compared using the likelihood ratio test with the function lrtest from the 

lmtest R package (Zeileis & Hothorn 2002). 

 Finally all the optimal models (GAM-P, GAM-NB, ZI-P and ZI-NB) were visually validated 

and compared using AIC, log likelihood and degrees of freedom (Df). To assess the degree of 

concordance between the observed and fitted values, the Pearson correlation coefficient (r) and the 

Spearman rank correlation (p) were obtained. Additionally, the intercept (α) and slope (b) from a linear 

regression between the observed versus fitted values were obtained in order to test the hypothetical 

perfect fit, where the intercept (α) equals 0 and the slope (b) equals 1, as suggested by (Zuur et al. 

2009). 

All the figures and statistical analyses were made using the free statistical platform R, version 



3.0.2 (R Core Team 2013). For the GAM models the mgcv package (Wood 2011) and for the zero-

inflated models the pscl package (Zeileis et al. 2008) were used. 

 



RESULTS 

Spatio-temporal distribution of Carybdea marsupialis 

Total Carybdea marsupialis medusae captured were 2002, 413 and 285 small, medium and large 

medusae, respectively (Table S2). The weekly numbers of medusae collected had high variability 

among sites (Table S2, Fig. 2). All sites, except AL had weeks during which no medusae were 

collected, while peak abundance varied dramatically. Small individuals (DBW ≤ 5 mm) had similar 

abundances at all beaches except MC and RO, which had the fewest accumulated number of medusae 

(89 and 7 individuals, respectively). Site AL had high accumulated captures of all medusa sizes small 

(452), medium (147) and 10-times the number of large medusae than at other sites (Fig. 3, Table S2).  

 The temporal sampling showed a succession in size (growth) of medusae through the sampling 

period (Fig. 4). The small medusae (DBW = 1.8 ± 1.1 mm, both years) were the first to be caught 

during spring and until the end of the summer (Fig. 4, upper panel) and the large medusae (DBW = 

19.8 ± 4.6 mm) were caught from the summer until mid- Autumn season (Fig. 4).  

 

Spatio-temporal variability of environmental variables 

SST (ºC) was highest at the beginning and at the end of the study period (mean values ~ 27 ºC), 

corresponding to the spring of 2010 and summer season of 2011. The lowest values were during the 

winter (mean values ~ 13 ºC). The general pattern followed a typical annual seasonal cycle that was 

similar among the different sites (Table S3, Fig. 5).  

Salinity showed less variation through the sampling period. Higher values were recorded in the summer 

season when mean salinity values were near 37.5. Lower values occurred during the autumn (mean of 

36.8) and early spring (mean of 36.9), with records as low as 33 and the maximum intra-seasonal 

variability. Spatial distribution of salinity also was consistent among sites, but MC and RO were most 



variable and RA showed the lowest value recorded, 32.98 (Table S3, Fig. 6). 

Chl a concentration was highest during the summer months (average 2.03 µg l-1) (Table S3), especially 

during 2010. The lowest values were recorded during winter- early spring months (average ~ 0.04 µg l-

1), reflecting the low biological production during these months. Additionally, Chl a concentration 

showed a high between-site variability where AL, MO and BB (from north to south) showed a common 

pattern with highest concentration during the summer months of 2010 (> 1.5 µg l-1), decreasing over 

the rest of the sampling period and with a small peak during spring months of 2011. By contrast, RA, 

MC and RO (from north to south) showed low values (< 1.0 µg l-1) during the whole study period (Fig. 

7). 

Nitrate showed a seasonal cycle with the highest concentrations (average ~ 12 µmol l-1) found during 

autumn to winter and the lowest values during the summer period. One site (MO) showed a remarkable 

peak (23.71 µmol l-1) during autumn (Fig. 8, Table S3). 

Phosphate concentration showed high variability throughout the study period. An increase from winter 

to summer was not common to all sites (Fig. 9). Particularly, AL showed a clear peak in summer 2010 

(0.11 µmol l-1) followed by a decrease in concentration to a minimum in autumn-winter (0.03 µmol l-1), 

but RA had an opposite pattern with highest phosphate concentrations (0.22 µmol l-1) in the autumn. 

The other sites had low phosphate concentrations through the sampling period with a slow increase at 

the end of the spring and summer 2011 (Fig. 9). 

Suspended particulate matter (SPM) showed high between-site variability with a general increase 

throughout the sampling period, except at sites MC and RO (Fig. 10). The increase pattern was evident 

for the soft bottom sites with low or few seagrass/algae coverage and was associated to coastal 

dynamics. 

Currents showed a general southward direction with high between-site variability, reflecting the effect 

of beach orientation and coastal morphology (Fig. 11). In general, a positive onshore transport was 



evident for AL, RA and MC, where SW and W were the main current directions, with flow parallel to 

the coast at BB and MO, and transport offshore at RO. Sites MO and RO showed the highest current 

speeds for most of the sampling period (Table S3). 

Wind speed and direction reflected the overall values for the coast of Denia. The main wind direction 

was N, NE with low speed (category 1 = 0 - 2 m s-1), followed by S, SSW winds at medium speed 

(category 2 = 2 - 4 m s-1) and finally by E, SE winds with the highest velocities (categories 1-3, < 6 m 

s-1) (Fig. 12). Wind speed ranged from 0.75 (m s-1) during autumn to 5.40 (m s-1) during the summer 

months with the lowest variability values recorded during the winter months (Table S3). 

Statistical analysis 

Variable Selection. The Pearson’s correlation coefficient was lower than 0.5, except for the correlation 

between SPM and nitrate (r = 0.52, p-value <0.01). In this case, SPM was dropped from the model 

(Fig. S1).  

Model results. Visual inspection of the relationships between the standardized residuals and the fitted 

values, residuals versus explanatory variables and from the histogram of the residuals revealed that 

models with negative binomial error distribution (GAM-NB and ZI-NB) had residuals with less 

structure and heterogeneity and thus were closer to a normal distribution than those based on Poisson 

error distribution family (not shown). Similarly, models with a negative binomial error distribution 

family performed better (in terms of AIC score) than those with Poisson error distribution family (Table 

S4). Thus, interpretation of the results was based on GAM-NB and ZI-NB. Data for all optimal models 

and statistics used for their comparison are summarized in Table S4. The significance of the selected 

environmental variables varied among models and size classes of the Carybdea marsupialis medusae. 

GAM-NB models selected more terms to explain the variability in medusa abundance, resulting in 

higher degrees of freedom and higher values (except for “Large” medusae) of AIC than the ZI-NB 

models (Table S4). Results from the optimal models (GAM-NB and ZI-NB) are shown in Tables 4-7 



for small, medium, large and total C. marsupialis medusae. Because the distribution of medium 

medusae was not zero-inflated, the ZI-NB was not calculated. The partial effect of common significant 

explanatory variables for both models was based on the GAM-NB because they had generally higher 

coefficients (Pearson correlation coefficient (r) and Spearman rank correlation (p)) for the correlation 

between observed versus fitted values than did the ZI-NB models (Table S4). 

 For small medusae, ZI-NB and GAM-NB models had and AIC of 1566.9 and 1663.6 with 10 

and 23 degrees of freedom, respectively (Table 1). The GAM-NB model explained a total of 60.0 % of 

the deviance. Partial effects of common significant explanatory variables for both models (SST, nitrate 

and phosphate) on the abundance of C. marsupialis are shown in Fig. 13. SST had a positive effect on 

the abundance of small medusae with a maximum at ~23 ºC where a further increase in temperature did 

not affect their abundance (Fig. 13A). The effect of nitrate and phosphate can be seen as optimum 

responses, in that increasing values of these response variables generated a positive effect on C. 

marsupialis abundance, but after optima (~ 7 µmol l-1and 0.09 µmol l-1 for nitrate and phosphate, 

respectively), the general effect was reduction in abundance (Fig. 13B, C). The GAM-NB model also 

showed that salinity, Chl a, wind speed and direction, and current direction were significantly 

associated with the abundance of small C. marsupialis medusae (Table 4). The zero-inflated model 

coefficients revealed that SST, wind speed, the sine of wind direction and the concentration of Chl a, 

were responsible for the high numbers of zeroes in the data (i.e. the zero inflation) (Table 1).   

 For medium medusae, the ZI-NB model was not performed because the distribution was not 

zero-inflated. The GAM-NB model had an AIC value of 473.6 with 9 degrees of freedom (Table 2) and 

was able to explain 51.1% of the deviance. This model revealed that SST, wind speed, current speed 

and the sine of wind direction explained the variability of the medium medusae. The partial effects of 

these variables, over the abundance of medium medusae are shown in Fig. 14. SST had a significant 

“optimum” effect on the abundance of medium medusae, as for the small medusae, with an optimum 



value ~ 26 ºC. The negative effect over ~ 27 ºC showed higher uncertainty (Fig. 14A). The wind speed 

effect on abundance showed a similar “optimum” curve, in which increasing wind speed had a positive 

effect on abundance until ~ 3.5 m s-1 after which abundance was reduced (Fig. 14B). The significant 

effect of the sine of the wind direction revealed that higher values in the zonal (east-west) component 

of the wind (westerly winds), resulted in higher medusa abundance (Fig. 14C). Finally medium 

medusae were generally negatively affected by the current speed (2.91 degrees of freedom in the 

GAM-NB models) (Fig. 14D, Table 2). 

 For large medusae, ZI-NB and GAM-NB models had AIC values of 487.6 and 474.9 with 9 and 

20 degrees of freedom, respectively (Table 3). The explained deviance for the GAM-NB was 72.4 %. 

Partial effects of common significant explanatory variables for both models (SST, current speed and the 

cosine of current direction) on the abundance of C. marsupialis are shown in Fig. 15. The effect of SST 

showed a positive pattern on the abundance of large medusae with a maximum effect at ~ 23 ºC (Fig. 

15A). Current speed had a negative effect, but velocities higher than 0.8 m s-1resulted in a positive 

effect, although few observations and wide confidence interval made this prediction questionable (Fig. 

15B). The cosine of the current direction, which is the north-south component, showed that 

predominant currents towards the south tended to diminish the abundance of large medusae (Fig. 14C), 

but its effect was site specific (Fig. 11) due to the geographical orientation of the sampling area (Fig. 

1). The GAM-NB model also showed that Chl a, phosphate and wind speed and direction were 

significantly associated with the abundance of large medusae (Table 3). ZI-NB models showed that 

SST and Chl a concentration were the variables that explained the Zero-Inflated data (Table 3). 

 For the total captures, the ZI-NB and GAM-NB models had AIC values of 2507.8 and 3743.4 

with 8 and 26 degrees of freedom, respectively (Table 4). The GAM-NB model explained 47.8% of the 

deviance. Common variables from GAM-NB and ZI-NB that explained the distribution of C. 

marsupialis medusae were SST, phosphate and wind direction (sine). The partial effect of SST showed 



a positive relationship with medusa abundance until a maximum of ~ 25 ºC, after where further 

increase in temperature had a negative effect (Fig. 16A). Phosphate showed a similar positive 

relationship until a maximum at ~ 0.07 µmol l-1 and a negative effect at higher phosphate 

concentrations (Fig. 16B). Wind direction also had an important effect on the abundance of C. 

marsupialis medusae (Fig 16C). Easterly winds (negative values of the sine of wind direction) had a 

negative effect and westerly winds (positive values) had a positive effect on medusa abundances. Zero-

inflated data were explained by SST and wind speed (Table 4). The GAM-NB model also highlighted 

physical variables like wind and current speed, current direction and chemical variables like salinity, 

nitrate and Chl a as explanatory variables that were significantly related with the abundances of C. 

marsupialis medusae (Table 4).  



DISCUSSION 

Associations of environmental variables with Carybdea marsupialis medusae 

The effects of environmental variables on the local (~ tens of kilometres) abundance of the 

cubomedusan Carybdea marsupialis showed that SST was the main driver along the SW 

Mediterranean coast. SST variation was consistent among sites and the high values reported (~ 30 ºC) 

showed the effect of the coastal morphology and low beach dynamics in the study area. Temporal 

variation of SST reflected the common seasonality found along the Mediterranean Sea (Duarte et al. 

1999). A sudden increase in SST was correlated with the appearance of small medusae in the study area 

reflecting the role of SST in the life cycle of metagenetic species (reviewed in Lucas et al. 2012, 

Purcell et al. 2012). 

The effect of ontogenetic development led to many zero data for small medusae. The between-

site variability in the temperature effect was evident at RA and MC sites, where medusae appeared at 

the same time and larger than at the other sites; the proportion of medium medusae also occurred 

earlier at this site than the others (Acevedo unpublished data). One characteristic of these sites is their 

low profile (slope < 5º) and very shallow depth (0 to 1.5 m) that generate local conditions of high SST 

in spring, which could have enhanced the growth of small medusae into medium size, resulting in a 

numerous zeroes for small medusae compared to others sites (Table S3). 

 Medium size medusae were the most numerous with few zero captures (Table S2). Their 

“optimum” response to temperature possibly reflected the fact that at the beginning of the summer, 

warmer temperatures were related to their growth (environmental conditions support their 

physiological requirements) and, later, the apparent negative effect of temperature may be due to their 

transformation into the large size class (ontogenetic growth associated with the investment in 

reproduction) (Fig. 4). 

Salinity showed low between-site variability (Fig. 6). Seasonal variability showed the effects of 



high rain and river discharge during the spring months where the minimum salinity values were 

recorded. The reduction in salinity was related to the proximity of the “Girona” River in the northern 

part of the study area (AL) and to groundwater discharges in the southern area (MC, RA and RO). 

Maximum values were recorded in summer and winter associated with dry conditions in the study area 

(Gadea et al. 2013). 

Most small medusae collected were recently detached medusae, possibly suggesting when and 

where the medusae were produced from the benthic phase (cubopolyps) and the stimuli for 

metamorphosis. Nevertheless, metamorphosis of C. marsupialis polyps into medusae along the coast of 

Denia seemed not to be one synchronized event, because small medusae were sampled from mid-spring 

to late summer months (Fig. 4). Temperature and salinity showed sudden changes (increases and 

decreases, respectively) during the spring period (week 47, Fig. 5 and 6). Concurrently, small medusae 

were captured in samples in spring 2011 (week 45) (Fig. 4), suggesting a relationship between 

changing environmental variables and the metamorphosis of C. marsupialis cubopolyps. Canepa et al. 

(2013) showed that salinity reduction accelerated the metamorphosis of its congener Carybdea sp. from 

Puerto Rico. There, salinity reduction was associated to high rain conditions resulting in an increase in 

primary and secondary production (Yoshioka et al. 1985, Gilbes et al. 1996). Similarly, association of 

juvenile medusae with estuarine habitats was proposed for the cubozoan Chironex fleckeri (Brown 

1973, cited in Kingsford & Mooney 2014, Hartwick 1991), but see (Mooney & Kingsford 2012).  

In addition to the effects of river and ground water discharges on salinity, Chl a, phosphate and 

nitrate were also affected. In addition, the abundance of small C. marsupialis medusae was 

significantly correlated with Chl a, nitrate and phosphate (Table 1) along the coast of Denia. There, 

fresh water runoff is high but restricted to spring (González Hidalgo et al. 2003) and the surrounding 

sea is characterized by oligotrophic waters (Duarte et al. 1999, Siokou-Frangou et al. 2010). Thus, 

reduction of salinity with associated increases in nutrients and coastal production increased the 



production of C. marsupialis medusae.   

Chl a was highest in the three northern sites (AL, MO, BB, from north to south) and lowest values in 

the three southern sites (RA, MC, RO) (Fig. 7). The range of Chl a values recorded (0.04 – 2.03 µg l-1) 

are in accord with those reported for the Catalan Sea (Olivos et al. 2002). Chl a average concentrations 

were highest in summer (0.76 ± 0.59 µg l-1) and lowest in spring (0.17 ± 0.11 µg l-1). The effects of 

river discharges on the primary production explain the high Chl a concentration recorded in this study 

at the northern sites, as proposed by Gadea et al (2013) who found maximum values (11.71 µg l-1) 

associated with large discharge of nutrient-rich waters in an enclosed estuarine area. Even though the 

northern sites can be influenced by the Girona River, the temporarily high values of Chl a recorded at 

the beginning of the study period (Fig. 7) seem to be an unusual situation. Synergistic effects of fresh 

water discharge and processes relative to beach nourishment (Sardá et al. 2000) and locally nutrient 

rich water discharges seemed to occur, but we cannot directly address this issue. We speculate that the 

local industry adds high nitrate loads in freshwater as commonly found in Spain where there is 

traditional farming and agricultural industry (Sebastiá et al. 2012). Along the coast of Denia, fertilizers 

are overused in intensive agricultural activities and the excess seeps into ground water, rivers, and 

streams, letting nitrogen reach the coastal areas in high concentrations (Gadea et al. 2013). High values 

of phosphate in coastal areas also are associated with agricultural activities, as well as with the 

discharge of waste waters from the coastal sewage plants in Denia (Sebastiá et al. 2012, Gadea et al. 

2013). In this way, increased primary production is associated with high levels of phosphates along the 

coast of Denia and related to the rainy season in spring when terrestrial runoff and river discharges are 

enhanced, and also during summer when local tourism increases discharge from the coastal sewage 

plants (Fig. 1, Sebastiá et al. 2012, Gadea et al. 2013). Small and large C. marsupialis medusae were 

associated with variables related to fresh water discharge (salinity reduction) and/or to local increases 

in productivity, as indicated by nitrate, phosphate and Chl a (Olivos et al. 2002, Ludwig et al. 2009). 



The wind speeds (0.75 to 5.40 m s-1) and seasonal patterns we determined (Table S3) were in 

agreement with those characterized for the coast of Alicante (Cabello & Orza 2010), with the main 

direction (E, SE) characteristic of the sea breeze in this area (Azorin-Molina et al. 2011). During our 

study, no high values of wind were detected, in part because the sampling was restricted to low to 

moderate wind speeds (< Beaufort Scale “3” equivalent). Sea surface currents highlighted the 

predominantly southward current (Siokou-Frangou et al. 2010) in the NW Mediterranean Sea and also 

the potential effect of coast morphology, especially the effect of breakwaters on currents that may 

increase the retention of near shore waters (Bordehore et al. 2011). 

Dispersion related variables (i.e. wind and current speed and direction) affected mainly the 

small and medium size classes defined in this study in agreement with their role as the dispersive phase 

of this species. This reflects their characteristics as passive drifters and may explain the lack of 

differences in abundance among the sampling sites (Fig. 3, upper and middle panels). Variables 

associated with the zero-inflated data (Table 1) reflect the fact that at high wind stress (rough 

conditions caused by high wind speeds associated with the effects of beach orientation), the captures of 

small medusae were zero even when the other variables where considered “good” by the model. The 

medusa behaviour of avoidance of rough conditions and off-shore transport of small medusae due to 

wind-driven surface currents may be responsible for the increased number of “false” zeroes. Thus, 

future sampling for this small and medium size classes should avoid rough sea surface conditions to 

avoid zero-inflated data.  

Large cubomedusae (≥15 mm DBW) are the size when gonadal tissue becomes visible. Large 

medusae are important from a management perspective because their stings are painful and have 

become problematic for local tourism (C. Bordehore personal observations). The distribution of large 

C. marsupialis medusae was restricted mainly to one site (AL) where 234 medusae (of 285 total) were 

captured during the study. This site is a sandy beach with Posidonia oceanica meadows, high slope and 



strong coastal dynamics and closely to a river discharge (Girona River) (Bordehore et al. 2011). This 

site had the highest values of Chl a and phosphate, mostly at the beginning of the study period, 

reflecting the association of large medusae with these variables (Table 3). Field observations revealed 

that high turbidity in the surf zone was related to captures of the largest medusae. One explanation 

could be their avoidance of high levels of solar irradiance. Photosensitive behaviour and obstacle 

avoidance is common in cubozoan species (Kingsford & Mooney 2014). Also, these areas of low 

visibility and high dynamics could make more of their large prey available and also allow large 

medusae to remain undetected by their large epibenthic invertebrate prey (Acevedo unpublished data), 

thereby generating advantageous feeding conditions for these large non-visual entangling predators 

(Carrette et al. 2002). Cubozoans are strong swimmers that can cover distances up to kilometres d-1 

(Gordon & Seymour 2009) with complex visual systems (Coates 2003) that have the ability to select 

areas with optimum conditions. Thus the high numbers of large medusae associated with soft bottom 

and patchy meadows of seagrass, as previously reported by Bordehore et al. (2011), can be explained 

by the abundance of their prey typically found in those ecosystems (Bazairi et al. 2010).  

When all captures of C. marsupialis were analysed together, medusae were mainly associated 

with temperature, phosphate and wind direction (sine) (Table 4). Nevertheless, other significant 

variables in the GAM-NB model showed that generally, low salinity and high productivity (Chl a) were 

associated with the high abundance of C. marsupialis medusae when physical conditions (wind current 

speed and direction) lead to medusae being recorded at the coastal area sampled. A similar positive 

association with Chl a was established from a long-term study in Hawaii, where the cubozoan Alantina 

moseri also was positively associated with zooplankton biomass (Chiaverano et al. 2013).  

The high numbers of zeroes for the total data were explained by just two variables, temperature 

and wind speed (Table 4). Those variables represent the conditions where the species 'should' be 

present but was not captured. In the case of wind speed the response is more or less clear, as the 



behavioural avoidance responses of this species can explain the fact that many transects resulted in zero 

captures. Along the coast of Denia, one hypothesis is that medusae are able to select the depth and 

closeness to the shoreline, as previously demonstrated for large Chironex fleckeri medusae, which 

swam to the calm leeward side of Magnetic Island (North Queensland, Australia) when conditions were 

choppy on the windward side (Brown 1973). Due to the limitations of our sampling methods (shoreline 

sampling), we cannot discuss the distribution of C. marsupialis further from the coast or vertically 

through the water column. Temperature, on the other hand, had a confounding effect because the most 

captures were of small medusae, which due to growth appeared negatively related to high temperatures 

(inflating the number of zeroes) as they became medium and large size class.   

In a study conducted during 2008 and 2009 in the same area, Bordehore et al. (2011) using a 

hand net of 5-mm mesh (comparable to large and medium medusae abundance in our study) did not 

capture C. marsupialis medusae south of the RA site (Fig. 1). Two sampling sites further south in both 

studies were MC, a sandy beach with high cover (> 80%) of the green algae Caulerpa prolifera and 

located just south of the port of Denia, and RO a rocky-bottom beach fully covered with a benthic 

photophilic algae community. In our study, the highest mean medusa density was found in MC (2.4 

indiv. m-3) containing all sizes (Fig. 3). Establishment of local populations will depend ultimately on 

the ecosystem characteristics of the new area, where for C. marsupialis the need for sandy bottom with 

seagrass/algae meadows (absent in RO site) seems evident, as has been demonstrated for other 

cubozoan species, such as Carybdea rastonii, Chiropsella bronzie and Chiropsoides buitendijki 

(Matsumoto 1995, Gordon et al. 2004, Tahera & Kazmi 2008, reviewed in Kingsford & Mooney 2014). 

Medusae densities in the two studies were more or less comparable at the other sites, with the 

second highest mean density at AL (1.1 indiv. m-3). Nevertheless, the maximum density at AL in our 

study was more than four times greater than reported by Bordehore et al. (2011) for the same site (53 

vs. 18 indiv. m-3). Similarly, at all but one of the sites (MO), the maximum densities recorded during 



our study period were greater than in the previous study. In total, for the coast of Denia the mean 

density of C. marsupialis medusae in 2010-2011 was twice that in 2008-2009 (0.8 vs. 0.4 indiv. m-3) 

with the average maximum densities been three times greater (16.2 vs. 5.6 indiv. m-3). 

The distribution of C. marsupialis medusae seems to reflect the dispersion of the small and 

medium size classes by the onshore transport due to surface currents and high levels of primary and 

secondary production associated with the bottom type (sandy bottom and algae/seagrass meadows). 

Those factors allow C. marsupialis medusae to thrive where high densities were also recorded 

previously (Bordehore et al. 2011). Carybdea marsupialis have been recorded several places in the 

Mediterranean Sea, but rarely generating blooms (sensu Pitt & Lucas 2014, reviewed in Acevedo et al. 

2013). Along the coast of Denia, high abundances of C. marsupialis were associated with variables 

indicating high local productivity (Table 4). In those areas, coastal production is based on the discharge 

of rivers that deliver not only fresh water and terrestrial sediment to the coast, but also large amounts of 

nitrate and other crop fertilizers (Bordehore et al. 2011, Gadea et al. 2013), enhancing the coastal 

productivity in this area (Sebastiá et al. 2012). Particularly in AL, in addition to the combination of 

high levels of Chl a and phosphate, Bordehore et al. (2011) suggested the role of stone breakwaters as 

new substrata that enhanced the settlement of the benthic stage of this species. Similarly, along the 

Italian Adriatic shore stinging reports of C. marsupialis have increased in recent years (De Donno et al. 

2014), as well as installations of several stone breakwaters parallel to the coast (F. Boero, personal 

communication). Thus, the blooming of C. marsupialis medusae associated with coastal areas can be a 

warning of coastal eutrophication and general environmental degradation. 

  Statistical Modeling 

In general, the models based on the negative binomial error distribution performed better than those 

with the Poisson based error distribution. For small medusae, the correlation between the observed and 

the fitted values was higher with GAM-NB model (r and p value = 0.44 and 0.68, respectively), which 



also had the second lowest AIC (1818.62), followed by ZI-NB (AIC= 1646.90, Table 3). For the 

medium size medusae, although GAM-P had a better Pearson correlation (r = 0.60) between the 

observed and fitted values, the GAM-NB had a much lower AIC value, which indicates a better model. 

Finally for large medusae, GAM-NB models performed better in all the statistics evaluated, with high 

Pearson (r) and Spearman rank (p) correlations and with an intercept close to zero (0.1) and slope close 

to 1 (0.8), which are indicative of a perfect fit (Zuur et al. 2009). This can be attributed to the fact that 

large medusae were more restricted in space and time, with less variability in the environmental 

variables; therefore, the models could explain in greater detail (> 70% of the deviance explained) and 

predict their abundances more accurately.  

The poor performance of Poisson error distribution models reflect the fact that count data 

coming from patchily distributed organisms like gelatinous zooplankton tend to show over dispersion 

(Liu et al. 2011) and use of negative binomial error distribution family or zero-inflated models is 

necessary to account for this characteristic (Martin et al. 2005, Liu et al. 2011). In our study, GAM-NB 

models had higher correlations between observed versus fitted values, making their predictions of the 

effects of the environmental variables on the abundance of C. marsupialis believable. The reason to 

include the ZI models is based on the fact that these models allowed for ecological interpretation of the 

underlying processes producing the false zeroes in the medusae counts, resulting in improvement of the 

ecological analyses (Martin et al. 2005, Zeileis et al. 2008). In the case of C. marsupialis, which can 

congregate at high densities (reviewed in Acevedo et al. 2013) and its sting causes public concern and 

important economic costs (De Donno et al. 2014), it is important to accurately assess the risk and to 

develop monitoring programs. Tools that promote understanding which variables explain its 

distribution, and also conditions that will maximize the efficiency of the survey effort are of high value 

(Kingsford & Mooney 2014). Thus, our work presents important and highly needed information about 

seasonality, spatial patterns and the influence of environmental factors on the abundance of a coastal 



box jellyfish and also recommendations for the establishment of monitoring programs. 

Recommendations for monitoring and mitigation 

In order to address some recommendations, results from the present study suggests two steps. First, in 

order to detect the presence and estimate the abundance of C. marsupialis, coastal sampling should 

start in mid-spring and use ~ 500 µm mesh size to collect the small medusae. Sampling during rough 

sea conditions should be avoided to minimize underestimation and false negative records. Once the 

population is established and the presence of medium size is confirmed, the large medusae should be 

sampled with greater mesh size (~ 4 mm) to collect the most, large stinging individuals. In this case, 

sampling should be restricted to popular beaches with sandy bottom associated with three dimensional 

structures like seagrass/algae meadows, new breakwaters or other artificial substrata. Similarly, for 

beaches with low wave dynamics and higher temperature due to shallow profiles, sampling for large 

individuals should start earlier in those sites. Second, crop fertilizers and sewage discharges should be 

reduced in highly populated or industrialized areas. Most importantly, high amounts of nutrients 

reaching the coast (by rivers or ground water discharges) should be prevented, especially in early 

spring. In order to decrease the amount of sewage water, solutions are related with the improvement in 

technology adding the tertiary biological treatment to the sewage plants and by relocating the 

submarine pipeline farther away to the coast, in places where the currents will spread the effluents. The 

idea behind this recommendation is to diminish the secondary production mostly in those places where 

habitat is good for C. marsupialis, soft bottom, sandy to gravel-sandy beaches and seagrasses 

meadows.
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LEGENDS TO TABLES AND FIGURES 

TABLES 

Table S2. Descriptive statistics for the number and density (indiv. m-3) in parentheses of Carybdea 

marsupialis medusae captured by site (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, 

Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) on the coast of Denia, Spain. Minimum 'Min', maximum 

'Max', sum 'Sum', mean 'Mean' and standard deviation 'SD' values are showed for each class size and 

for the total medusae captured.   

 

Table S3. Descriptive statistics for the selected environmental variables through the sampling period for 

all sites surveyed (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana 

‘MC’ and Les Rotes ‘RO’) on the coast of Denia, Spain. Values are shown by season 

 

Table S4. Model comparison for the generalized additive models with a Poisson family distribution 

(GAM-P), generalized additive models with a negative binomial family distribution (GAM-NB), zero- 

inflated Poisson (ZI-P) and zero-inflated negative binomial (ZI-NB) models. The Pearson correlation 

coefficient (r), Spearman rank correlation (p), intercept (α) and slope (b) of a linear regression between 

the observed versus fitted values, Akaike Information Criterion (AIC), log likelihood (Log lik) and 

degrees of freedom (Df) are showed for each size class of Carybdea marsupialis medusae on the coast 

of Denia, Spain. NA = Not Available 

 

Table 1. Model results for small Carybdea marsupialis medusae on the coast of Denia, Spain. The 

selected environmental variables and values for Akaike Information Criterion (AIC), Log likelihood 

(Log lik) and degrees of freedom (Df) of the models are shown 



 

Table 2. Model results for medium size Carybdea marsupialis medusae on the coast of Denia, Spain. 

The selected environmental variables and values for Akaike's information Criterion (AIC), Log 

likelihood (Log lik) and degrees of freedom of the models are showed. NA = not available (the 

distribution was not zero-inflated) 

 

Table 3. Model results for large Carybdea marsupialis medusae on the coast of Denia, Spain. The 

selected environmental variables and values for Akaike's information Criterion (AIC), Log likelihood 

(Log lik) and degrees of freedom (Df) of the models are shown 

 

Table 4. Model results for total Carybdea marsupialis medusae on the coast of Denia, Spain. The 

selected environmental variables and values for Akaike's information Criterion (AIC), Log likelihood 

(Log lik) and degrees of freedom (Df) of the models are shown 

 

Table S1. Mathematical model formulation for the generalized additive models with Poisson family 

distribution (GAM-P), generalized additive models with negative binomial family distribution (GAM-

NB), zero-inflated Poisson (ZI-P) and zero-inflated negative binomial (ZI-NB) models 

 

 



FIGURES 

Figure 1. Study area for Carybdea marsupialis medusae along the coast of Denia, Spain (Western 

Mediterranean Sea). ). Medusae, environmental data and nutrient samples were collected from stations 

labeled in bold with an asterisk and labeled (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset 

‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). The stations marked in gray were not sampled for 

medusae and are not considered further. The general current flow, the Girona River and the sewage 

outfall are also indicated 

 

Figure 2. Spatio-temporal variability of captured Carybdea marsupialis medusae along the coast of 

Denia, Spain. Data are presented as a whisker-boxplot, where the horizontal line represents the median, 

the boxes represent the interquartile range and the whiskers represent the range of observations (when 

visible). Different panels refer to sampling sites (see text). Note different y-axis ranges  

 

Figure 3. Spatial variability of total captured Carybdea marsupialis medusae at sites (Almadrava ‘AL’, 

Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) along the 

coast of Denia, Spain. Upper, middle and lower panels show the total small, medium and large 

medusae, respectively. Abundances represent the total numbers collected from the beginning of July 

2010 to the end of July 2011; note that the legend categories differ among panels 

 

 

 

 



Figure 4. Temporal variability of captured Carybdea marsupialis medusae from the beginning of July 

2010 to the end of July 2011 at sites (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, 

Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) along the coast of Denia, Spain. Upper, medium and 

lower panels show the total small, medium and large medusae, respectively. Shaded areas represent the 

seasons corresponding to the weeks sampled 

 

Figure 5. Temporal variability of sea surface temperature SST (ºC) from the beginning of July 2010 to 

the end of July 2011. Data are presented as whisker-boxplots, where the horizontal lines represent the 

medians, the boxes represent the interquartile ranges and the whiskers show the ranges of observations 

(when visible). Different panels refer to sampling sites along the coast of Denia, Spain (Almadrava 

‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) 

 

Figure 6. Temporal variability of salinity from the beginning of July 2010 to the end of July 2011. Data 

are presented as whisker-boxplots, where the horizontal lines represent the medians, the boxes 

represent the interquartile ranges and the whiskers show the ranges of observations (when visible). 

Dots show values twice the standard deviation. Different panels refer to sampling sites along the coast 

of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana 

‘MC’ and Les Rotes ‘RO’) 

 

Figure 7. Temporal variability of Chl a (µg l-1) from the beginning of July 2010 to the end of July 2011. 

Data are presented as whisker-boxplots, where the horizontal lines represent the medians, the boxes 

represent the interquartile ranges and the whiskers show the ranges of observations (when visible). A 

loess smoothing line was added to help visualize temporal patterns. Dots show values twice the 



standard deviation. Different panels refer to sampling sites along the coast of Denia, Spain (Almadrava 

‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) 

 

Figure 8. Temporal variability of nitrate (µmol l-1) from the beginning of July 2010 to the end of July 

2011. Data are presented as whisker-boxplot, where the horizontal lines represent the medians, the 

boxes represent the interquartile ranges and the whiskers show the ranges of observations (when 

visible). A loess smoothing line was added to help visualize temporal patterns. Different panels refer to 

sampling sites along the coast of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, 

Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) 

 

Figure 9. Temporal variability of phosphate (µmol l-1) from the beginning of July 2010 to the end of 

July 2011. Data are presented as whisker-boxplots, where the horizontal lines represent the medians, 

the boxes represent the interquartile ranges and the whiskers show the range of observations (when 

visible). A loess smoothing line was added to help visualize temporal patterns. Different panels refer to 

sampling sites along the coast of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, 

Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) 

 

 

Figure 10. Temporal variability of suspended sarticulate matter (SPM in µg l-1) from the beginning of 

July 2010 to the end of July 2011. Data are presented as a whisker-boxplot, where the horizontal line 

represents the median, the boxes represent the interquartile range and the whiskers represent the range 

of observations (when visible). A loess smoothing line was added to help visualize temporal patterns. 

Different panels refer to sampling sites along the coast of Denia, Spain (Almadrava ‘AL’, Molins 



‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) 

 

Figure 11. Current direction (degrees) and current speed (four categories, m s-1) from the beginning of 

July 2010 to the end of July 2011. Number of observations represents the amount of current records, in 

some particular angle and velocity combination. Different panels refer to sampling sites along the coast 

of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana 

‘MC’ and Les Rotes ‘RO’) 

 

Figure 12. Wind direction (degrees) and wind speed (three categories, m s-1) from the beginning of July 

2010 to the end of July 2011 at sites along the coast of Denia, Spain. The lengths of the bars represent 

the numbers of wind recorded by direction and velocity combination 

 

Figure 13. Partial effects of A) temperature, B) nitrate and C) phosphate on the abundance of small 

Carybdea marsupialis medusae. Central (bold) lines show the best fits and the shaded areas show the 

confidence intervals of the GAM-NB model. Bottom vertical lines represent observations 

 

 

Figure 14. Partial effects of A) temperature, B) wind speed, C) wind direction (sine) and D) current 

speed on the abundance of medium size Carybdea marsupialis medusae. Central (bold) lines show the 

best fits and the shaded areas show the confidence intervals of the GAM-NB model. Bottom vertical 

lines represent observations 

 



Figure 15. Partial effects of A) temperature, B) current speed and C) current direction (cosine) on the 

abundance of large Carybdea marsupialis medusae. Central (bold) lines show the best fit and the 

shaded areas show the confidence intervals of the GAM-NB model. Bottom vertical lines represent 

observations 

 

Figure 16. Partial effects of A) temperature, B) phosphate and C) wind direction (sine) on the 

abundance of total Carybdea marsupialis medusae. Central (bold) lines show the best fit and the 

shaded areas show the confidence intervals of the GAM-NB model. Bottom vertical lines represent 

observations 

 

Figure S1. Collinearity analysis for all environmental variables. Lower-left panels show scatter plots 

with a loess smoothing line (in red) to help visualize patterns. Central (Diagonal) panels show 

histograms of the environmental variables and upper-right panels show the values of the Pearson’s 

correlation coefficients for each pair of variables, with text size proportional to its value 

  



Table 1. Model results for small Carybdea marsupialis medusae on the coast of Denia, Spain. The 
selected environmental variables and values for Akaike Information Criterion (AIC), Log likelihood 
(Log lik) and degrees of freedom (Df) of the models are shown 
 

Model Parameter Slope z-value p-value AIC Log lik Df 

ZI-NB  
(Count model coefficients) Temperature -0.22 -4.2 < 0.001    

 Nitrate -0.14 -3.7 < 0.001    

 Phosphate 23.3 3.6 < 0.001    

        

ZI-NB 
(ZI model coefficients) Temperature -0.4 -2.8 < 0.001    

 Wind speed -3.6 -3.9 < 0.001    

 Sine (wind direction) -2.5 -3.9 < 0.001    

 Chl a -5.3 -3.3 < 0.001 1566.9 -773.4 10 

        

GAM-NB Temperature 1.95 26.63 < 0.001    

 Salinity 2.96 36.21 < 0.001    

 Wind speed 2.00 70.90 < 0.001    

 Sine (wind direction) 3.00 89.62 < 0.001    

 Cos (wind direction) 2.95 52.92 < 0.001    

 Sine (current direction) 2.99 31.96 < 0.001    

 Cos (current direction) 2.91 21.38 < 0.001    

 Chl a 2.96 66.55 < 0.001    

 Nitrate 2.15 26.85 < 0.001    

 Phosphate 2.00 67.47 < 0.001 1663.6 -808.5 23 
 
 

 

 

 

 

 

 



Table 2. Model results for medium size Carybdea marsupialis medusae on the coast of Denia, Spain. 

The selected environmental variables and values for Akaike's information Criterion (AIC), Log 

likelihood (Log lik) and degrees of freedom of the models are showed. The ZI-NB models were not 

appropriate because the distribution was not zero-inflated. 

 
Model Parameter Slope Chi-squared p-value AIC Log lik Df 

GAM-NB Temperature 1.89 17.20 < 0.001    

 Wind speed 1.98 38.84 < 0.001    

 Sine (wind direction) 1.00 11.59 < 0.001    

 Current speed 2.91 24.47 < 0.001 473.6 -228 9 



 

 

Table 3. Model results for large size individuals of Carybdea marsupialis. The selected environmental 
variables and values for AIC, Log likelihood and degrees of freedom of the models are showed. 
 

Model Parameter Slope z-value p-value AIC Log lik Df 

ZI-NB 
(Count model coefficients) Temperature -0.49 -3.8 < 0.001    

 Current speed -25.27 -4.37 < 0.01    

 Cos (Current direction) -1.54 -4.52 < 0.001    

 Nitrate -0.3 -2.33 < 0.05    

ZI-NB 
(ZI model coefficients) Temperature -1.5 -3.72 < 0.001    

 Chl a -39.81 -3.26 < 0.001 487.6 -234.8 9 

GAM-NB Temperature 1.92 12.81 < 0.01    

 Wind speed 1.82 24.69 < 0.001    

 Sine (wind direction) 2.19 8.22 < 0.05    

 Cos (wind direction) 2.99 9.68 < 0.05    

 Current speed 2.70 77.93 < 0.001    

 Cos (current direction) 2.34 20.19 < 0.001    

 Chl a 2.95 54.54 < 0.001    

 Phosphate 2.00 27.61 < 0.001 474.9 -217.6 20 



 

 

Table 4. . Model results for total Carybdea marsupialis medusae on the coast of Denia, Spain. The 
selected environmental variables and values for Akaike's information Criterion (AIC), Log likelihood 
(Log lik) and degrees of freedom (Df) of the models are shown. 
 

Model Parameter Slope z-value p-value AIC Log lik Df 

ZI-NB 
(Count model coefficients) Temperature -0.13 -2.5 < 0.05    

 Phosphate 23.52 3.24 < 0.001    

 Sine (wind direction) 0.98 3.62 < 0.001 2507.8 -1246 8 

ZI-NB 
(ZI model coefficients) Temperature -0.68 -4.63 < 0.001    

 Wind speed -2.42 -3.13 < 0.05 2507.8 -1246 8 

GAM-NB Temperature 1.98 69.1 < 0.001    

 Salinity 2.96 29.63 < 0.001    

 Wind speed 1.99 180.35 < 0.001    

 Sine (wind direction) 1.68 74.65 < 0.001    

 Cos (wind direction) 2.92 166.5 < 0.001    

 Current speed 2.85 15.37 < 0.01    

 Sine (current direction) 2.91 40.38 < 0.001    

 Chl a 2.92 47.23 < 0.001    

 Nitrate 2.94 46.94 < 0.001    

 Phosphate 1.97 79.82 < 0.001 3743.4 -1845.6 26 



 

 

Table S1. Mathematical model formulation for the generalized additive models with Poisson family distribution (GAM-P), generalized 
additive models with negative binomial family distribution (GAM-NB), zero-inflated Poisson (ZI-P) and zero-inflated negative binomial 
(ZI-NB) models. 
 

MODEL Mean  Variance Model Error Distribution 

GAM-P ( ) ii μ=ΥΕ  ( ) ii μ=Υvar  ( ) iiji ε+Xf+α=Υ  ( )20,~ σNεi  

GAM-NB ( ) ii μ=ΥΕ  ( )
k
μ+μ=Υvar i

ii

2
 ( ) iiji ε+Xf+α=Υ  ( )20,~ σNεi  

ZI-P 
qqβ+α

i

Χβ++Χ
e=μ

×× ...11  

( ) ( )iii Πμ=ΥΕ −× 1  

( ) ( ) ( )21 iiiii μΠ+μΠ=Υvar ××−  

( ) ( ) iμ
iii ×Π+Π==ΥΡ e10  

( ) ( )
!y

×μ×Π=>y|y=ΥΡ
i

iμiy

iiii
e10

 

( )
( )i

iii
i Υvar

μΠΥ=ε ×−− 1
 

ZI-NB 
qqβ+α

i

Χβ++Χ
e=μ

×× ...11  

( ) ( )iii Πμ=ΥΕ −× 1  

( ) ( ) ( )iii
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k
μ+μΠ=Υvar ²1 2

2

×







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κ
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
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iii
i Υvar

μΠΥ=ε ×−− 1
 

 
  



 

 

Table S2. Descriptive statistics for the number and density (in parentheses; indiv. m-3) of three sizes (Small, Medium, Large) of Carybdea 
marsupialis medusae captured by site (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les 
Rotes ‘RO’) on the coast of Denia, Spain. Minimum 'Min', maximum 'Max', sum 'Sum', mean 'Mean' and standard deviation 'SD' values are 
showed for each class size and for the total medusae captured.   
  

Site Small  Medium Large 

 Min   Max Sum Mean SD Min   Max Sum Mean SD Min   Max Sum Mean SD 

AL 0.0  
(0.0) 

117 
 (91.6) 

452 
 (269.7) 

4.5 
 (2.7) 

14.2 
 (10.6) 

1 
 (0.1) 

39 
 (6.6) 

147 
 (34.1) 

4.0 
 (0.9) 

6.5 
 (1.6) 

0.0 
 (0.0) 

53 
 (5.2) 

234 
 (18.6) 

2.2 
 (0.2) 

7.1 
 (0.6) 

MO 0.0 
 (0.0) 

324 
 (62.3) 

426 
 (111.2) 

4.7 
 (1.2) 

34.2 
 (6.7) 

1 
 (0.1) 

2 
 (0.3) 

6 
 (0.9) 

1.2 
 (0.2) 

0.5 
 (0.1) 

0.0 
 (0.0) 

4 
 (0.8) 

11 
 (1.5) 

0.1 
 (0.01) 

0.5 
 (0.1) 

BB 0.0 
 (0.0) 

80  
(68.5) 

569 
 (418.3) 

5.4 
 (4.0) 

12.7 
 (9.6) 

1 
 (0.04) 

18 
 (1.9) 

75 
 (10.3) 

3.0 
 (0.4) 

3.8 
 (0.5) 

0.0 
 (0.0) 

5 
 (0.5) 

13 
 (1.3) 

0.1 
 (0.01) 

0.6 
 (0.1) 

RA 0.0 
 (0.0) 

119 
 (40.2) 

459 
 (184.8) 

5.2 
 (2.1) 

16.8 
 (5.8) 

1 
 (0.04) 

16 
 (1.6) 

51 
 (7.9) 

2.7 
 (0.4) 

4.2 
 (0.4) 

0.0 
 (0.0) 

4 
 (0.4) 

11 
 (1.2) 

0.1 
 (0.01) 

0.5 
 (0.1) 

MC 0.0 
 (0.0) 

61 
 (11.5) 

89 
 (24.7) 

1.2 
 (0.3) 

7.2 
 (1.5) 

1 
 (0.1) 

121 
 (16.6) 

134 
 (19.1) 

16.8 
 (2.4) 

42.2 
 (5.6) 

0.0 
 (0.0) 

4 
 (0.5) 

16 
 (2.0) 

0.2 
 (0.02) 

0.6 
 (0.1) 

RO 0.0 
 (0.0) 

2  
(0.9) 

7  
(3.4) 

0.1 
 (0.1) 

0.3 
 (0.2) 

1 
 (0.0) 

0 
 (0.0) 

0 
 (0.0) 

0.0 
 (0.0) 

0.0 
 (0.0) 

0.0 
 (0.0) 

0 
 (0.0) 

0 
 (0.0) 

0.0 
 (0.0) 

0.0 
 (0.0) 

All  
Sites 

0.0 
 (0.0) 

117 
 (91.6) 

2002 
 (1012.2) 

3.8 
 (1.9) 

18.0 
 (7.4) 

1 
 (0.0) 

121 
 (16.6) 

413 
 (72.3) 

4.4 
 (0.8) 

13.1 
 (2.0) 

0.0 
 (0.0) 

53 
 (5.2) 

285 
 (24.6) 

0.5 
 (0.04) 

3.1 
 (0.3) 



 

 

Table S3. Descriptive statistics for the selected environmental variables from the beginning of July 2010 to the end of July 2011for all sites 
surveyed (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) on the coast of 
Denia, Spain. Values are shown by season 

Variable Site Spring Summer Autumn Winter 

  Min   Max Mean SD Min   Max Mean SD Min   Max Mean SD Min   Max Mean SD 

SST (ºC) AL 20.27 25.41 22.46 1.80 21.50 28.10 25.32 1.69 18.04 24.54 21.23 2.37 13.41 13.70 13.58 0.10 

 MO 20.15 25.16 22.24 1.62 20.71 27.14 25.20 1.57 18.17 24.10 20.69 2.33 13.21 13.37 13.29 0.06 

 BB 20.41 24.82 22.28 1.67 22.80 27.3 25.33 1.44 17.98 24.68 21.10 2.41 13.09 13.22 13.15 0.05 

 RA 21.19 27.1 23.45 2.23 23.28 29.54 25.97 1.88 18.23 24.49 21.17 2.31 13.20 13.36 13.27 0.06 

 MC 21.25 22.33 21.74 0.36 22.45 28.06 25.82 1.45 16.50 25.16 21.00 2.68 12.61 13.63 13.38 0.38 

 RO 19.56 23.79 21.56 1.63 22.28 27.86 25.27 1.57 14.87 24.37 20.64 3.19 11.42 13.88 13.51 0.79 

 All Sites 19.56 27.1 22.31 1.79 20.71 29.54 25.48 1.63 14.87 25.16 20.97 2.55 12.82 13.88 13.36 0.37 

Salinity AL 35.08 37.04 36.43 0.58 36.70 37.72 37.25 0.23 35.47 37.21 36.88 0.29 37.18 37.44 37.31 0.08 

 MO 35.70 37.07 36.93 0.53 36.03 37.76 37.28 0.27 36.19 37.33 36.92 0.19 36.40 37.40 37.19 0.33 

 BB 34.67 37.30 36.84 0.51 36.92 37.84 37.49 0.2 36.92 37.36 37.02 0.21 37.51 37.56 37.54 0.02 

 RA 32.98 37.39 36.91 0.87 36.02 37.83 37.48 0.25 36.38 37.41 37.01 0.29 35.63 37.64 37.22 0.77 

 MC 36.37 37.09 36.93 0.2 33.29 37.68 37.06 0.69 36.03 37.23 36.70 0.29 37.12 37.63 37.48 0.18 

 RO 35.63 37.22 36.82 0.33 36.72 37.76 37.40 0.21 35.78 37.62 37.02 0.37 37.07 37.57 37.47 0.15 

 All Sites 32.98 37.39 36.74 0.58 33.29 37.84 37.33 0.38 35.47 37.62 36.92 0.29 35.63 37.64 37.36 0.37 

Chl a (µg L-1) AL 0.18 0.30 0.26 0.06 0.55 2.03 1.18 0.62 0.64 0.96 0.77 0.13 0.50 0.50 0.50 0.00 

 MO 0.13 0.34 0.28 0.10 0.41 1.92 1.23 0.58 0.85 1.01 0.93 0.07 0.40 0.40 0.40 0.00 

 BB 0.10 0.15 0.14 0.03 0.36 2.00 0.98 0.63 0.52 1.03 0.68 0.23 0.25 0.25 0.25 0.00 

 RA 0.07 0.11 0.10 0.02 0.35 0.57 0.49 0.08 0.48 0.91 0.66 0.19 0.42 0.42 0.42 0.00 

 MC 0.11 0.11 0.11 0.00 0.17 0.40 0.28 0.08 0.17 0.34 0.24 0.07 0.16 0.16 0.16 0.00 

 RO 0.04 0.34 0.13 0.14 0.25 0.57 0.36 0.13 0.31 0.38 0.34 0.03 0.12 0.12 0.12 0.00 

 All Sites 0.04 0.34 0.17 0.11 0.17 2.03 0.76 0.59 0.17 1.03 0.60 0.28 0.12 0.50 0.32 0.00 

Nitrate (µmol L-1) AL 1.53 2.14 1.74 0.30 1.09 2.79 1.99 0.74 2.63 6.24 4.51 1.57 2.75 2.75 2.75 0.00 

 MO 2.64 18.15 13.38 7.30 1.00 5.33 2.62 1.73 2.64 23.71 10.28 8.92 12.42 12.42 12.42 0.00 



 

 

Variable Site Spring Summer Autumn Winter 

  Min   Max Mean SD Min   Max Mean SD Min   Max Mean SD Min   Max Mean SD 

 BB 0.73 3.13 2.39 1.13 0.55 6.89 2.91 2.58 2.61 7.97 5.09 2.19 6.63 6.63 6.63 0.00 

 RA 0.22 0.22 0.22 0.00 0.22 0.93 0.47 0.28 0.93 3.07 2.17 0.94 6.41 6.41 6.41 0.00 

 MC 0.89 0.89 0.89 0.00 0.18 0.6 0.31 0.17 0.27 8.71 3.85 3.63 2.73 2.73 2.73 0.00 

 RO 0.44 4.92 3.54 2.11 0.21 2.95 1.12 1.10 0.93 1.70 1.35 0.34 0.83 0.84 0.84 0.00 

 All Sites 0.22 18.15 4.03 5.64 0.18 6.89 1.58 1.71 0.27 23.71 4.61 5.04 0.83 12.42 5.45 3.89 

Phosphate (µmol L-1) AL 0.06 0.07 0.06 0.00 0.03 0.11 0.06 0.03 0.03 0.05 0.03 0.01 0.03 0.03 0.03 0.00 

 MO 0.04 0.07 0.05 0.01 0.03 0.06 0.05 0.02 0.03 0.07 0.06 0.02 0.02 0.02 0.02 0.00 

 BB 0.03 0.06 0.04 0.01 0.04 0.06 0.05 0.01 0.02 0.05 0.04 0.01 0.04 0.04 0.04 0.00 

 RA 0.03 0.06 0.04 0.01 0.02 0.05 0.03 0.01 0.03 0.22 0.11 0.08 0.05 0.05 0.05 0.00 

 MC 0.05 0.05 0.05 0.00 0.01 0.05 0.02 0.02 0.00 0.04 0.02 0.02 0.02 0.02 002 0.00 

 RO 0.02 0.07 0.03 0.02 0.02 0.06 0.04 0.02 0.00 0.06 0.04 0.02 0.08 0.08 0.08 0.00 

 All Sites 0.02 0.07 0.05 0.01 0.02 0.11 0.04 0.02 0.00 0.22 0.05 0.05 0.02 0.08 0.04 0.02 

SPM (mg L-1) AL 16.12 24.92 21.87 4.27 10.64 24.71 16.69 5.20 10.64 26.32 18.27 6.45 12.83 12.83 12.83 0.00 

 MO 17.39 28.69 25.21 5.32 10.83 17.74 14.95 2.92 13.38 33.94 23.00 8.32 11.52 11.53 11.53 0.00 

 BB 16.25 25.03 22.32 4.13 11.87 24.22 15.79 4.94 12.45 22.45 16.95 4.10 16.59 16.59 16.59 0.00 

 RA 10.59 19.86 16.64 4.52 12.36 27.92 17.39 6.17 13.86 22.85 17.99 3.82 18.79 18.80 18.80 0.00 

 MC 12.09 12.09 12.09 0.00 8.11 14.70 14.24 2.36 10.98 16.00 14.24 2.27 17.30 17.30 17.30 0.00 

 RO 13.00 16.51 14.08 1.65 7.65 15.02 11.59 2.80 9.50 13.08 11.20 1.56 11.44 11.44 11.44 0.00 

 All Sites 10.59 28.69 19.36 5.98 7.65 27.92 14.67 4.89 9.50 33.94 17.00 6.16 11.44 18.80 14.60 2.97 

Current speed (m s-1) AL 0.02 0.03 0.03 0.00 0.01 0.08 0.05 0.02 0.01 0.06 0.03 0.02 0.01 0.01 0.01 0.00 

 MO 0.03 0.15 0.08 0.05 0.03 0.15 0.08 0.03 0.01 0.07 0.03 0.02 0.05 0.05 0.05 0.00 

 BB 0.03 0.04 0.04 0.00 0.03 0.09 0.06 0.02 0.01 0.07 0.03 0.02 0.04 0.04 0.04 0.00 

 RA 0.02 0.04 0.03 0.01 0.01 0.09 0.04 0.02 0.02 0.05 0.04 0.01 0.04 0.04 0.04 0.00 

 MC 0.01 0.02 0.01 0.01 0.01 0.14 0.03 0.03 0.00 0.03 0.02 0.01 0.02 0.02 0.02 0.00 

 RO 0.01 0.06 0.03 0.02 0.00 0.12 0.05 0.03 0.01 0.06 0.04 0.02 0.07 0.07 0.07 0.00 



 

 

Variable Site Spring Summer Autumn Winter 

  Min   Max Mean SD Min   Max Mean SD Min   Max Mean SD Min   Max Mean SD 

 All Sites 0.01 0.15 0.04 0.03 0.00 0.15 0.05 0.03 0.00 0.07 0.03 0.02 0.01 0.07 0.04 0.00 

Wind speed (m s-1) All Sites 2.00 4.60 3.32 1.04 1.28 5.40 2.67 1.39 0.75 2.00 1.39 0.42 1.03 1.03 1.03 0.00 
 



 

 

Table S4. Model comparison for the generalized additive models with a Poisson family distribution (GAM-P), generalized additive models 
with a negative binomial family distribution (GAM-NB), zero-inflated Poisson (ZI-P) and zero-inflated negative binomial (ZI-NB) models. 
The Pearson correlation coefficient (r), Spearman rank correlation (p), intercept (α) and slope (b) of a linear regression between the observed 
versus fitted values, Akaike Information Criterion (AIC), log likelihood (Log lik) and degrees of freedom (Df) are showed for each size class 
of Carybdea marsupialis medusae on the coast of Denia, Spain. NA = Not Available. 
 
 

 Small Medium  Large 

Model r p α b AIC Log lik Df r p α b AIC Log lik Df r p α b AIC Log lik Df 

GAM-P 0.51 0.64 2.85 0.28 4371.57 -2155.90 30 0.60 0.31 2.90 0.30 765.06 -356.80 26 0.89 0.41 0.09 0.80 522.20 -235.90 25 

GAM-NB 0.44 0.68 3.04 0.23 1818.62 -883.20 26 0.47 0.31 3.50 0.16 478.89 -220.20 19 0.84 0.43 0.10 0.80 462.70 -205.40 26 

ZI-P 0.14 0.24 4.60 0.05 5475.66 -2714.00 24 NA NA NA NA NA NA NA 0.12 0.10 0.90 0.10 632.30 -292.20 24 

ZI-NB 0.06 0.50 6.50 0.07 1646.90 -798.50 25 NA NA NA NA NA NA NA 0.40 0.40 0.40 0.30 490.40 -220.20 25 



 

 

FIGURES

 

Figure 1. Study area for collection of Carybdea marsupialis medusae along the coast of Denia, Spain 

(Western Mediterranean Sea). Medusae, environmental data and nutrient samples were collected from 

stations labeled in bold with an asterisk and labeled (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, 

Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). The stations marked in gray were not 

sampled for medusae and are not considered further. The general current flow, the Girona River and the 

sewage marine outfall are also indicated 

  



 

 

 

Figure 2. Spatio-temporal variability of captured Carybdea marsupialis medusae along the coast of 

Denia, Spain. Data are presented as a whisker-boxplot, where the horizontal line represents the median, 

the boxes represent the interquartile range and the whiskers represent the range of observations (when 

visible). Different panels refer to sampling sites (see text). Note different y-axis ranges. 

 



 

 

 

Figure 3. Spatial variability of total captured Carybdea marsupialis medusae at sites (Almadrava ‘AL’, 

Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) along the 

coast of Denia, Spain. Upper, middle and lower panels show the total small, medium and large 

medusae, respectively. Abundances represent the total numbers collected from the beginning of July 

2010 to the end of July 2011; note that the legend categories differ among panels. 

 



 

 

 

Figure 4. Temporal variability of captured Carybdea marsupialis medusae from the beginning of July 

2010 to the end of July 2011 at sites (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, 

Marineta Cassiana ‘MC’ and Les Rotes ‘RO’) along the coast of Denia, Spain. Upper, medium and 

lower panels show the total small, medium and large medusae, respectively.  Shaded areas represent the 

seasons corresponding to the weeks sampled. 



 

 

Figure 5. Temporal variability of sea surface temperature SST (ºC) from the beginning of July 2010 to 

the end of July 2011. Data are presented as whisker-boxplots, where the horizontal lines represent the 

medians, the boxes represent the interquartile ranges and the whiskers show the ranges of observations 

(when visible). Different panels refer to sampling sites along the coast of Denia, Spain (Almadrava 

‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). 



 

 

Figure 6. Temporal variability of salinity from the beginning of July 2010 to the end of July 2011. Data 

are presented as whisker-boxplots, where the horizontal lines represent the medians, the boxes 

represent the interquartile ranges and the whiskers show the ranges of observations (when visible). 

Dots show values twice the standard deviation. Different panels refer to sampling sites along the coast 

of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana 

‘MC’ and Les Rotes ‘RO’).. 



 

 

Figure 7. Temporal variability of Chl a (µg l-1) from the beginning of July 2010 to the end of July 2011. 

Data are presented as whisker-boxplots, where the horizontal lines represent the medians, the boxes 

represent the interquartile ranges and the whiskers show the ranges of observations (when visible). A 

loess smoothing line was added to help visualize temporal patterns.  Dots show values twice the 

standard deviation. Different panels refer to sampling sites along the coast of Denia, Spain (Almadrava 

‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). 



 

 

Figure 8. Temporal variability of nitrate (µmol l-1) from the beginning of July 2010 to the end of July 

2011. Data are presented as whisker-boxplot, where the horizontal lines represent the medians, the 

boxes represent the interquartile ranges and the whiskers show the ranges of observations (when 

visible). A loess smoothing line was added to help visualize temporal patterns. Different panels refer to 

sampling sites along the coast of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, 

Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). 



 

 

Figure 9. Temporal variability of phosphate (µmol l-1) from the beginning of July 2010 to the end of 

July 2011. Data are presented as whisker-boxplots, where the horizontal lines represent the medians, 

the boxes represent the interquartile ranges and the whiskers show the range of observations (when 

visible). A loess smoothing line was added to help visualize temporal patterns. Different panels refer to 

sampling sites along the coast of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, 

Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). 



 

 

Figure 10. Temporal variability of suspended particulate matter (SPM in µg l-1) from the beginning of 

July 2010 to the end of July 2011. Data are presented as a whisker-boxplot, where the horizontal line 

represents the median, the boxes represent the interquartile range and the whiskers represent the range 

of observations (when visible). A loess smoothing line was added to help visualize temporal patterns. 

Different panels refer to sampling sites along the coast of Denia, Spain (Almadrava ‘AL’, Molins 

‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana ‘MC’ and Les Rotes ‘RO’). 



 

 

Figure 11. Current direction (degrees) and current speed (four categories, m s-1) from the beginning of 

July 2010 to the end of July 2011. Number of observations represents the amount of current records, in 

some particular angle and velocity combination. Different panels refer to sampling sites along the coast 

of Denia, Spain (Almadrava ‘AL’, Molins ‘MO’, Blay beach ‘BB’, Rasset ‘RA’, Marineta Cassiana 

‘MC’ and Les Rotes ‘RO’). 



 

 

Figure 12. Wind direction (degrees) and wind speed (three categories, m s-1) from the beginning of July 

2010 to the end of July 2011 at sites along the coast of Denia, Spain. The lengths of the bars represent 

the numbers of wind recorded by direction and velocity combination. 



 

 

                                      

Figure 13. Partial effects of A) temperature, B) nitrate and C) phosphate on the abundance of small 

Carybdea marsupialis medusae. Central (bold) lines show the best fits and the shaded areas show the 

confidence intervals of the GAM-NB model. Bottom vertical lines represent observations 



 

 

 

Figure 14. Partial effects of A) temperature, B) wind speed, C) wind direction (sine) and D) current 

speed on the abundance of medium size Carybdea marsupialis medusae. Central (bold) lines show the 

best fits and the shaded areas show the confidence intervals of the GAM-NB model. Bottom vertical 

lines represent observations 



 

 

 

Figure 15. Partial effects of A) temperature, B) current speed and C) current direction (cosine) on the 

abundance of large Carybdea marsupialis medusae. Central (bold) lines show the best fit and the 

shaded areas show the confidence intervals of the GAM-NB model. Bottom vertical lines represent 

observations 



 

 

 

Figure 16. Partial effects of A) temperature, B) phosphate and C) wind direction (sine) on the 

abundance of total Carybdea marsupialis medusae. Central (bold) lines show the best fit and the 

shaded areas show the confidence intervals of the GAM-NB model. Bottom vertical lines represent 

observations 



 

 

Figure S1. Collinearity analysis for all environmental variables. Lower-left panels show scatter plots 

with a loess smoothing line (in red) to help visualize patterns. Central (Diagonal) panels show 

histograms of the environmental variables and upper-right panels show the values of the Pearson’s 

correlation coefficients for each pair of variables, with text size proportional to its value. 
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    Abstract     Over recent decades, man’s expanding infl uence on the oceans has begun 
to cause change in some regions, including in the Mediterranean Sea. New prolif-
erations of jellyfi sh may be occurring in the Mediterranean Sea, possibly in response 
to the cumulative effects of some of these anthropogenic impacts. In the 
Mediterranean Sea, many of these “proliferation events” are due to  Pelagia nocti-
luca , an oceanic scyphozoan that has become very abundant along the coasts. 
 Pelagia noctiluca  is usually considered to be the most important jellyfi sh species in 
the Mediterranean Sea due to its widespread distribution, abundance, and ecological 
role and also because of its negative interaction with humans. Climatic conditions 
that favor enhanced reproduction by  P. noctiluca  and probably also determine opti-
mal conditions for the formation of blooms are characterized by mild winters, low 
rainfall, high temperature, and high-atmospheric pressure. The Medusa Project in 
Catalonia aims to understand the spatiotemporal dynamics of the jellyfi sh popula-
tions in the NW Mediterranean Sea by undertaking daily sampling during summer 
(May to September) of 243 beaches, covering more than 500 km of coast. Data on 
beach strandings along the Spanish Catalan coast revealed that jellyfi sh occur in 
greatest concentrations along the northern Catalan coast and on beaches located 
close to marine canyons. The arrival of  P. noctiluca  to the coast depends fi rstly 
on the offshore production of jellyfi sh. Oceanographic structures like fronts, which 
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enhance and maintain high levels of biological production and provide ideal 
 conditions for feeding, growth, and reproduction of the jellyfi sh are present in 
the NW Mediterranean. The weakening of the front results in large numbers of 
 P. noctiluca  being driven into the coast by southeast winds. In the NW Mediterranean 
Sea  P. noctiluca  exert top-down control over a variety of prey including fi sh 
eggs and possibly the invasive ctenophore  Mnemiopsis leidyi .  P. noctiluca  is also 
responsible for the majority of the stings incurred by bathers along the Catalan 
coast. Finally, we recommend that similar sampling programs should be done 
elsewhere to better understand changes in the distribution, abundance, and blooming 
patterns of dangerous jellyfi sh species.  

  Keywords     Jellyfi sh blooms   •    Pelagia noctiluca    •   NW Mediterranean Sea   •   Catalan 
coast   •   Tourism   •   Long-term monitoring   •   Oceanography   •   Climate variability   • 
  Physicochemical variables   •   Socioeconomic impacts   •   Jellyfi sh-fi sh interactions  

11.1         Introduction 

 Jellyfi sh are a common component of Mediterranean marine communities (Boero 
et al.  2008 ). Their spatiotemporal dynamics are highly variable, and blooms occur 
irregularly and are diffi cult to predict (Boero et al.  2008 ; Brotz and Pauly  2012 ). In 
Mediterranean waters, approximately 12 species of scyphomedusae form dense 
blooms (Axiak et al.  1991 ; Gili and Pagès  2005 ). While a possible long-term 
increase of jellyfi sh in Mediterranean waters has been noticed in recent years 
(Brotz et al.  2012 ; Condon et al.  2012 ), this general increase seems to be evident for 
only some jellyfi sh species (Brotz et al.  2012 ; Condon et al.  2013 ), refl ecting the 
large variability of jellyfi sh dynamics (Brotz and Pauly  2012 ). Recently, Brotz et al. 
( 2012 ) used a combination of quantitative and anecdotal data to analyze trends in 
gelatinous zooplankton (Cnidaria, Ctenophora, and pelagic tunicates) in 66 large 
marine ecosystems (LMEs). They discovered that the abundances of jellyfi sh and 
the frequency of blooms in the Mediterranean LME had increased. This general 
increase was subsequently corroborated for the Mediterranean Sea by Condon et al. 
( 2013 ) using only quantitative data. 

11.1.1     Ecology of  Pelagia noctiluca  

 The most common and conspicuous jellyfish species in Mediterranean waters 
is the mauve stinger,  Pelagia noctiluca  (Forsskål 1775   ). This scyphozoan is a 
holoplanktonic species (i.e., it lacks a benthic phase in its life history) (Fig.  11.1 ). 
This characteristic allows  P. noctiluca  populations to inhabit oceanic as well 
as coastal ecosystems and may explain its biogeography.  P. noctiluca  is widely 
distributed from the warm subtropical waters of the Gulf of Mexico and the 
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Mediterranean Sea to the temperate waters of the North Sea (Russell  1970 ; 
Graham et al.  2003 ; Purcell  2005 ; Licandro et al.  2010 ) and up to 4° of latitude 
(Doyle et al.  2008 ; Bastian et al.  2011 ).

   In pelagic ecosystems  P. noctiluca  has been recorded at a maximum depth of 
1,400 m (Franqueville  1971 , cited in Mariottini et al.  2008 ), but it is especially 
abundant on shelf slopes where concentrations of plankton occur (Sabatés et al. 
 1989 ). There,  P. noctiluca  occurs near the surface between 10 and 30 m with the 
maximum occurrence at 12 m, coinciding with the upper halocline/pycnocline and 
the layer of maximum current shear, especially at night (Graham et al.  2003 ; 
Mariottini et al.  2008 ). This vertical distribution pattern coincides with the noctur-
nal migration of zooplankton, their main prey (Malej  1989 ; Sandrini and Avian 
 1989 ; Sabatés et al.  2010 ). 

  Pelagia noctiluca  is an important nonselective planktonic predator (Larson 
 1987 ; Morand et al.  1987 ; Sandrini and Avian  1989 ; Giorgi et al.  1991 ; Daly Yahia 
et al.  2010 ; Rosa et al.  2013 ), feeding on almost all types of zooplankton and ich-
thyoplankton (Giorgi et al.  1991 ; Zavodnik  1991 ; Malej et al.  1993 ; Sabatés et al. 
 2010 ), and may exert top-down control on marine food webs. Gut contents of 
 P. noctiluca  have shown a great variety of items consumed; Cladocera, Appendicularia, 
Copepoda, Hydromedusae, Siphonophora, and fi sh eggs were the most common 

  Fig. 11.1    Holoplanktonic life cycle of  Pelagia noctiluca  photographed at the ZAE (Experimental 
Aquaria Zone at ICM-CSIC in Barcelona) with indications on the sizes and times of developments 
(Photos Eduardo Obis Alberola)       
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food items of adults (Malej  1989 ). From analysis of gastric pouches of  P. noctiluca  
ephyrae in the NW Mediterranean Sea, Sabatés et al. ( 2010 ) found positive selection 
for chaetognaths and larvae of mollusks during both day and night and for fi sh 
larvae during the night only. Recently, feeding experiments have revealed the 
potential of  P. noctiluca  to act as a control of the invasive ctenophore  Mnemiopsis 
leidyi  (Tilves et al.  2012 ).  

11.1.2     History of Blooms of  Pelagia noctiluca  
in the Mediterranean Sea 

 Intense interest in the dynamics of  Pelagia noctiluca  blooms started in the early 1980s 
when a massive occurrence of  P. noctiluca  affected the eastern Mediterranean Sea, the 
Adriatic Sea, and subsequently the western Mediterranean Sea (Malej and Malej 
 2004 ; Mariottini et al.  2008 ). The United Nations Environmental Program (UNEP), 
through the Mediterranean Action Plan (MAP), launched a project to fund scientifi c 
research on jellyfi sh in the Mediterranean Sea. Research activities culminated in two 
workshops in 1983 and 1987 (UNEP  1984 ,  1991 ). In those and other publications, all 
available information on  P. noctiluca  blooms in the Mediterranean was assembled. 

 Trends in jellyfi sh populations (including  P. noctiluca ) in the Mediterranean 
have been recently reviewed (e.g., Brotz and Pauly  2012 ; Condon et al.  2013 ). The 
periodic occurrence of  P. noctiluca  in the western Mediterranean was fi rst reported 
by Goy et al. ( 1989 ) who used archival data from the Station Zoologique at 
Villefranche-sur-Mer and various other sources to reconstruct a time series of the 
occurrence of  P. noctiluca  dating back to 1775. Blooms of  P. noctiluca  occurred 55 
times between 1775 and 1987, with a periodicity of about 12 years (Fig.  11.2 ), and 
were related to climatic fl uctuations. Analyses of more recent data from the Gulf 
of Tunis, the Balearic Islands (Daly Yahia et al.  2010 ), and Ligurian Sea (Bernard 

  Fig. 11.2    Periodicity of  Pelagia noctiluca  blooms.  Open circles : years without  P. noctiluca . 
 Closed circles : years with  P. noctiluca .  Solid line : probability of  P. noctiluca  blooms (After Goy 
et al.  1989 )       
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et al.  2011 ), however, indicate that blooms may now be occurring more frequently 
in the western Mediterranean Sea. The recent potential change in the periodicity of 
blooms of  P. noctiluca  in the western Mediterranean, however, does not appear to be 
occurring in the eastern Mediterranean. Kogovšek et al. ( 2010 ) reconstructed a 
200-year time series of the occurrence of  P. noctiluca  in the northern Adriatic Sea 
and identifi ed three periods when  P. noctiluca  formed conspicuous blooms, around 
1915, during the late 1970s and early 1980s, and from 2004 to 2007, but there was 
no evidence of a recent change in the periodicity of blooms although other species 
in the region do appear to have increased. Furthermore, there is limited evidence for 
a general increase in the periodicity of blooms of  P. noctiluca  in the southern 
Adriatic or Aegean seas (Daly Yahia et al.  2010 ).

11.2         Climatic, Oceanographic, and Biological Drivers 
of Jellyfi sh Blooms in the Mediterranean Sea 

 Possible relationships between environmental factors and blooms of  Pelagia nocti-
luca  have been studied since the establishment of the framework of the Long-Term 
Programme for Pollution Monitoring and Research in the Mediterranean Sea (MED 
POL – PHASE II) (UNEP  1984 ). Nevertheless, few clear associations have been 
determined, and fi nal conclusions about the environmental variables controlling the 
distribution of this species are still under study (Kogovšek et al.  2010 ; Ferraris et al. 
 2012 ; Rosa et al.  2013 ). 

 The complex occurrence patterns of  P. noctiluca  associated with a lack of precise 
data on occurrence of blooms and the associated environmental variables make the 
prediction of  P. noctiluca  blooms diffi cult (UNEP  1984 ). We propose that factors 
that correlate with the occurrence of  P. noctiluca  be classifi ed into the following 
four different types: physical, physicochemical, biological, and climatic forcing 
(Table  11.1 ).

11.2.1       Climatic Forcing 

 Long-term climate fl uctuations have been correlated with jellyfi sh abundance in 
Mediterranean waters (Table  11.1 ). Molinero et al. ( 2005 ,  2008 ) using the most 
important modes of atmospheric circulation over the Northern Hemisphere (i.e., 
Northern Annular Mode [AO/NAO], East Atlantic pattern [EA], Gulf Stream/
Northern Current Index, East Atlantic Western Russian pattern, and the Northern 
Hemisphere temperature [NHT]) established the fi rst principal component (accounting 
for 47 % of the total variance) as a proxy of the Atlantic climate variability. This North 
Atlantic climate variability is signifi cantly related to long-term changes in zooplankton 
functional groups, including  Pelagia noctiluca , in the NW Mediterranean (Molinero 
et al.  2008 ). Daly Yahia et al. ( 2010 ) showed that abundances of  P. noctiluca  in 2004, 
2005, and 2007 were positively associated with variations of the Northern Hemisphere 
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temperature (NHT) and, conversely, abundances were negatively correlated with the 
Regional Atmospheric Index (RAI) and the atmospheric Average Annual Temperature 
(AAT); however, the North Atlantic Oscillation (NAO) index was not signifi cantly 
related to abundances. These climatic conditions correspond to mild winters, low 
rainfall, high temperature, and high- atmospheric pressure, which seem to favor 
 P. noctiluca  reproduction and probably determine optimal conditions for the forma-
tion of  P. noctiluca  blooms and their maintenance for several months and even years 
(Daly Yahia et al.  2010 ; Rosa et al.  2013 ). Thus,  P. noctiluca  may be an indicator of 
climate variability in the Mediterranean Sea.  

11.2.2     Physical Forcing 

 Physical forcing (wind and current direction and velocity, and also tidal effects) was 
thought to determine the presence of  Pelagia noctiluca  in inshore and offshore waters 
in the northern Adriatic Sea (Vučetić  1984 ). Physical forcing has also been respon-
sible for coastal or inshore aggregations in the Adriatic Sea (Maretić  1984 ; Benović 
 1991 ; Legović  1991 ; Zavodnik  1991 ; Malej and Malej  2004 ) and in Maltese waters 
(Axiak et al.  1991 ). In these cases in shallow coastal waters wind, currents and tides 
have been the main drivers, allowing for big (sometime huge) accumulations of 
medusae (Zavodnik  1987 ). Some smaller-scale characteristics may explain certain 
locations for aggregation, such as in embayments, gulfs, islands, and ports. 

 The fi rst record of  P. noctiluca  in the northern Adriatic Sea was principally due 
to advection by a strong southeastern Adriatic current (Malej and Malej  2004 ). 
Benović ( 1991 ) demonstrated that  P. noctiluca  enters into the Adriatic Sea only dur-
ing the colder seasons with incoming surface currents from the Ionian Sea. A mod-
eling study showed that the pathways of water parcels through the Adriatic Sea 
depended on the origin of the particles and suggested that this jellyfi sh enters the 
Adriatic Sea at the eastern side of the Otranto Strait (Malačič et al.  2007 ). This sug-
gested connection between Adriatic and Mediterranean metapopulations and is sup-
ported by genetic evidence (Ramšak et al.  2007 ).  

11.2.3     Physicochemical Forcing 

 Relationships between physicochemical forcing variables and the presence, demog-
raphy, and behavior of  Pelagia noctiluca  have been assessed using fi eld and experi-
mental data. Sea surface temperature and salinity have a positive relationship with 
the presence of  P. noctiluca . Survival of  P. noctiluca  increased with increased nutri-
ent concentrations and eutrophication (Legović  1991 ; Malej and Malej  2004 ). 
Conversely, negative associations of the presence of this scyphozoan with dissolved 
oxygen have been shown (Vučetić  1991 ). Experiments reveal that temperature 
affects the activity (pulsation rate) of this species; specifi cally extreme tempera-
tures, <11 °C and >26 °C, cause decreased activity (Malej and Malej  2004 ). Light 
intensity (lux shone on the jellyfi sh) also has a negative effect on pulsation rate 
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(Axiak  1984 ). This result is consistent with the nocturnal migration behavior of this 
species, where high abundances of large medusae are found only in deep waters (at 
least 400–600 m) during the daytime and in surface waters at night (Stiasny  1921 ; 
Axiak  1984 ; Ferraris et al.  2012 ). Vučetić ( 1984 ) also showed that survival of 
 P. noctiluca  was positively related to sea surface temperature (SST). A SST above 
the winter average enabled  P. noctiluca  to remain in surface waters and, in associa-
tion with eutrophication and high-nutrient levels, resulted in more food being avail-
able and thus increased survival of the species (Table  11.1 ). Finally, reproduction 
was positively correlated with SST, salinity, and coastal toxic agents. Vučetić ( 1984 ) 
hypothesized that sublethal contamination levels of North Adriatic coastal waters 
had boosted  P. noctiluca  proliferations from 1977 onwards through “hormesis” (i.e., 
the increase of sexual reproduction as well as the stimulation of jellyfi sh growth rate 
by exposure to low concentrations of toxicants), as reported for several hydrozoans 
and other taxa (Loomis  1957 ; Braverman  1962 ,  1963 ; Muller  1965 ; Stebbing  1980 , 
 1981 ; Piraino  1991 ). Temperatures higher than 10 °C in winter and lower than 27 °C 
in summer and salinities of 35–38 (refl ecting low rainfall) are positively associated 
with good conditions for  P. noctiluca  occurrence (Goy et al.  1989 ; Purcell et al. 
 1999 ; Purcell  2005 ; Molinero et al.  2005 ; Licandro et al.  2010 ).  

11.2.4     Biological Forcing 

 Although the temporal dynamics of this species seems to be controlled by large- 
scale factors (Daly Yahia et al.  2010 ; Kogovšek et al.  2010 ; Condon et al.  2013 ) 
local-scale features promote the retention of  P. noctiluca  medusae for extended 
periods, thus increasing their local abundance and survival (Legović  1991 ; Rosa 
et al.  2013 ). The local-scale factors relate to high primary production (Chl- a  levels) 
increasing the availability of animal prey (zooplankton biomass), individual growth, 
and reproduction (Kogovšek et al.  2010 ) and ultimately leading to local  P. noctiluca  
blooms. Biological interactions like competition have been suggested (Legović 
 1991 ; Brotz and Pauly  2012 ), but this kind of interaction is diffi cult to assess.   

11.3     Impact of  Pelagia noctiluca  on Human Activities 

  Pelagia noctiluca  is the most important species of scyphozoan in the Mediterranean 
Sea due to its high abundance, its distribution throughout the Mediterranean Sea, 
and because of its painful sting (Mariottini et al.  2008 ). Thus, negative interactions 
between this species and humans are diverse (Purcell et al.  2007 ). We classifi ed the 
impacts of  P. noctiluca  blooms as “direct” or “indirect.” Direct impacts have an 
immediate effect with direct repercussions for humans (and/or human activity); 
indirect impacts are related to reduction of the profi t that humans receive from the 
activity (Table  11.2 ).  P. noctiluca  blooms negatively affect fi ve main human activi-
ties, here presented in the order of decreasing scientifi c coverage: tourism, fi sheries, 
aquaculture, energy, and ecosystem functioning. 
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11.3.1      Tourism 

 Stings from pelagic cnidarians cause discomfort and sometimes medical emergen-
cies for swimmers, primarily in warm marine waters worldwide (Fenner and 
Williamson  1996 ). When the jellyfi sh form blooms, stings can reach epidemic lev-
els (Purcell et al.  2007 ).  Pelagia noctiluca  stings are usually limited to the skin’s 
surface and cause only topical lesions with localized pain that persists for 1–2 weeks. 
Systemic complications or cutaneous infections are infrequent (Mariottini et al. 
 2008 ). Most people are stung during summer. Mariottini et al. ( 2008 ) reviewed the 
earliest reports of  P. noctiluca  stinging swimmers. The earliest reports originate 
from the coast of Italy in 1976 (UNEP  1984 ), followed by the Istrian coast, 
Yugoslavia, during 1977–1978 (Malej and Vuković  1984 ; UNEP  1991 ), the north-
ern Adriatic (Trieste) during 1978–1983 (Legović  1991 ), and Slovenia (Portoroz) in 
1983 (Malej and Vuković  1984 ). 

 The negative impacts of  P. noctiluca  have been reviewed over a larger scale from 
the Levantine to southern Spanish coast and for the whole Mediterranean basin 
(CIESM  2001 ; Nastasi  2010 ; Bernard et al.  2011 ). Quantitative data on stings are 
available for the coast of Pula, Croatia, in the summer of 1978, where  P. noctiluca  
stung 50 % of the bathers (Maretić  1984 ). Similarly, 52 % of the bathers were stung 
during the same season along the coast of Yugoslavia (Maretić et al.  1987 ). During 
1981 and 1983, 720 people were affected on the coast of Athens, with almost 250 
people stung each summer (Vlachos and Kontoes  1987 , cited in Axiak et al.  1991 ). 
During 1982, a total of 1,500 incidents were reported for Greece (Papathanassiou  and 
Anagnostaki  1987 , cited in Axiak et al.  1991 ). During the following years (1984–
1987), the French Riviera reported that 2,500 people required treatment, reaching a 
peak along the coast of Monaco in 2004 with 45,000 people treated for stings (Bernard 
 1991 ). Two years later, the east and south coasts of Spain reported that more than 
14,000 people were treated (Pingree and Abend  2006 , cited in Purcell et al.  2007 ). 
These reports include only people who received medical treatment, so the total amount 
of people stung, but not attended by the fi rst aid services, could be even larger. Mostly 
tourists were stung and the risk of being stung discouraged people from spending holi-
days at places where  P. noctiluca  is known to be abundant. Thus beaches affected by 
blooms of  P. noctiluca  will have less tourist appeal (Purcell et al.  2007 ).  

11.3.2     Fisheries 

 Fisheries also have been negatively affected by their interaction with  Pelagia nocti-
luca . The level of impact depends on the type of fi shing gear being used and on the 
abundance of jellyfi sh. Fishers are directly affected by  P. noctiluca  when they are 
stung while removing the jellyfi sh from the nets (CIESM  2001 ; Purcell et al.  2007 ; 
Mariottini et al.  2008 ; Nastasi  2010 ). The fi rst reported case of fi shermen being 
stung comes from the Istrian coast, Yugoslavia during 1977–1980 (Malej and 
Vuković  1984 ), followed by a report from Pula, Croatia in 1978 (Maretić  1984 ). 
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Kokelj and Scarpa ( 1987 , cited in Axiak et al.  1991 ) reported that in the Gulf of 
Trieste, 700 fi shers were stung over a period of 192 days of fi shing in 1985. Overall, 
the Adriatic Sea seems to be the most impacted (and/or reported) location for this 
type of interaction (reviewed in Legović  1991 ). 

 Other direct impacts of jellyfi sh on fi sheries include jellyfi sh clogging the nets and 
the engines of fi shing vessels (CIESM  2001 ; Purcell  2005 ; Nastasi  2010 ). Most 
reports come from the Adriatic Sea, where the fi rst cases of net and engine clogging 
were described in 1977 along the Istrian coast, Yugoslavia (Malej and Vuković  1984 ). 
Maretić ( 1984 ) reported that in 1978 fi shing nets became clogged by  P. noctiluca  
along the coast of Pula, Croatia, and similar events occurred during the summer of 
1983 along the coast of Portoroz, Slovenia (Malej and Vuković  1984 ). It seems that 
the clogging of fi shing nets by jellyfi sh, for the period of the 1983 and 1984, was com-
mon in the Adriatic Sea (Legović  1991 ; Malej and Malej  2004 ). Little information is 
available for the rest of the Mediterranean basin, but clogging of fi shing nets has been 
described as a recurrent and cyclic phenomenon (Bernard  1991 ; Purcell et al.  2007 ). 
Associated with clogging of nets is damage to the captured fi sh which reduces the 
value of the catch and the subsequent cost of cleaning the nets. The economic losses, 
however, have not yet been quantifi ed. The Adriatic Sea again seems to be the most 
affected area (Malej and Vuković  1984 ; Legović  1991 ). Kokelj and Scarpa ( 1987 , 
cited in Axiak et al.  1991 ) reported a total of 0.5 kg h −1  of  P. noctiluca  in fi shing nets 
during trawling activities, in the Gulf of Trieste, northern Adriatic Sea, which together 
with the accumulation of jellyfi sh (mostly  Rhizostoma pulmo ) reduced the total fi sh 
catch and even caused the rupture of fi shing nets. Recently, economic valuation 
models of the impact of jellyfi sh blooms on local economies have been presented for 
the Mediterranean Sea (Nakar et al.  2012 ; Nastav et al.  2013 ). Nakar et al. ( 2012 ) 
modeled the interaction of jellyfi sh with different fi shery activities and showed 
annual reductions of 8% in net fi shery income for trawl fi shing and a 46.3 % 
reduction in net profi t for the trammel and gillnet fi sheries for the coast of Israel. 

 The case of the alien ctenophore  Mnemiopsis leidyi  in the Black Sea demon-
strated that this gelatinous plankter can deplete fi sh populations by direct predation 
on fi sh eggs and larvae and indirectly by preying on the crustacean food of juvenile 
fi sh. In this way, gelatinous predators affect fi sheries by depleting fi sh populations. 
This kind of impact, well quantifi ed in the Black Sea for  Mnemiopsis , has not been 
evaluated for  P. noctiluca , but chances are that, due to the features of this species, its 
impact on fi sh populations is even greater than that of  Mnemiopsis .  

11.3.3     Aquaculture 

 Aquaculture activities also suffer from the effects of  Pelagia noctiluca  and are 
similar to those for fi sheries. The main effects are stinging of the aquaculture 
operators (Purcell et al.  2007 , Rutter  2010 , cited in Nastasi  2010 ) and damage to, 
or mortality of, the fi sh inside of the pens (Merceron et al.  1995 ). On the Spanish 
coast,  P. noctiluca  infl icted gill damage to the marine-farmed fi sh  Dicentrarchus 
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labrax , resulting in stress to the fi sh that reduced their growth and even caused 
their death (Baxter et al.  2011 ). Impacts of jellyfi sh on aquaculture activities are 
summarized by Purcell et al. ( 2007 , 2013) and Nastasi ( 2010 ).  

11.3.4     Energy 

 Jellyfi sh proliferations also affect the energy industry by clogging cooling-water 
intake screens (CIESM  2001 ; Purcell et al.  2007 ). The only documented case of 
cooling-water intake screens being clogged by  P. noctiluca  in the Mediterranean 
Sea happened during 1977–1980 along the Istrian coast of Yugoslavia (Malej and 
Vuković  1984 ). However,  P. noctiluca  was also reported to have affected the func-
tioning of the cooling systems of Maltese power plants during June 2009 (Schembri 
P and Deidun A pers. comm.).   

11.4     Impacts of  Pelagia noctiluca  and Other Jellyfi sh 
Species on Planktonic Communities, Especially 
Fish Larvae and Eggs 

 In the Mediterranean, fi sheries have existed since ancient times. Fishery resources 
have been long considered exploited or overexploited, and at present, forage fi shes 
represent around 50 % of the total landings (Lleonart and Maynou  2003 ). Thus, the 
reduction of the fi nfi sh populations may result in important structural and functional 
changes in the marine ecosystem (Coll et al.  2008 ). In the Adriatic Sea, the prolif-
eration of some jellyfi sh species since the 1980s has occurred in parallel with the 
decrease of small pelagic fi sh. 

 In the Mediterranean Sea, the highest abundance of  P. noctiluca  occurs in spring 
and summer (Morand et al.  1992 ; Licandro et al.  2010 ), when the majority of fi sh spe-
cies reproduce. Indeed, spawning of most neritic fi sh species (families Sparidae, 
Labridae, Mullidae, Serranidae, Scombridae), as well as the small pelagic fi sh, 
anchovy ( Engraulis encrasicolus ) and round sardinella ( Sardinella aurita ), takes 
place during this period of the year (Sabatés et al.  2007 ). Thus both ichthyoplankton 
abundance and diversity are high during spring-summer and coincide with large popu-
lations of jellyfi sh. As a consequence, the predation pressure of  P. noctiluca  on fi sh 
eggs and larvae can be high. In fact, Sabatés et al. ( 2010 ) reported that  Pelagia nocti-
luca  ephyrae would be an important predator on summer ichthyoplankton because 
fi sh larvae represented up to 12 % of the total prey captured by young jellyfi sh. 

 Gelatinous zooplankton can aggregate at hydrodynamic discontinuities (e.g., 
Arai  1976 ; Gili et al.  1988 ; Graham et al.  2001 ), and in the NW Mediterranean Sea, 
the most dense populations of gelatinous zooplankton and fi sh larvae have been 
associated with the northern current, along the shelf break, and its associated front 
(Sabatés et al.  2010 ; Ferraris et al.  2012 ). The particular hydrodynamic conditions 
of that area enhance and maintain high levels of biological production (Estrada 
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and Margalef  1988 ; Sabatés et al.  2004 ; Stemmann et al.  2008 ), providing ideal 
conditions for feeding, growth, and reproduction of the jellyfi sh. Indeed, Sabatés 
et al. ( 2010 ) reported that predation on anchovy larvae by  P. noctiluca  ephyrae was 
higher in the frontal area than in the surrounding waters. Furthermore, during the 
night, when both groups of organisms co-occur in surface waters,  P. noctiluca  
exhibited a positive selection for fi sh larvae. Thus, the temporal and spatial overlap-
ping of  P. noctiluca  with early life stages of fi sh suggests that it may be an important 
predator of summer ichthyoplankton and potentially affect fi sh recruitment. 
Recently, Purcell et al. ( 2012 ) used a combination of data of jellyfi sh and fi sh larvae 
abundances, in situ jellyfi sh gut contents, experimentally measured digestion rates, 
and temperature and estimated that between 18 % and 32 % of the available fi sh 
larvae were consumed daily by  P. noctiluca  ephyrae. 

 Positive interactions between jellyfi sh and fi sh also exist. A large variety of fi sh 
associate with jellyfi sh among which, Carangidae are often the most abundant. 
Some benefi ts of these associations include predator avoidance, provisioning of 
food, and shelter for juvenile fi sh (Arai  1988 ; Purcell and Arai  2001 ; Masuda  2009 ). 
Associations between  P. noctiluca  and jack mackerel  Trachurus  spp. have been 
observed in the Mediterranean waters. Nevertheless, there are few systematic, quan-
titative data on the frequencies or durations of these positive associations, and their 
effect on the survival and recruitment of these fi sh species is not known. 

 Finally, it must be considered that natural predators of jellyfi sh, i.e., turtles, birds, 
and large carnivorous fi sh, have dramatically decreased due to overfi shing, ingestion 
of fl oating plastics, and loss of essential habitats, therefore decreasing the control they 
perhaps once exerted over the jellyfi sh populations (Purcell et al.  2007 ).  P. noctiluca  
has been identifi ed as prey of a number of apex Mediterranean predators, including 
tuna, swordfi sh, sunfi sh, and loggerhead turtles (Cardona et al.  2012 ). If stocks of 
these predators were not depleted, they could potentially control the abundance of 
gelatinous zooplankton across the Mediterranean (Cardona et al.  2012 ).  

11.5      Pelagia noctiluca  Along the Catalan Coast 
(NW Mediterranean) 

11.5.1     The Medusa Project 

 In 2007, the Catalan Water Agency (ACA, Agència Catalana de l’Aigua), in col-
laboration with the Marine Science Institute of Barcelona (ICM-CSIC), underwrote 
the “Medusa Project,” which constituted a network of organizations that contribute 
information about jellyfi sh observations. The aim of the Medusa Project was to 
monitor the presence of jellyfi sh along the entire Catalan coast. The ACA recorded the 
presence of jellyfi sh daily at more than 240 beaches, covering the 69 Municipalities 
of Catalonia during the summer season. Inspectors recorded the presence of stranded 
jellyfi sh on beaches, in nearshore water, and at 200 m offshore by means of a boat. 
The project also involves participation of Emergency Services from 26 Municipalities 
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and the Fisherman Associations of Catalonia, which report the presence of jellyfi sh 
daily. All of the information is summarized on the ACA web page (  http://www.
gencat.cat/aca/    ). Technical descriptions of the results and conclusions are presented 
in Gili et al. ( 2010 ).  

11.5.2     Preliminary Results on Spatiotemporal Variability 
of  Pelagia noctiluca  

 Data on stranded  Pelagia noctiluca  at 243 beaches along the Catalan coast were 
collected by beach inspectors daily from May to September, 2007–2010. Stranding 
records were grouped into three abundance categories:  “1” < 10 medusae per beach 
(85 % of the reports),  “2” < 1 medusa m −2  (12%), and  “3” > 1 medusa m −2  (only 
3.3 %). This last category is recognized as a “bloom” situation. Spatiotemporal 
variability is presented as the number of reports of stranded  P. noctiluca  medusae 
along the coast. 

 Six species of jellyfi sh were frequently observed on Catalan beaches (Fig.  11.3 ). 
Characteristic species observed during spring (May and June) were  Chrysaora hyso-
scella ,  Aurelia aurita ,  Aequorea forskalea , and  Velella velella . Interestingly, in 2007 
and 2008, spring records were dominated by  C. hysoscella  and  A. aurita , but in 2009 
and 2010 the hydrozoans  A. forskalea  and  V. velella  were most commonly observed. 
The summer season (July and August) was characterized by the overlap of some 

  Fig. 11.3    Temporal variability of conspicuous jellyfi sh species stranded along the Catalan coasts, 
for the period 2007–2010.  Pelagia noctiluca  is shown in  red  at the base of the bars       
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individuals of the spring species with the scyphozoan  Rhizostoma pulmo , whose 
occurrence seemed to increase over time, especially in 2011 and 2012 (Fuentes et al. 
 2011 ). Finally, in late summer (September), the scyphozoan  Cotylorhiza tuberculata  
appears. Stranded individuals of  Pelagia noctiluca  appear throughout the sampling 
period (May–September). In 2007, 2009, and 2010, stranded  P. noctiluca  were more 
abundant during June and July, with fewer reports during August, and September 
2008 was an unusual year with high numbers of strandings for the entire study period. 
Even though the life cycle of  P. noctiluca  could lead to it occurring throughout the 
year, a clear pattern occurred in the stranded individuals, with the most strandings 
occurring during the spring-summer seasons, which may refl ect its response to spring 
warming, increasing production, and local wind patterns.  

 Stranded  P. noctiluca  are widespread along the Catalan coast, but the highest 
concentrations of observations are along the northern Catalan coast every year 
(Fig.  11.4 ). Stranded jellyfi sh appear to occur most frequently on beaches close to 
marine canyons, particularly “Palamós” and “Cap de Creus” canyons. The association 

  Fig. 11.4    Observations of stranded individuals of  Pelagia noctiluca  along the Catalan coast. Data 
represents mean annual values (2007–2010)       
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between stranding events and proximity to marine canyons along the Catalan coast is 
corroborated by similar fi ndings along the Italian coasts. Analysis of data from a citizen 
science program from 2009 to 2012 ( Occhio alla Medusa , F Boero  unpublished data ) 
and from experimental sampling campaigns in the Ionian, Tyrrhenian, and Ligurian 
seas revealed coastal outbreaks of  P. noctiluca  recurring in the proximity of canyons 
and upwelling areas, such as the Strait of Messina (NE Sicily) (Rosa et al.  2013 ). 
Marine canyons are known as “superhighways” because of the high-speed circulation 
of water masses, sediments, and organisms during active or passive movements from 
shallow to deeper waters and vice versa (Palanques et al.  2005 ; Würtz  2012 ). 
 P. noctiluca  is a mid-water jellyfi sh, and its life cycle may incorporate extensive vertical 
migration. Indeed, canyons may act as circulation pumps favoring the seasonal zonation 
of  P. noctiluca  from mid-water levels to surface waters and vice versa (Fig.  11.5 ). 
In summer, warm temperatures and the reduction of zooplankton prey make surface 
waters unfavorable to  P. noctiluca , and records of  P. noctiluca  along shorelines become 
increasingly rare. Boero (in Sacchetti  2012 ) hypothesized that, during summer, jellyfi sh 
migrate down to cooler mid-water depths, possibly along canyon corridors (Fig.  11.5a ). 

  Fig. 11.5    ( a – d ) Hypothesis for seasonal vertical migration of  Pelagia noctiluca . ( a ) Jellyfi sh over-
come the warmer months at colder, mid-water levels; ( b ) by mid-autumn or early winter, jellyfi sh 
migrate upward for sexual reproduction; ( c ) throughout spring to early summer, at shallow levels 
jellyfi sh feed on the seasonal spring plankton bloom, with rapid somatic growth; ( d ) by the end of 
summer, jellyfi sh migrate downward to escape shortage of plankton food and warmer temperatures 
(Art: Alberto Gennari, concepts: Ferdinando Boero)       
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  Fig. 11.6    Formation of 
individual pairs during 
 Pelagia noctiluca  swarms: 
a behavior to enhance the 
success of sexual 
reproduction (Photo: 
Alejandro Olariaga. Galicia, 
Spain, summer 2010)       

Mid-waters may also provide alternative, abundant crustacean resources (e.g., 
euphausiid shrimps) to  P. noctiluca . Thus, this jellyfi sh may spend the warmer months 
at deeper habitats along the continental slope with abundant food sources and invest 
more energy towards future sexual reproduction by germ cell differentiation and gonad 
maturation (Fig.  11.5b ). After surface waters have cooled by the late autumn or early 
winter, massive outbreaks of  P. noctiluca  occur at localities along the coastline nearest 
to the upper margins of marine canyons and upwelling areas, such as around the 
Aeolian Islands archipelago and the Strait of Messina, NE Sicily, the Island of Elba, 
Tuscany, and the continental platform of the Ligurian Sea. At this time of the year, large 
 P. noctiluca  can be found in surface waters even in daytime, where they also exhibit an 
uncommon swimming behavior, with frequent formation of couples (Fig.  11.6 ).    

 In late autumn-winter, outbreaks of  P. noctiluca  at the surface may be associated 
with sexual reproduction, leading to formation of a new cohort of planulae and ephy-
rae (Fig.  11.5c ), followed by rapid somatic growth (Giacomo Milisenda,  unpublished 
data ). Indeed, swarms of juvenile jellyfi sh are encountered throughout winter. During 
the following months, the juvenile medusae will feed in surface waters on the spring 
zooplankton and ichthyoplankton (Fig.  11.5d ). A new round of sexual reproduction 
may occur in late spring or early summer. Following the increase of sea surface tem-
peratures and the formation of water mass stratifi cation,  P. noctiluca  will leave the 
surface waters, starting a new annual migratory cycle (Fig.  11.5a ).  
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11.5.3     Association with Physical Variables 

  Pelagia noctiluca  medusae along the Catalonian coast are associated with particular 
oceanographic features. Sabatés et al. ( 2010 ) examined the role of a front associated 
with the shelf-slope in aggregating  P. noctiluca . The front runs from north to south 
along the continental slope of the northwestern Mediterranean and reaches a depth 
of ~400 m. The increased primary and secondary productivity in the frontal area 
could contribute to the high abundances reported for  P. noctiluca  in the region. 
Jellyfi sh and other plankton also could be concentrated in the convergence associ-
ated with the front (e.g., Graham et al.  2001 ). Oceanographic conditions associated 
with the variability of this front were analyzed by Rubio and Muñoz ( 1997 ), who 
developed the fi rst predictive model from physical variables for the arrival of 
 P. noctiluca  to the coastline of Barcelona. Their model indicated that the following 
conditions lead to a coastal bloom of  P. noctiluca . First, if there is little or no rain at 
the beginning of winter and high solar radiation maximizes primary productivity in 
offshore waters of the Catalan Sea, an “offshore bloom” of  P. noctiluca  occurs at the 
front. If the wind fetch is perpendicular to the coastline of Barcelona during the 
early spring, the fi rst individuals arrive at the coast at the beginning of April. High 
temperature and low precipitation at the start of summer then provide the ideal con-
ditions for maximum dispersion, because the front is weak and allows transport of 
the accumulated medusae to the coastal area. These conditions thus cause a “coastal 
bloom” of  P. noctiluca  (Fig.  11.7 ) (Rubio and Muñoz  1997 ). Once the medusae 
reach the coast, their fate depends on other variables, such as the availability of 
zooplankton that will allow  P. noctiluca  medusae to increase its survival. Finally, 
wind and surface currents distribute the individuals to the shore. Thus, the study of 
stranded jellyfi sh is important to elucidate patterns of seasonality and population 
dynamics of jellyfi sh species (Houghton et al.  2007 ).  

 The association between jellyfi sh strandings and the prevailing wind direction 
and speed were analyzed from May to September, 2007–2010. Weekly averages of 
the number of strandings recorded were calculated to elucidate any quantitative pat-
tern. Wind direction and velocity data were obtained from the meteorological ser-
vice of Catalonia (  http://www.meteo.cat    ). The meteorological stations were often 
located away from the beaches surveyed for stranding events. To correct for this, 
different portions of the coast were integrated to match the wind data resolution. 
This step was critical because coastlines that have different orientations and mor-
phologies will be affected differently by any given wind direction. The relationship 
between stranded jellyfi sh and wind direction was analyzed using Generalized 
Additive Models (GAMs). Results showed a general pattern of stranding events 
associated with southerly winds. Low stranding category “1” and “2” showed a fl at-
tened kernel density distribution associated with winds (Fig.  11.8a  upper and cen-
tral panel). The fi rst general pattern shown by the kernel density function was that 
more stranding events coincided with wind directions between 100° and 250° (east 
southeast to west southwest); the second, less obvious group of observations 
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coincide with northerly winds (0°–20°). For the jellyfi sh bloom category “3,” more 
stranding events were only associated with southeast to south southwest (140°–
200°) winds as seen from the kernel density distribution (Fig.  11.8a ). In this cate-
gory there were fewer observations because such large stranding events happened 
only occasionally (3.3 % of all records).  

 Weekly stranding events also revealed the variability in the association with 
southeastern winds (Fig.  11.9 ); the different magnitude axis on each circular plot 
illustrates the temporal variation of the stranding events. For all years, weeks with 
low abundances of jellyfi sh had a wider spread of wind direction (Fig.  11.9 ). 
Conversely, high weekly average abundances of jellyfi sh and blooms were particu-
larly restricted to the southeastern winds.  

 The association between jellyfi sh strandings and wind speed needs to be inter-
preted with care, because jellyfi sh also can be “washed ashore” by waves generated 
by strong winds. Figure  11.8b  shows the relationship between the stranding events 
according to abundance categories and wind speed. For all categories, stranding 
events increased with slow winds up to fi ve knots, and then stranding events 
decreased at higher wind velocities. 

  Fig. 11.7    Scheme of the proposed model by Rubio and Muñoz ( 1997 ), showing the different 
conditions leading a coastal bloom of  Pelagia noctiluca  (see text for interpretation)       
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 In summary, jellyfi sh strandings are associated with southeastern winds, which, 
due to the coastal orientation, are winds that blow mostly shoreward and push the 
water and the jellyfi sh to the coast. Nevertheless, the arrival of medusae to the coast 
will be ultimately limited by their presence along the coastal waters of Catalonia.  

11.5.4     Effects on Human Activities 

 Along the Catalan coast one of the most important economic activities is beach- 
associated tourism. Nearly four million people visit Catalonia and use its beaches 
every year. During the summer season,  Pelagia noctiluca ,  Rhizostoma pulmo , 
 Olindias phosphorica , and  Carybdea marsupialis  (in decreasing order of impor-
tance based on their abundance) are responsible for stings that require fi rst aid atten-
tion. Reports of the number of people affected by jellyfi sh stings recorded by the 
Red Cross service have provided useful data to understand the temporal patterns 

  Fig. 11.8    ( a – b ) Relationship between stranded jellyfi sh species along the Catalonian coast with 
( a ) wind direction and ( b ) speed.  Vertical lines  above the x-axis represent the raw stranded data. 
 Continuous line  represents the kernel density function used to model the relationship between 
stranded individuals and environmental factors       
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  Fig. 11.9    Average weekly stranded jellyfi sh during May–Oct 2001–2007.  Degrees  represent com-
pass directions, with north = 0°. Different magnitude scales in each year refl ects differences in the 
total records       
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and the magnitude of the stinging events. The information collected by the Red 
Cross for 2004–2010 was divided among the three provinces of Catalonia, from 
north to south: Girona, Barcelona, and Tarragona. 

 In the northern province of Girona, the number of people stung showed a strong 
peak during 2006, when 9,155 cases were registered (Fig.  11.10 ). The Barcelona 
province had a more extended peak, with an average of 7,880 cases recorded 
annually from 2005 to 2008 (Fig.  11.10 ). The southern province of Tarragona 
showed no clear pattern with two small peaks during the years 2005 and 2008 when 
5,661 and 5,605 cases were registered, respectively (Fig.  11.10 ).  

 For the Catalan coast, jellyfi sh stings represent about 60% of all the requests 
for assistance from the Red Cross service. Reports of jellyfi sh stings included 
no information about the species responsible, and bathers usually do not know 
which species have stung them. Identifi cation of the species that has stung a 
patient is very diffi cult and can be achieved only for a few species and within a 
few minutes of the patient being stung (Mariottini et al.  2008 ). Thus, to try to 
determine which species of jellyfi sh was responsible for most stings, in 
Barcelona province we correlated abundances of each species of jellyfi sh (as 
reported by the ACA beach inspectors) with the numbers of stings (as reported 
by the Red Cross). Among all recorded stinging jellyfi sh species,  P. noctiluca  
was the only species with a signifi cant correlation between abundance and fi rst 
aid attention (Fig.  11.11 ).  

 The Medusa Project in Catalonia is an attempt to understand the spatiotemporal 
dynamics of the jellyfi sh populations along the Catalan coast. With a high temporal 
and spatial coverage, this project is a useful tool for elucidating answers to many of 
the questions surrounding jellyfi sh.  Pelagia noctiluca  is the most important jellyfi sh 

  Fig. 11.10    Temporal distribution of people stung by jellyfi sh in the three provinces along the 
Catalan coast. Data showed the maximum number of assistances       
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species due to its distribution, abundance, and ecological role and also because it is 
the main species responsible for the negative interaction with humans. Finally, we 
recommend that similar efforts should be undertaken elsewhere to expand our 
knowledge about blooming patterns of dangerous jellyfi sh species.      
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Abstract 

Jellyfish outbreaks are increasingly viewed as a deterministic response to escalating levels of 

environmental degradation and climate extremes. However, a comprehensive understanding 

of the influence of deterministic drivers and stochastic environmental fluctuations favouring 

population renewal processes has remained elusive. This study quantifies the deterministic 

and stochastic components of environmental change that lead to favourable conditions for 

jellyfish outbreaks. Using data of jellyfish abundance collected at 243 sites along the Catalan 

coast from 2007 to 2010 we: (1) tested alternative hypotheses about the influence of time-

varying and spatial predictors of jellyfish outbreaks; (2) evaluated the relative importance of 

stochastic vs. deterministic forcing of outbreaks through the environmental bootstrap method 

(EBM) and (3) quantified return times of extreme events. An important contribution of our 

work is extension of the EBM by allowing a statistical model to determine the likelihood that 

an extreme outbreak will occur, which can make this method applicable to a wide range of 

ecological problems. Outbreaks were common in May and June and less likely in other 

summer months, which resulted in a negative relationship between outbreaks and SST. Cross-

shore advection by geostrophic flow was an important concentrating force of jellyfish, 

whereas outbreaks were associated with proximity of canyons. This result supported the 

recently proposed hypothesis that canyons can funnel jellyfish blooms during upwelling. 

Return time values indicated that extreme outbreaks were likely to be encountered in a 

century or millennium only slightly more frequently than in a decade. Thus, the rate of 

jellyfish outbreaks should not increase along the Catalan coast as a consequence of 

environmental fluctuations. Overall, deterministic processes were more important than the 

stochastic component of environmental variation, suggesting that alignment in space and time 

of the environmental variables selected had little influence on jellyfish outbreaks. Our ability 



to anticipate these extreme events future will require a better understanding of how 

environmental drivers affect demographic and population processes in jellyfish species.  

 

Introduction 

Extreme events such as droughts, storms and floods are becoming more frequent with climate 

change (IPCC, 2012). These environmental changes may provoke extreme ecological 

responses in populations and species assemblages that may result in severe impacts to natural 

ecosystems (Gaines &  Denny, 1993; Katz et al., 2005; Kreyling et al., 2011; Thompson et 

al., 2013). Species outbreaks are examples of extreme ecological events that may be driven by 

extreme climate conditions (Danovaro et al., 2009; Nelson et al., 2013). Outbreaks occur 

when the alignment in space and time of certain environmental drivers (abiotic and biotic), 

result in particularly favourable conditions for population renewal processes (Boero, 1994; 

Denny et al., 2009). Defining these conditions quantitatively and understanding when and 

where they will occur are key tasks to forecast species outbreaks. 

The environmental envelope that provides favourable conditions for population renewal 

is just one realization of a virtually infinite number of possible combinations of environmental 

conditions (Denny et al., 2009). Each realization is the result of a combination of 

deterministic and chance events. Deterministic events reflect what is known about population 

responses to environmental drivers. The relationship between temperature and organismal 

growth and development is an example (Chown &  Gaston, 1999). Thus, global warming 

provides a deterministic vector of environmental change. Unfortunately, for many other 

drivers our understanding of how they impinge on natural populations is limited, let alone our 

understanding of the compounded effects of multiple drivers (Crain et al., 2008; Darling &  

Côté, 2008). Chance events reflect our unknowns, which can be treated as stochastic vectors 

of environmental change. 



Deterministic events can be identified by relating environmental drivers to species 

outbreaks through appropriate statistical techniques such as multiple regression and related 

approaches (Dormann et al., 2007; Lima et al., 2007). Addressing stochastic events requires 

randomization procedures, so that observed probabilities of occurrence of outbreaks can be 

compared to those expected from chance alone. The environmental bootstrap method (EBM) 

has been specifically designed for this purpose (Denny et al., 2009). The method consists of 

bootstrapping relatively short (5-10 yrs) time series of environmental variables to determine 

the probability that a particular set of conditions (e.g. the combination of high nutrients and 

extreme temperatures that can favour outbreaks of exotic species) will occur by chance alone. 

In its original formulation the procedure used mechanistic response functions to translate 

environmental extremes into meaningful biological responses. In principle, the method is not 

restricted to mechanistic response functions, but can be extended to any class of models that 

relate biological variables to environmental data. For example, one might use a multiple 

regression approach to determine the circumstances under which species outbreaks becomes 

more likely and couple this statistical model with the EBM to determine the probability that 

the event will occur by chance alone, at any place and time for which a short history of 

environmental data is available. 

Jellyfish blooms are examples of species outbreaks that may have adverse effects on 

fisheries and tourism and are therefore of great concern to scientists, policy makers and the 

public at large (Richardson et al., 2009; Purcell, 2012). Although the drivers of jellyfish 

blooms are not fully understood, they likely involve a combination of climate events and local 

anthropogenic stressors. Recent findings have documented decadal oscillations in jellyfish 

blooms, which may be explained by climatic oscillations, lunar cycles and internal population 

dynamics (Purcell, 2005, 2012; Condon et al., 2013). Local drivers that may favour jellyfish 

blooms include changes in food web structure owing to the depletion of potential predators 



and competitors from overfishing, human modification of coastal habitats, including the 

proliferation of artificial structures that may provide habitats for jellyfish benthic stages, 

species introductions from shipping and eutrophication (Purcell, 2012; Duarte et al., 2013). 

These effects can be exacerbated by global change events such as warming temperatures, 

which may positively affect jellyfish population processes and vital rates (Purcell et al., 2012; 

Lucas & Dawson, 2014).  

This study quantifies the deterministic and stochastic components of environmental 

change that lead to favourable conditions for jellyfish outbreaks along the Catalan coast in 

Spain. We employed a Bayesian analysis to relate jellyfish spatio-temporal dynamics to a set 

of explanatory environmental variables and coupled the resulting model with the EBM to 

assess the relative importance of deterministic vs. stochastic chance events leading to jellyfish 

outbreaks. We used sea surface temperature (SST), chlorophyll a, geostrophic current 

velocities and distance from the nearest canyon as environmental predictors of jellyfish 

outbreaks. SST provided a surrogate measure for environmental energy, which is important 

for many metabolic functions (Lucas et al., 2012; Purcell et al., 2012). Chlorophyll a was a 

surrogate for local productivity and food availability (Attrill et al., 2007). Zonal and 

meridional current velocities were included as potentially important predictors of jellyfish 

advection. Distance from the nearest canyon was included as a covariate to examine the 

recently proposed hypothesis that when occurring near the cost, these physiographic features 

of the deep sea environment can operate as a convey belt driving jellyfish blooms during 

upwelling (Canepa et al., 2014). This hypothesis applies more specifically to holoplanktonic 

jellyfish species, such as Pelagia noctiluca. The specific objectives of this study were: (1) To 

test alternative hypotheses about the influence of time-varying and spatial predictors of 

jellyfish outbreaks; (2) to evaluate the relative importance of stochastic vs. deterministic 



forcing of outbreaks and (3) to quantify return times of extreme jellyfish outbreaks along the 

Catalan coast. 

 

Materials and methods 

Data 

We use a dataset consisting of semi-quantitative measures of the abundance of eight species 

of jellyfish collected at 243 sites along the Catalan coast (Spain). Monitored species were: 

Aequorea forskalea Péron & Lesueur, Aurelia aurita (Linnaeus), Chrysaora hysoscella 

(Linnaeus), Cotylorhiza tuberculata (Macri), Pelagia noctiluca (Forsskål), Physalia physalis 

(Linnaeus), Rhizostoma pulmo (Macri) and Velella velella (Linnaeus). The data have been 

collected through a Citizen Science program under the supervision of the Catalan Water 

Agency on a daily basis from May to September from 2007 to 2010. Further details of this 

dataset can be found in Canepa et al. (2014). We defined an outbreak as the occurrence of at 

least one jellyfish m-2, corresponding to an abundance class of two in the dataset. We 

downloaded daily values of SST, chlorophyll a and geostrophic current velocities from 

publically available databases from May 1 to September 30 for the years 2004-2010 (Table 

S1). These data matched the seasons of jellyfish sampling, but extended backwards in time to 

enable the characterization of the recent environmental history of each site. Distance from the 

nearest canyon was determined for each site using the marmap library in R (Pante &  Simon-

Bouhet, 2013). 

The dataset based on daily occurrence of jellyfish blooms had too many zeros, precluding 

a meaningful spatio-temporal analysis of daily outbreaks. To mitigate this problem we 

combined data across species and computed the number of days with outbreaks over monthly 

periods for each year at each site. This resulted in 20 data points (four years x five months) 

for each of the 243 sites. Although jellyfish blooms that are observed over short time intervals 



(days or weeks) may be part of the same outbreak, we will refer to the number of days in a 

month in which an outbreak was observed just as the number of outbreaks, for simplicity. 

Pooling data across species was not ideal, because of differences in life-history traits and 

ecology. For example, P. noctiluca, which alone accounted for 34% of the recorded 

outbreaks, differs from the other species in that it lacks a benthic stage. However, aggregation 

by species eliminated possible problems of species misidentification due to the involvement 

of non-specialists in sampling activities. 

 

Bayesian hierarchical analysis 

We modelled the number of outbreaks through a Bayesian hierarchical analysis based on the 

INLA approach (Integrated Nested Laplace Approximation) that ensured efficient 

computation (Rue et al., 2009). We compared the performance of three models of increasing 

complexity with respect to how spatial and temporal information was used. The simplest 

model considered only random spatial variation among sites. The model of intermediate 

complexity accounted for temporal autocorrelation through a first order AR (1) autoregressive 

process, in addition to random spatial variation. Finally, the more complex analysis modelled 

spatial dependencies through a Gaussian Markov Random Field (GMRF) and temporal 

autocorrelation as an autoregressive AR (1) process. We implemented the GMRF 

representation using the SPDE method (Stochastic Partial Differential Equation) (Lindgren et 

al., 2011; Cameletti et al., 2013). 

Briefly, a GMRF is a spatial process that models the spatial dependence of data through 

the definition of a neighbourhood structure based on geographic coordinates, so that only sites 

within a certain distance from each other are spatially correlated, whereas sites further 

distances apart are spatially independent. The SPDE approach represents the GMRF through a 

fine mesh triangulation (e.g., using Delaunay triangulation) of the study area where the latent 



variable (the true unobserved value of the response variable) is modelled at the vertices of the 

triangles. Sampling locations that fall within a triangle (i.e. that are not on a vertex) take the 

average value of the three nearby vertices. We specified a mesh with 721 vertices with the 

largest density of triangles located along the coast in correspondence of the sampling sites 

(Fig. S1). The outer triangles were uninformative and had lower resolution. Obviously, 

triangles falling on land were meaningless. 

Spatial dependencies were modelled through the Matérn spatial covariance function 

with scale and smoothness parameters κ  and ν  that define the empirically derived relation

ν/κρ 8=  , where ρ  is the distance at which spatial correlation becomes close to 0.1, for 

each ν  (with ν=1 in calculations). 

In the spatio-temporal context, the GMRF ( ) ( )( )tsζtsζ n1t ,,...,,=ζ , with 1s  to ns  

sampling sites, is modelled as a first order autoregressive process: 

ttt a ω+= −1ζζ , ( )1,~ −Q0Ntω  (1) 

where sQ is a sparse precision matrix of size n, corresponding to the number of vertices of the 

domain triangulation and with ( ))1/(,~ 21
1 aN s −−Q0ζ . 1−= ΣsQ , where )(2 hCwσ=Σ  is the 

covariance matrix with C(h) being the Matérn spatial correlation function for the Euclidean 

distance lags h. This formulation assumes that sQ  does not change through time, which 

means that the GMRF has a constant correlation structure and changes through time 

according at a first order autoregressive process. 

Thus, for the most complex of our models, the number of outbreaks at time t (with time 

defined by a specific year x month combination) at the i-th site, was modelled as a Poisson 

process yit ~ Poisson (λit), with mean λit and with the linear predictor defined on the 

logarithmic scale as: 
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where itz is a vector of p covariates for site i at time t, β  is the vector of p coefficient 

parameters (including the intercept) and ijΒ  is the sparse matrix that maps the GMRF tζ  

from the individual sites to the G triangulation nodes (j=1,….,G). 

In addition to SST, chlorophyll a, geostrophic current velocities and distance from the 

nearest canyon, models included year and month of sampling as covariates. We employed non 

informative priors in Bayesian computation and used the Deviance Information Criterion 

(DIC) and the Root-Mean-Square-Error (RMSE) from 10-fold cross validation to compare the 

model in Eq. 2 with simpler formulations based on spatial and temporal random effects. We 

also explored variants of each of these models that considered the presence/absence rather 

than the number of outbreaks in each month (with binomial errors and logit link function), 

zero-inflated versions of the Poisson and binomial distributions and the zonal and meridional 

components of wind velocities instead of current velocities. These models yielded very 

similar results, so we will present results based on the Poisson distribution and geostrophic 

current velocities. This analysis was done using the inla library in R (Martino &  Rue, 2010). 

 

The environmental bootstrap 

The selected model was used iteratively with the EBM to determine the probability of 

observing a jellyfish outbreak under stochastic environmental fluctuations. The procedure 

started by smoothing the time series of environmental variables with a sliding window of 15 

days (other choices of smoothing windows in the range of 9-31 days did not affect the 

results). The sliding window combined environmental observations for the same period across 

years (for example, from the 1 to 15 January for all years from 2004 to 2010) from which a 

mean and a standard deviation were obtained for the focal day of 7 January in this case. The 



mean was subtracted from the observed value and the difference was divided by the standard 

deviation to obtain a standardized residual for the focal day. The sliding window then moved 

to the next day and so on until the whole series of observations was smoothed (the first and 

last observations were repeated to fill the series at its boundaries). 

The core of the EBM is the separation of the deterministic part of the signal from the 

stochastic component, the residuals, so that they can be randomized over time. Randomization 

is possible if residuals are statistically interchangeable, which implies that they are 

independent and identically distributed. Independence was assessed by estimating for each 

environmental variable the decorrelation time – i.e. the number of days at which the 

autocorrelation function reached zero. We used the number of days for the variable with the 

longest decorrelation time to define the length (in days) of the segments of standardized 

residuals to randomize. Standardized residuals had approximately mean zero and standard 

deviation of one within segments, so that they could be considered identically distributed for 

practical purposes. Another assumption is that the shape of the distribution of standardized 

residuals is not correlated with the smoothed means – i.e. the deterministic component of the 

signal. To assess this assumption we calculated an index of skewness as the ratio between the 

sample third central moment and the sample variance in each window of the series of 

standardized residuals, and inspected this index for any linear correlation with the smoothed 

means. 

After randomization, the residuals were added back to the deterministic component of the 

signal. The first element in the randomized series was multiplied by the standard deviation 

calculated for the first point in the original time series and added to the expected value for that 

point, and so forth until a new hypothetical record of the time series was generated. This 

procedure was applied simultaneously to all the environmental variables and sampling sites, 



so that residuals were randomized in blocks to preserve the correlation structure among 

variables and the spatial correlation among sites. 

One iteration of the procedure generated a hypothetical realization of environmental 

variables with the same predictable component of the original signal, but with environmental 

anomalies and extreme events reallocated randomly in time. A subset of the newly generated 

data matching the period of jellyfish sampling was then extracted from the randomized series 

and used as covariates to predict from the fitted model. Predictions were obtained by adding 

up the components of the linear predictor, the residuals and then back-transforming to the 

scale of the response variable. 

We iterated the entire procedure 10000 times to calculate return times of jellyfish 

outbreaks using the generalized extreme value distribution (GEV) (Gaines &  Denny, 1993; 

Katz et al., 2005). The GEV distribution was fitted to the maximum value of jellyfish 

outbreaks observed over the 243 sites at each iteration, separately for each month. To 

compare the relative importance of deterministic and stochastic events, we randomized the 

deterministic component of the data in the same way as we did for the residuals. We then 

compared the standard deviations of jellyfish outbreaks obtained from the randomization of 

the stochastic and deterministic components of the environmental data. The rationale behind 

this analysis is that the randomization of a weak predictor will have little effect on the 

predicted values of the response, so that outcomes will be similar across bootstrapped 

replicates at any given site. In contrast, a strong predictor will generate more variability 

among bootstrapped replicates, with the predicted value of the response changing at any site 

in relation to the particular value of the predictor assigned to that site for each iteration. 

Standard deviations were obtained at the site level and compared between the two 

randomization schemes with the Wilcoxon signed-rank test, matching data by site. Analyses 

were done in R (R Core Team 2013). 



 

 

Results 

Jellyfish outbreaks were more frequent in May and June, particularly in the years 2009 and 

2010 (Fig. 1). Data provided greater support to a GMRF spatio-temporal model than did the 

spatial GMRF and random-effect models (Table1). Outbreaks were negatively associated with 

SST and distance to the nearest canyon, and positively associated with the meridional 

component of geostrophic current velocities; all the posterior mean estimates of these 

covariates differed significantly from zero (Table 2). There was also a significant negative 

association between jellyfish outbreaks and month of sampling, reflecting the larger 

frequency of outbreaks in spring-early summer than in late summer (Fig. 1, Table 2). In 

contrast, the posterior coefficients for chlorophyll, the zonal component of geostrophic 

currents and year of sampling did not differ significantly from zero (Table 2). 

A map of the posterior mean of jellyfish outbreaks (on the logarithmic scale) indicated 

that the locations most affected were those in the northern and southern parts of the study 

region, with considerable spatial heterogeneity at intermediate locations (Fig. 2). Further 

evidence of spatial heterogeneity was provided by a weak correlation coefficient ( ρ ) which, 

albeit significant, decreased sharply to 0.1 at the distance of 0.044 km (Table 2). In contrast, 

the analysis estimated a first-order temporal autocorrelation coefficient ( a ) of 0.32, which did 

not differ significantly from zero (Table 2). 

The EBM enabled us to calculate the cumulative probability function and the probability 

density curves of annual maxima (over the 243 sites) of jellyfish outbreaks. Outbreaks were 

most frequent in May and June (Fig. 3a, b). Outbreaks were more likely in June than May, but 

the difference was less than one event. This analysis also suggested that the return time for the 

maximum number of outbreaks (6 outbreaks observed in a month) was 6.5 years (Fig. 3c). 



The 100- and 1000-years return values were very close to the observed maximum number of 

outbreaks (Fig. 3c). 

Randomization of standardized residuals, as implemented in the EBM, resulted in lower 

standard deviations among bootstrap replicates than observed in the residuals of the 

deterministic component of the environmental predictors (Fig. 4). The Wilcoxon signed-rank 

test of the null hypothesis that the data came from the same population was rejected 

(W=4209, P<0.0001).    

 

Discussion 

Jellyfish outbreaks may be a deterministic response to escalating levels of environmental 

degradation exacerbating their intrinsic oscillations (Purcell, 2012; Condon et al., 2013; 

Duarte et al., 2013). A global rising trend in SST is a point in case. Several studies have 

reported the coincidence of greater abundances of jellyfish with warm conditions and 

experiments have shown how increasing temperatures may enhance asexual production in 

several gelatinous species (Purcell, 2012 supplement Table 2; Purcell et al., 2012). This 

evidence has raised concern that jellyfish outbreaks may become more frequent with global 

warming. Global climate change, however, includes many factors in addition to warming, 

including increased frequency and intensity of extreme precipitation events, runoff and 

storms. In addition to climate change, other potentially important drivers of jellyfish 

outbreaks, such as nutrient pollution, habitat modification and overfishing are increasing 

globally in coastal regions (reviewed in Purcell, 2012). While all these potential causes of 

jellyfish outbreaks have been widely acknowledged, a comprehensive understanding of the 

influence of individual drivers and their potential synergistic or antagonistic interactions has 

remained elusive. In principle, multiple causality should make compounded effects and 

chance events more likely. 



Our results indicated that deterministic processes were more important than the stochastic 

component of environmental variation, suggesting that alignment in space and time of the 

selected environmental variables, i.e. the compounded effects among environmental variables, 

had little influence on jellyfish outbreaks. SST and the meridional component of geostrophic 

currents were significant time-varying predictors, but their signal was not strong enough to 

avert deterministic effects. The negative relationship we found between jellyfish outbreaks 

and SST reflected seasonal effects, with outbreaks being more frequent in cool waters during 

spring and early summer than in the warmer months. By contrast, the positive relationships 

between jellyfish abundance and SST in the literature reflect interannual variability or 

regional effects (reviewed in Purcell, 2012). Our results were constrained by the sampling, 

which excluded fall and winter months. The seasonal patterns documented here were 

consistent with evidence that P. noctiluca declines during the summer (Boero, 1994; Rosa, 

2013; Canepa et al., 2014); however, they were inconsistent with evidence on other species, 

whose populations peak during summer in the same region (Purcell et al., 2012). 

The meridional component of geostrophic currents was positively associated with 

jellyfish outbreaks, indicating that advection by geostrophic flow was an important cross-

shore concentrating force. Although the role of currents as drivers of concentration of 

gelatinous plankton has been widely recognized (Graham et al., 2001; Ferraris et al., 2012), 

the predominant flow in the study area is determined by the position of the Northern Current 

in the Ligurian Sea and it is in the along-shore direction (Birol et al., 2010). While cross-

shore transport has been inferred from modelling studies (Berline et al., 2013), the effect of 

onshore displacement over the main flow due to submarine canyons and its effects on mass 

transportation have poorly been assessed (Jordi et al., 2005) . As with any other regression 

analysis, the effect of a particular covariate was evaluated after adjusting for the effects of the 

other covariates in our Bayesian model. This analysis accounted for the effect of another 



important spatial predictor, distance from the nearest canyon, for spatiotemporal gradients in 

SST and also modelled spatial dependencies explicitly through the Matérn covariance 

function. Thus, by taking into account different sources of spatiotemporal variation, the 

analysis was able to detect cross-shore advection patterns that might have gone undetected by 

looking at geostrophic currents in isolation from other drivers of jellyfish outbreaks. 

A similar argument may explain the lack of a significant association between chlorophyll 

a and jellyfish outbreaks. Chlorophyll a concentration is a surrogate for phytoplankton 

abundance, and more chlorophyll a could lead to greater availability of zooplankton prey to 

jellyfish. Some evidence of such food-web interactions comes from the North Sea, where 

nematocyst occurrence was positively related to the phytoplankton colour index (Attrill et al., 

2007). Opposite effects have shown the effect of trophic cascades where the presence of 

jellyfish predators consumed and reduced herbivores, leading to higher levels of 

phytoplankton or chlorophyll a (Feigenbaum & Kelly, 1984; Daskalov et al., 2007). 

Nevertheless, phytoplankton typically peaks before zooplankton populations in spring (Boero, 

1994). As our results showed, the corresponding peak in jellyfish outbreaks had already 

occurred by spring months of sampling in the statistical analysis.  

Jellyfish outbreaks declined as distance from the canyons increased. This result supported 

the recent hypothesis that canyons promote P. noctiluca aggregation and vertical migration so 

that outbreaks should be more frequent in coastal areas near these physiographic features of 

the sea floor (Canepa et al., 2014). This hypothesis applies particularly to P. noctiluca, which 

undergoes a deep daily vertical migration (Franqueville, 1971). Our analysis combined all 

species; nevertheless, the effect of canyons was significant. This probably reflected the fact 

that many (34%) of outbreaks events in the dataset involved P. noctiluca. It is noteworthy, 

however, that important outbreaks also occurred in the southwest part of the study region 

where canyons were not present (Fig. 2a). Possibly, this pattern reflected the deflections 



associated with the predominant along-shore current that increases retention in the southern 

Catalan Sea (Salat, 1995), although the zonal component of geostrophic velocities was not 

significant in the analysis. The considerable patchiness of jellyfish outbreaks along the coast 

also underscored the influence of local oceanographic features and hydrological patterns that 

likely interacted with topography or coastal prominences (Gili et al., 1988). Location of sites 

did not affect these results because analysis modelled spatial dependencies through a GMRF 

or setting spatial autocorrelation as random. 

The EBM was developed to investigate the effects of stochastic extreme environmental 

fluctuations on ecological and biological response variables (Denny et al., 2009; Denny & 

Dowd, 2012). They used this procedure to assess the effect of extreme wave forces on mussel 

dislodgment and the influence of heat stress on limpet mortality on rocky intertidal shores. 

These analyses used mechanistic response functions to translate the distribution of maximum 

values of physical variables into meaningful biological responses.  

Instead of using a mechanistic response function, which was unavailable for jellyfish 

outbreaks, we used a statistical model to determine the likelihood that an extreme outbreak 

will occur by chance alone in a random year. This is a potentially important extension of the 

EBM that can make this method applicable to a wide range of ecological problems, not only 

those for which mechanistic response functions or physiological models are available. Our 

results indicated that outbreaks were more likely in June and May than in any other summer 

month of a random year, as observed in the empirical data. Return time values also indicated 

that extreme outbreaks likely occurrence within a century or millennium were only slightly 

more likely than within a decade, in accord with periodicity previously reported by Kogovšek 

et al (2010), for the Adriatic Sea. Thus, the frequency of jellyfish outbreaks should not 

increase along the Catalan coast as a consequence of environmental fluctuations. 



Jellyfish populations often show a cyclic pattern of temporal variation with periods 

varying among species and locations, but that involve decadal oscillations related to climate 

(Goy et al., 1989; reviewed in Purcell, 2005, 2012, Condon et al., 2013). The data available to 

us did not allow trends or periodicities to be evaluated; however, we observed jellyfish 

outbreaks throughout the study period with peaks varying between May or June depending on 

the year of sampling. These short term, often irregular events are less emphasized in the 

literature than the more regular temporal patters, but interannual variation is often dramatic in 

jellyfish populations (Purcell, 2012). 

As an alternative to stochastic environmental fluctuations, which were of limited 

importance in our study, demographic processes provided a valid explanation for irregular 

outbreaks (Boero et al., 2008). Most jellyfish species reproduce asexually from benthic 

polyps, have exceptionally high growth rates and can tolerate stressful environmental 

conditions (e.g. anoxia) (Purcell et al., 1999; Lucas et al., 2012; Purcell, 2012). While 

deterministic factors such as canyons, currents and possibly other local hydrological processes 

can explain the occurrence and distribution of jellyfish, population-level processes are the 

proximate cause of outbreaks. Thus, a better understanding of how environmental factors 

affect population and demographic processes in jellyfish species, can greatly improve our 

ability to anticipate their outbreaks in the future. 
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SUPPORTING INFORMATION 

Table S1. Sources and spatial and temporal extents of environmental data for the Catalan 

coast 

Fig. S1. Constrained refined Delanuay triangulation of the study region. Red dots are jellyfish 

sampling sites along the Catalan coast. 

 

  



 

Table 1. Model comparisons of jellyfish outbreaks along the Catalan coast 
 

Model DIC D  pD RMSE 
Spatial (random effect) 3406.6 3331.3 75.3 0.538 
Spatial (random effect), 
AR(1) 

3339.8 3320.3 19.6 0.580 

Spatio-temporal (GRMF), 
AR(1) 

2967.5 2868.1 99.4 0.481 

DIC: Deviance Information Criterion; D : posterior mean of the deviance; 
pD: effective number of parameters; GMRF: Gaussian Markov Random Field;AR(1); 
autoregressive temporal effect; RMSE: root mean square error 
 
 
  



Table 2. Spatio-temporal Bayesian model of jellyfish outbreaks along the Catalan coast 
 

Covariate Mean SD Quantiles (95% credible interval) 
   0.025 0.5 0.975 
      
Intercept -0.4024 0.1679 -0.7319 -0.4024 -0.0730 
Distance from nearest 
canyon 

-0.0043 0.0021 -0.0086 -0.0043 -0.0002 

SST -0.0198 0.0072 -0.0340 -0.0198 -0.0056 
Chl -0.1238 0.1650 -0.4480 -0.1238 0.1998 
Current zonal 0.0042 0.0048 -0.0052 0.0042 0.0137 
Current meridional 0.0116 0.0050 0.0018 0.0116 0.0213 
Month -0.0769 0.0231 -0.1223 -0.0769 -0.0315 
Year -0.0002 0.0001 -0.0004 -0.0002 0.0000 
      

2
tσ  0.6564 0.2556 0.3123 0.6017 1.3034 
2
wσ  0.4366 0.0848 0.2946 0.4286 0.6270 

ρ  0.0441 0.0124 0.0247 0.0423 0.0733 
a 0.3420 0.1958 -0.0493 0.3452 0.7034 
 
 
  



FIGURE LEGENDS 

 

Fig. 1. Timing of jellyfish outbreaks along the Catalan coast. Bars from black to light grey 

correspond to sampling months from May to September in each year. 

Fig. 2. Posterior mean (a) and standard deviation (b) of the Gaussian Markov Random Field 

on the logarithmic scale. Arrows indicate the approximate location of canyons near the 

coast: Cape De Creus (CC), Fondera (FC), Blanes (BC) and Tarragona (TC) canyons. 

Cyan color away from the coastline has little predictive value since it corresponds to the 

low resolution area of the triangulation mesh (see Fig. S1). 

Fig. 3. Empirical cumulative (a) and probability density (b) distributions and return time plot 

(c) for extreme jellyfish outbreak events obtained from the environmental bootstrap 

analysis. Calculations are done for the month of May (dash-dot line) and June 

(continuous line) of a random year. 

Fig. 4. Frequency distributions of site standard deviations of jellyfish outbreaks over 10000 

bootstrapped replicates for the stochastic (grey bars) and deterministic (black bars) 

components of the environmental data.  

 

 

  



 

 

Fig. 1. Benedetti-Cecchi et al. 

 

 

  



 

Fig. 2. Benedetti-Cecchi et al. 



 

 

 

Fig. 3. Benedetti-Cecchi et al. 

 

 

  



 

 

Fig. 4. Benedetti-Cecchi et al. 

 

 

 

  



Table S1. Source and extent of environmental data 

 
 

 

 

  

Variable Source Temporal 
extent 

Spatial 
resolution 

Sea Surface 
Temperature 

GHRSST Level 4 MUR 
http://podaac.jpl.nasa.gov/dataset/JPL-L4UHfnd-
GLOB-MUR 

01/05/2004 
30/09/2010 

1 km 

Chlorophyll a 
concentration 

Ocean Color MEaSUREs project 
http://wiki.icess.ucsb.edu/measures/index.php/GSM 

01/05/2004 
30/09/2010 

9 km 

Geostrophic 
currents 

AVISO product 
http://www.aviso.oceanobs.com/index.php?id=1275 

01/05/2004 
30/09/2010 

1/8°x1/8° 
(14 km) 

http://podaac.jpl.nasa.gov/dataset/JPL-L4UHfnd-GLOB-MUR�
http://podaac.jpl.nasa.gov/dataset/JPL-L4UHfnd-GLOB-MUR�
http://wiki.icess.ucsb.edu/measures/index.php/GSM�
http://www.aviso.oceanobs.com/index.php?id=1275�


 

 

 

Fig. S1. Constrained refined Delanuay triangulation of the study region. Red dots are jellyfish 

sampling sites. 
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ABSTRACT: The painful and sometimes dangerous stings of pelagic cnidarians are an increasing 

problem around the world. Jellyfish blooms and their consequences appear to be increasing around 

the Mediterranean Sea. The Spanish coast of Catalonia is 580 km long and constitutes a world-

leading coastal tourist destination. In 2012, 263.7 million recreational beach visits were registered. 

In 2012, qualified interviewers administered an in situ socio-economic questionnaire to 644 tourists 

to determine their preferences for beach recreation. We used a state-choice questionnaire and a 

Random Utility Model to estimate how much respondents were willing to spend, in terms of 

reported extra travel time, for lower risk of jellyfish outbreaks. The estimation results indicated that 

respondents were willing to spend an additional 23.8% of their travel time to enjoy beach recreation 

is areas with a lower risk of jellyfish outbreak. Economists interpret this result as reiterating the 

importance of reducing the risk of jellyfish outbreaks in the consumption of beach recreation 

activities. This estimate, combined with the respondents’ mean income, yielded annual economic 

gains associated with reduction of jellyfish outbreaks on the Catalan coast ranging between €312 

and €322 million, approximately 9% of the tourism expenditures in 2012. From the policy 

perspective, this study confirms the urgency to provide daily information by use of the wide set of 

social media applications. The current lack of knowledge about jellyfish suggests that providing 

such information to beach recreationists is the only effective policy instrument to minimize the 

impact of jellyfish outbreaks.  

Keywords:  socio-economic questionnaire, stated choice survey, economic valuation, jellyfish 

outbreaks, risk perception, travel time, econometrics, welfare. 

  



 
 

INTRODUCTION 

 Although jellyfish are a natural feature of the Mediterranean Sea, “jelly blooms” are 

recurring events. Such events represent an inconvenience for swimmers and certain species even 

present a significant health hazard (Mariottini & Pane 2010). Media have increased people’s 

awareness about jellyfish blooms (Condon et al. 2012), thus intensifying reports about this 

phenomenon on the Catalan coast for the period 1980-2012 (reviewed in Canepa et al. 2014). 

Jellyfish are considered detrimental to fish and fishing, because they clog fishing nets, keep away 

fish and consume fish eggs and larvae (Purcell & Arai 2001, Sabatés et al. 2010). The resulting 

socio-economic impacts, both direct (tourism) and indirect (coastal development, fisheries), have 

become tangible and significant. Although overfishing, coastal habitat degradation and climate 

warming are amongst the most probable drivers (Purcell 2012), the economic impacts and 

consequences of such outbreaks remain poorly known. 

 Very few studies report the impacts of jellyfish outbreaks on the economic sectors. Some 

estimates exist in fisheries, as for the Gulf of Mexico shrimp fishery (Graham et al. 2003), the Black 

Sea anchovy fishery (Knowler 2005), the Peruvian anchovy fishery (Quiñones et al. 2012), and 

multiple fisheries in Korea (Kim et al. 2012) and Slovenia (Nastav et al. 2013). Kim et al. (2012) 

estimated that the impacts of jellyfish outbreaks in Korea´s various fisheries ranged between 2.1% 

and 25% of the total value of the catches. However, jellyfish outbreaks have many more 

consequences than those suffered by the fishing fleet, including potentially severe losses in 

recreational sectors. Economic valuation of tourism and recreational losses due to jellyfish 

outbreaks is very limited or nonexistent. The present paper addresses this gap and constitutes the 

first econometric valuation study of both market and non-market losses.  

 The objective of this paper is to assess the impact of jellyfish outbreaks in recreationists’ 

preferences in Catalonia (Spain). Catalonia is a region in northeastern Spain with 580km of 

coastline and constitutes a top coastal tourist destination. In 2012, 263.7 million beach recreational 



 
 

visits were reported (Catalunya Turística en Xifres 2012). We tested the impact of the risk of 

jellyfish outbreaks on beach recreationists by computing the implicit value of the additional time 

that visitors were willing to travel in order to reduce the probability of encountering a jellyfish 

outbreak at the beach.  

 

MATERIALS AND METHODS 

Survey design and implementation 

 The 221 beaches along the coast of Catalonia were classified according to a set of 

parameters including the municipality/location, the beach area, the water quality/visibility, the level 

of occupancy/congestion and the type of the surrounding environment, ranging from urban to 

natural. The combination of these elements allowed us to profile the beaches and helped to select 

beaches that are representative for the entire Catalan coastline for our study (Table 1).  

 The beaches selected had different profiles and, therefore, could attract different users, or 

consumers of beach recreation activities, as well as different uses of the beach. For example, 

Barceloneta is a semi-closed urban beach located in a highly touristic neighborhood in Barcelona 

with a high occupation level. Bogatell is a closed urban beach located in the urban area of 

Barcelona and highly occupied. Sabanell is a semi-closed beach located in a semi-urbanized area in 

Blanes. Blanes is a closed urban beach located in the city of Blanes. Gran de Palamós is a semi-

closed beach located in the urban centre of Palamós with a high visitation, but a low occupation due 

to its large extent. Fosca is a closed beach located in La Fosca neighbourhood in Palamós with a 

high occupancy level. Castell is a closed natural beach located between the municipalities of 

Palamós and Palafrurgell, inside the Castell-Cap Roig, a natural area protected by the Plan for 

Spaces of Natural Interest. Golfet is a closed natural beach also located in the Castell-Cap Roig 

area, next to a low urbanized area south of Calella de Palafrurgell, highly occupied due to its small 

area. 



 
 

 In addition to the sampling of the beaches, we drafted and tested the survey protocol by 

means of several focus groups and a pilot experience held on the beach. Those activities allowed us 

to optimize the wording, the use of visual-aids and the overall understanding of the final 

questionnaire by the respondents. In addition, a training session of the surveyors was conducted in 

the Institut de Ciències del Mar, CSIC, in order to prepare them for the face-to-face survey. Each 

surveyor was debriefed about the nature and the objective of the questionnaire and given a toolbox 

for this operation, including a set of verbatim explanations of the questions. At this stage, the final 

questionnaire was ready for execution.  

 The final questionnaire consisted of six sections (Supplement 1). The first questions focused 

on profiling the respondent with respect to the set of recreational activities that they use on the 

beach, the size and the composition of people in their group, the number of the days on the beach 

during the 2011 summer season, the number of days expected during the 2012 summer season, the 

distance to the beach, whether nautical sports will be played, as well as the importance attached to 

recreational activities and other features in choosing the beach. The second section requested 

information regarding the travel cost and expenditures incurred to visit the beach (e.g. travel cost 

and travel time, accommodation cost on that day, meal cost on that day). Respondents were also 

asked to report the means of transportation they used to get to the beach, including walking. Among 

the non-residents, information was also collected on the respondents’ type of accommodation, 

including holiday home, hotel or staying with friends/relatives. The third section focused on 

eliciting the socio-economic impacts of jellyfish outbreaks, including profiling the respondent’s 

experience with respect to jellyfish stings and the potential economic cost of treatment.  

 In the fourth section, respondents faced the stated choice exercise or a choice experiment 

(CE). For this task, ten multiple choice cards consisting of three different options were presented to 

every respondent. The first two options, showed two beaches with different recreational 

opportunities. The third, as recommended by Adamowicz et al. (1998), was a non-choice option 



 
 

offering alternatives that included the opportunity to stay at home or do any recreational activity 

other than going to the beach. It was presented to participants because this is an obvious element of 

choice behavior. Recreational opportunities were characterized by four main attributes:(1) the risk 

of jellyfish outbreak at the beach, (2) the water quality of the beach, (3) the infrastructure and 

services available at the beach, (4) the proposed additional travel time (with respect to the reported 

travel time to reach the beach) that the respondent would incur to reach the beach being considered 

(Table 2). Respondents were presented with a given stated choice question (Fig. 1).  

  Respondents were placed in a hypothetical day of leisure situation, for which three 

recreational options were available on that particular day. The first two options were to visit either 

Beach A or Beach B, with beaches differing by attributes; the third option (status quo) provided the 

opportunity to do something else or stay at home. In order to reduce the dimensionality of the 

choice design (i.e. the multiple possible combinations), the discrete choice experiment was limited 

to four attributes: (1) the risk of jellyfish outbreak of the beach, (2) the water quality of the beach, 

(3) the infrastructure and services available at the beach, (4) the proposed additional travel time 

(with respect to the reported travel time to reach the beach) that the respondent would be incurring 

to reach the beach under consideration (Table 2). The first two attributes had two levels and the 

others had three levels. Attributes and their levels were selected from discussions with marine 

experts in Catalonia, focus groups and pilot studies. The number of hypothetical beach profiles 

generated was 22*32 = 36. To reduce the cognitive burden for respondents, fractional factorial 

designs were used, which resulted in 18 profiles (i.e. 9 choice sets). These choice sets were blocked 

into Survey A and Survey B containing 4 and 5 choice sets, respectively. We followed state-of-the-

art methodological protocol (Carson et al. 2009) randomly gave each respondent one survey type. 

The final section of the questionnaire had a set of socio-economic and demographic variables of the 

respondent, including age, nationality and the household income. At the end of the questionnaire, 

the respondent was given a cold soft drink as a sign of appreciation for their participation. 



 
 

 The questionnaire was administered in Catalan, Spanish and English through a face-to-face 

interview by a team of trained surveyors. The interviews were conducted in two distinct time 

frames, 10:00-14:00 and 15:00-19:00. The questionnaires were executed during weekdays and 

weekends from 14 June to 15 September 2012. Only beach visitors aged 18 years or over were 

interviewed. Surveyors used the shoreline as a reference line and walked ten meters straight along 

the shoreline or from the shoreline inland to randomly encounter each respondent. When possible, 

interviews were conducted only with beachgoers between the shoreline and the first 30 meters, 

which is considered to be the useful beach area (Sardá 2009). Beachgoers were mainly approached 

while they were laying and sunbathing on a towel, while they were coming out of the sea, and while 

they were walking along the shoreline. Surveyors were identified by a badge and were charged with 

giving the respondents the specific context, explaining the aim of the study as well as the estimated 

duration of the survey. Two teams of surveyors were established to cover the 4 southern and the 4 

northern beaches studied, respectively. The questionnaire took about 15 min for each respondent to 

complete.  

Economic model 

 In order to elicit individuals’ preferences for the various beaches represented in the choice 

cards, we used a CE framework, which allowed individuals to select between different beach 

alternatives, as above. From the economic modeling view point, this attribute-based choice method 

has its theoretical grounding in Lancastrian consumer theory (Lancaster 1996), which proposes that 

individual welfare is based on the consumption of goods and services, which is expressed in terms 

of their characteristics and respective contribution to welfare or utility. The underlying fundamental 

assumption is that individuals act rationally, selecting the consumption bundle, and respective 

characteristics, that yields the highest utility (McFadden 1973, Hanemann & Kanninen 1999). In 

our study, we applied this economic model to analyze the behavior of the beach recreationist and, in 

particular, the demand for beach recreation opportunities. This was presented in terms of the 



 
 

selection of the beach to visit. The model is described in accordance with a set of characteristics and 

the respondents selected the beach destination according to the characteristics of the location. In 

formal terms, we can represent a beach recreationist as an individual i’s whose utility associated 

with the choice of a beach-alternative j is described as: 

= ,( )j iijU V Z S
          (1) 

Where, for any respondent i, a given level of utility will be associated with any of the alternatives 

proposed j. The derived utility depends on the attributes of the proposed beach-scenarios (Zj) and 

respondent’s socio-economic characteristics (Si). 

 From the individual’s point of view, the selection of a beach scenario, as described in the 

survey, is the result of maximizing the utility; thus, the respondent’s stated choice, as reported in the 

survey by selection of the beach scenario, is the one that yields the highest utility. In this context, 

the probability of any particular alternative j being chosen can be expressed as: 

 𝑃𝑖𝑗 = 𝑒𝑥𝑝�𝑉�𝑍𝑖𝑗,𝑆𝑖��
∑ 𝑒𝑥𝑝[𝑉(𝑍𝑖ℎ,𝑆𝑖)]ℎ∈𝐶

  with j= 1, 2, …J (2) 

Bearing in mind the present beach attributes, we estimated the following empirical specification: 

𝑈𝑖𝑗 = 𝛽1𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑡𝑖𝑚𝑒𝑖𝑗 + 𝛽2𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑡𝑖𝑚𝑒𝑖𝑗2 + 𝛽3𝑤𝑎𝑡𝑒𝑟𝑞𝑢𝑎𝑙𝑖𝑡𝑦𝑖𝑗 + 𝛽4𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠𝑖𝑗

+ 𝛽5𝑟𝑖𝑠𝑘𝑜𝑓𝑗𝑒𝑙𝑙𝑦𝑓𝑖𝑠ℎ𝑜𝑢𝑡𝑏𝑟𝑒𝑎𝑘𝑖𝑗 + 𝜀𝑖𝑗(3) 

In other words, the utility that the respondent i has from selecting beach j depends on the four 

attributes under consideration, including additional travel time, beach water quality, the services 

available at the beach, as well as the risk of a jellyfish outbreak. The indirect utility function was 

constructed to include all attributes that defined the choice elections, which contained a trade-off 

between traveling time and different beach characteristics. Furthermore, non-linear effects were 

explored. In particular, we tested for the possibility that additional travel time affected the choice 



 
 

behavior in a non-linear way. In other words, we tested empirically that the marginal impact of this 

characteristic was not constant. 

 Bearing in mind the respondents’ answers to the stated choice survey, we estimated the 

parameters βs. These parameters are random and unknown to the economist. Therefore, we 

proposed to estimate these exploring the use of a conditional logit model (McFadden 1973).  

 

RESULTS 

Data description 

 We received 644 completed questionnaires by respondents averaging 42 years old. Tourists 

in Catalonia constituted about 57% of our sample and reported planning to stay about 16 days on 

holidays at the coast. In addition, international tourists represented about 24% of the respondents 

(Table 3). 

 

 Three quarters of respondents planned to stay at the beach less than half a day, while 21% 

planned to stay at the beach half a day and 6% the whole day. This means that the consumption of 

beach recreation opportunities is concentrated in a couple of hours, and the median respondent 

spends less than half a day at the beach. About half of the respondents came to the beach on foot or 

bicycle; 39% used a car and 13% public transportation. The average time taken to reach the beach 

was around 22 min. We also observed a wide distribution of traveling time, ranging from about 5 

min (first quartile) to 3 h (fourth quartile). In addition, about 61% of the respondents reported that 

were never stung by a jellyfish and did not know anyone who has been stung. About 22% had been 

stung by a jellyfish and 17% knew someone who had been stung. Finally, the median respondent 

had an education above high school, most had a job and a household income between 2,000€ and 

4,000€ per month.  



 
 

 

Estimation results 

 Estimation of the main effects model was reported in Equation 3. Model I refers to the main 

effects model because we only considered the direct effects of the characteristics in choice of the 

beach scenario. We interpreted this as our baseline model specification. All coefficients carried the 

expected sign and were statistically significant (Table 4). 

 In particular, we observed that the estimated coefficient with respect to jellyfish outbreaks 

was negative. This means that a beach scenario described in the questionnaire with a higher risk of 

jellyfish outbreak was associated with a negative impact on the utility of the respondent and 

therefore less likely to be chosen. The estimation results showed that increasing the risk of jellyfish 

outbreak reduced the probability of the choice of that beach by 34.5%. By contrast, increases in the 

water quality and the range of services provided at the beach increased the probability of that choice 

by 73% and 41%, respectively. Thus, we inferred that the most relevant characteristic to explain the 

respondent’s choice was water quality, followed by surrounding services/infrastructure and then by 

lower risk of jelly fish outbreaks. These estimates were robust because the respective parameter 

estimates did not change according to Models II to IV.  

 The empirical data on additional travel time in this study did not reject the null hypothesis 

and showed the presence a non-linear effect of travel time on utility. The first additional minutes of 

travel time were associated with a utility gain and increased the probability of choice. We 

interpreted this result indicated that the travel time to reach the beach, which was seen mainly in 

trips by bicycle and on foot, was associated with a positive impact in the utility by the respondent. 

In other words, the respondent enjoyed the time spent to reach the beach. One of the first 

illustrations of this type of situation was presented by Walsh et al. (1990) who developed and 

applied a statistical procedure to estimate a demand function for the recreation activity of pleasure 

driving or sightseeing by car on scenic river highways in the Rocky Mountains. In our present 



 
 

study, the consumptive value of travel time was positive until a point. Mathematically, this point is 

computed from the equation: 

𝑑𝑈
𝑑𝑡

=
𝑑(0.079𝑡 − 0.001𝑡2)

𝑑𝑡
= 0.079 − 0.002𝑡 = 0                                                                    (4) 

In our study, this occurred when t=39.5 min. Thus, after 39.5 min any additional traveling time 

produced a negative impact on utility. After this point, respondents considered that reaching the 

beach may require using other transport, such as a car or subway, which reduced the pleasure in 

walking or biking to the beach. Our estimates of travel time were robust because the parameter 

estimates did not change with respect to the Models II to IV.  

 In addition, we estimated the impact of beach and respondent characteristics on their stated 

choices. After many empirical checks, we assessed the impact of being at the beach Blanes, which 

had the lowest jellyfish risk, as recorded from 2006 to 2010 (Canepa unpublished data). This effect 

was captured by the variable Jellyfish risk * Blanes in see Model II (Table 4). We also assessed the 

impact of being stung. This effect was captured by the variable Jellyfish risk * Stunning Model III 

(Table 4). Finally, we also evaluated the impact in the stated choices of being a resident. This effect 

was captured by the variable Jellyfish risk * Resident in Model IV (Table 4). The estimation results 

showed that the respondents that chose the beach Blanes revealed preferences for which the risk of 

jellyfish was not important to their stated choices, when compared to the average respondent. The 

estimation results from Model II and III showed that increased risk of jellyfish outbreak reduced the 

probability of the choice of the beach by 37.4 to 40.0%, on average. These results may indicate that 

these respondents have already adapted to the risk of jellyfish outbreaks by selecting the beach with 

the lowest risk profile. Estimation results from Model III also showed that increased jellyfish risk 

reduced the probability of the choice of the beach by 28.9% amongst respondents who reported 

previously being stung. However, this marginal impact was not statistically significant at the 90% 

confidence interval. In other words, the empirical evidence supported a statistical difference of risk 

profiles, i.e. with respect to the impact of reduction of jellyfish risk on beach behavior, among the 



 
 

two respondent segments: stung vs. non-stung. Finally, Model IV showed that residents reported a 

slightly lower risk aversion to jellyfish outbreaks, but again this difference was not statistically 

significant. 

 From these estimation results, we inferred that respondents were willing to travel an average 

of 3.8 min more to travel from a beach described as having jellyfish outbreaks 5 or more days a 

week to another beach where the risk is ≤2 days per week. Given that the mean traveling time for 

the entire sample was 21 minutes, on average, recreationists were willing to travel 23.8% more 

minutes to reduce the risk of jellyfish outbreak. Furthermore, recreationists were willing to travel 

about 8 min more, equivalent to 38% of the average time more to find a beach with more services, 

including children’s play area, toilets, parking and lifeguards, in comparison to only toilettes and 

parking areas, which were presented as basic services available in all scenarios. Water transparency 

was also significantly valued by beach recreationists, who were willing to travel an average of 4.5 

min (21.28%) more to a beach with higher water transparency. 

 We also considered two sub-groups of the respondents: the frequent beach visitors that were 

below the median in reported travel time to the beach (t1 = 5 min), and those near the median (t2 = 

21 min; t3 = 37 min). Table 5 presents the econometric valuations of the set of attributes under 

consideration across three time segments. All coefficients carried the expected signs and were 

statistically significant. The valuation of the attributes (mean willingness to pay estimates) for the 

entire sample, without splitting into time segments showed that the most valuable attribute was 

water quality; on average, beachgoers were willing to travel about 8 min additional to find a beach 

with higher water transparency (Table 6). Beachgoers were willing to travel about 4.5 min extra to 

find a beach with additional services, including a play area for children and a first aid center. The 

importance of jellyfish was also significant in terms of beach selection, indicating that recreationists 

were willing to travel 3.8 min more to reduce the probability of encountering a jellyfish outbreak. 



 
 

 The well-being estimates were obtained by substituting specific values of the distribution of 

the variable traveled time in the utility function (Fig. 2). This allowed us to observe the relative 

changes on the respective valuations of attributes with respect to the time traveled to the beach. 

Thus, respondents were willing to incur different additional travel times for alternative beach 

consumption patterns, according to their characteristics. Figure 2 shows the marginal (or implicit) 

prices of the attributes, which depended on both the profile of the respondent in terms of reported 

travel time, as well as in terms of the beach characteristics considered. First, improvement in the 

beach water quality was, by far, the most valuable attribute and this ranking was valid across all 

types of respondents. Second, improvement in the beach infrastructure was ranked second and 

reduction in the risk of jellyfish outbreaks, third. Finally, from the econometric view point, the 

difference in ranking between infrastructure and jellyfish risk were not statistically significant, 

meaning that these attributes were seen as equally important by the respondents of this study.  

 

DISCUSSION 

Policy Analysis 

 As seen from the estimation results, the risk of jellyfish outbreaks plays an important role in 

explaining individual behavior with respect to the consumption of beach recreation opportunities. 

Nevertheless, this characteristic, or driving force, of beach recreation consumption, was not the 

most important one. The estimation results ranked the improvement of the water quality as first; 

therefore it is interpreted as the most important factor when choosing a beach. The estimation 

results also informed us that reduction of risk of jellyfish outbreaks ranked as important as the 

improvement of beach infrastructure, including the provision of additional services, such as 

playgrounds for children. Furthermore, we can also monetize the survey described lower risk of 

jellyfish outbreaks by using the concept of value of time. Our sample results indicated that the 

average household income per hour of our sample population was €19.23. The additional travel 



 
 

time an average consumer was willing to incur to move to a beach with the same characteristics but 

with lower risk of jellyfish outbreak equated to €1.22. 

 Because the sampling design of this study guaranteed the regional representativeness of the 

recreationists of this area, we could scale up this monetary value to the regional level. The 2012 

tourist statistics released by the Catalan government showed a total of 263.7 millions of trips to the 

beach per year for all recreationists (local, domestic and international) in Catalonia. We calculated 

that the well-being gains associated with a reduction of jellyfish outbreaks in this area would range 

between €312 and €322 million annually, corresponding approximately to 19% of the tourism 

expenditures of the Catalan population in 2012. In this case, such significant value shows that 

preventive policy measures pass a cost benefit analysis as long as their corresponding 

implementation costs are below €312 million per year. 

 Similar exercises regarding recreational ecosystem services assessment based on 

questionnaires have been carried out worldwide. For instance, Hearne &Salinas (2002) evaluated 

several management options in the context of protected areas in Costa Rica. Nunes & Van den 

Bergh (2004) and Nunes & Markandya (2008) illustrated the use of alternative, non-market 

valuation methods to estimate the economic value of the social damage caused by marine bio-

invasions on beach recreationists. Underlying economic value assessments were shown to be 

relevant in undertaking cost-benefit analyses and supported the selection of a policy management 

practice, including a ballast water treatment plant in the harbor of Rotterdam. In addition, Beaumont 

et al. (2008) assessed the goods and services resulting from marine biodiversity in the UK. The 

present exercise also constitutes a valid tool for informing the general public; Remoundou et al. 

(2009) gives a more comprehensive review on non-market valuation to estimate marine ecosystem 

services. 

 All in all, one can argue that from a policy perspective there is significant social relevance 

for the investment of public resources in mechanisms that deal with management of the jellyfish 



 
 

outbreaks, including daily reports informing the users about the presence or absence of a jellyfish 

outbreak at each beach. An example of this type of public policy mechanism is the MedJelly 

application (Marambio et al. 2013) that provides daily observations on the status of the Catalan 

beaches, including information on the presence of the jellyfish outbreaks1

 

. Such informational and 

public awareness campaigns are useful to provide public jellyfish reports, and to explore the use of 

new technologies, such as mobile phones, internet and other social media applications, which can 

provide immediate and real-time information. Such campaigns may help to prevent stigmatization 

of certain beaches and jellyfish species by raising awareness and knowledge on such species among 

beach users and citizens. According to the scientific community this may be the most effective 

policy instrument for adaptation to jellyfish outbreaks.  

CONCLUSIONS 

 In this study we conducted a survey of coastal recreationists in Catalonia in order to 

understand their preferences when selecting among various beaches that provided different 

recreational opportunities, with different chances to encounter jellyfish outbreaks. From this 

exercise, we computed the number of minutes that respondents were willing to travel to find, or 

avoid, some specific beach characteristics. After knowing the number of minutes that respondents 

were willing to travel for each beach characteristic, we expressed this value in monetary terms from 

their mean annual household income. On average, each recreationist was willing to pay €1.22 per 

trip to the beach to go to a beach with ≤2 days per week of jellyfish outbreaks (low risk) rather than 

one with jellyfish more than 5 days a week (high risk). By scaling up the implicit personal 

valuations to the regional level from the 2012 total of 263.7 million of trips to the beach annually 

for all recreationists in Catalonia, we estimated € 312 - € 322 million per year, which corresponds 

approximately to 19% of the tourism expenditures on the Catalan coast in 2012. Thus, significant 

                                                           

1Free download at IphoneAPP store and Google PlayStore as ‘iMedJelly’. 



 
 

welfare gain associated with reduction of jellyfish outbreaks also shows that preventive and 

adaptive jellyfish measures pass a cost benefit analysis, as long as their corresponding 

implementation costs are below €312 million per year. Needless is to say, this pioneering study 

calls for further socio-economic investigation, including the mapping and distribution of the well-

being impacts, discussion and evaluation of other alternative policy measures, including jellyfish 

fishing and the establishment of nets, as currently are under development and experimentation. 

 

Acknowledgments. 

The authors thank the comments and suggestions of three anonymous referees and especially to 

Jennifer Purcell for her guidance and comments to an earlier version of this manuscript. In addition, 

the authors are thankful to the feedback posted by the participants of the Fourth International 

Jellyfish Bloom Symposium,5-7 June, 2013, Hiroshima, Japan, where this work was first presented 

and to Camila Serra for her field assistance. Finally, the authors are thankful to the European 

Commission, under contract agreement no. 266445 Vectors–Vectors of Change in Oceans and Seas 

Marine Life, Impact on Economic Sectors, for its financial support. A. Canepa was funded by 

CONICYT (PFCHA/Doctorado al Extranjero 4a Convocatoria, 72120016). 

 

 
 



 
 

LITERATURE CITED 

Adamowicz W, Louviere J,SwaitJ(1998) Introduction to attribute-based stated choice methods. 

Available at 

Beaud M, Blayac T,  Stéphan M (2012) Value of travel time reliability: two alternative 

measures15th Edition of the Euro Working Group on Transportation - International Conference, 

Paris. 

http://wwwneronoaagov/hcd/statedchoicemethods.pdf 

Beaumont NJ, Austen MC, Mangi SC, Townsend M (2008) Economic valuation for the 

conservation of marine biodiversity. Mar Pollut Bull 56:386–396  

Canepa A, Sastre S, Piñol L, FuentesV (2013) Thirty years of jellyfish blooms in Catalonia: 

narratives and empirical evidences. Abstract Fourth International Jellyfish Bloom Symposium, 

Hiroshima, Japan 

Carson RT, Louviere JJ, Wasi N (2009) Acautionary note on designing discrete choice experiments: 

acomment on Lusk and Norwood’s “Effect of experiment design on choice-based conjoint 

valuation estimates”. Amer J Agric Econ 91, :1056-1063 

Catalunya Turística en Xifres (2012) Generalitat de Catalunya Departamentd’empresa i Ocupació 

Direcció General de Turisme, Available at 

http://www20.gencat.cat/docs/empresaiocupacio/20%20-

%20Turisme/Observatori%20turisme/Estad%C3%ADstiques/Catalunya%20tur%C3%ADstica

%20en%20xifres/Documents/Arxius/CTX_2012.pdf 

 

 

CondonRH, GrahamWM, DuarteCM, PittKA, LucasCH, Haddock, SHD, SutherlandKR, 

RobinsonKL, DawsonMN, DeckerMB, MillsCE, PurcellJE, MalejA, MianzanH, Uye S-i, 

http://www.nero.noaa.gov/hcd/statedchoicemethods.pdf�


 
 

GelcichS, MadinLP(2012)Questioningtherise of gelatinouszooplankton in 

theworld’soceans.BioScience 62:160-169 

Graham WM, Martin DL, Felder DL, Asper VL, Perry HM(2003) Ecological and economic 

implications of a tropical jellyfish invader in the Gulf of Mexico. Biol Invas 5:53-69 

Hanemman M, KanninenB (1996) The statistical analysis of discrete-response CV Data. Available 

at http://are.berkeley.edu/~gh082644/wp798.pdf 

Hearne RR, Salinas ZM (2002) The use of choice experiments in the analysis of tourist preferences 

for ecotourism development in Costa Rica. J Environ Manag 65:153-163  

Kim DH, Seo JN, Yoon WD, Suh YS (2012)Estimating the economic damage caused by jellyfish to 

fisheries in Korea. Fish Sci 78:1147-1152 

Lancaster K (1966) A new approach to consumer theory. J Polit Econ74:132-157 

McFadden D (1973) Conditionallogitanalvsis of qualitative choice behavior. In: Zaremiibka P (ed) 

Frontiers in econometrics. Wiley, New York, pp 105-135 

Marambio M, Nunes PALD, Fuentes V, Blasco D, Revke I (2013) Exploring the role of the social 

media platforms for providing public, real time information on jellyfish outbreaks: results from 

a worldwide première Iphone application in Catalonia, Spain. Abstract Fourth International 

Jellyfish Bloom Symposium, Hiroshima, Japan 

Mariottini GL, Pane L (2010) Mediterranean jellyfish venoms: a review on scyphomedusae. Mar 

Drugs 8:1122-1152 

Nastav B, MalejM, MalejA Jr, Malej A (2013) Is it possible to determine the economic impact of 

jellyfish outbreaks on fisheries? A Case Study – Slovenia. Medit Mar Sci 14: 214:223 

Nunes PALD.  Bergh JCJM(2004) Can people value protection against invasive marine species? 

Evidence from a joint TC-CV Survey in the Netherlands. Environ Res Econ 28:517-532 

http://are.berkeley.edu/~gh082644/wp798.pdf�


 
 

Nunes PALD, Markandya A (2008) Economic value of damage caused by marine bio-invasions: 

lessons from two European case studies. ICES JMarSci 65:775–780 

Nunes PALD Blaiej AT BerghJCJM (2009) Decomposition of warm glow for multiple 

stakeholders: stated choice valuation of shellfishery policy.Land Econ85:485–499 

Purcell JE (2012) Jellyfish and ctenophore blooms coincide with human proliferations and 

environmental perturbations. Annu Rev Mar Sci 4:209–235 

Quiñones J, Monroy A, Acha E, Mianzan H (2013). Jellyfish bycatch diminishes profit in an 

anchovy fishery off Peru. Fish Res 139:47-50 

Remoundou K, Koundouri PK, Nunes PALD, Skourtos M (2009)Valuation of natural marine 

ecosystems: an economic perspective. Environ Sci Pol12:1040-1051 

Sabatés A, Pagès F, Atienza D, Fuentes V, Purcell JE, Gili JM (2010) Planktonic cnidarian 

distribution and feeding of Pelagia noctiluca in the NW Mediterranean Sea. Hydrobiologia 

645:153–165 

Sardá R, Mora J, Ariza E, Avila C, Jiménez JA (2009) Decadal shifts in beach user sand availability 

on the Costa Brava (Northwestern Mediterranean Coast).Tourism Manag30:158–168 

  



 
 

Supplementary material: Survey  
 
 

English version (also available in Catalan and Spanish) 
 
Good-morning/good-afternoon. My name is [say your name] and I am working on Marine Sciences at the 
CSIC/LEITAT, Barcelona, I would like to ask you some questions regarding your attitudes and opinions on 
marine environmental quality and recreational behavior at the Catalonian beaches. This is an anonymous 
interview and will take less than 10 minutes of your time. 
We appreciate very much your participation, so we would like to thank you for it. However, we cannot offer 
you any monetary reward; instead we would like to offer you a soft drink to refresh yourself after the survey. 
 
1. Recreational data [do not read this] 

Please think carefully about each question and give your best answer. There are no right or wrong answers, only 
personal answers.1.1How many persons are in your group (including yourself?) 
1.2 During the last summer season (from June to September of 2011), how many times did you come to 
this beach? 
1.3.1 During this summer season (from June to September of 2012), how many times have you come to 
this beach? 
1.3.2 How many more times have you planned to go to this beach?   
1.4 How important are these activities/factors to you to chose to this beach? 
1.5 Which of the following nautical sports have you ever practiced in this beach? 
1.6 How long do you plan to stay at this beach today? 
 
2. Travel Cost Expenditures Data [do not read this] 

2.1 Where are you staying? 
In case he/she is staying in his first residence/home, skip to section C3. 
In case he/she stays in another kind of accommodation, ask for its’ typology and in case it’s a 
hotel/camping…etc, ask for its’ name and location. 
2.2 ¿How many nights are you going to stay? 
2.3 How much did it cost for you to stay in the Catalan coast per person with regard to: 
 
Now we are going to talk about your stay at this beach only during the day of today: 
 
2.4 How did you travel from the hotel/home to the beach today? 
In case he/she answers by car or motorbike: how much have you spend on tolls and parking to and 
from your origin place? 
In case he/she answers by public transport: how much did the ticket cost you? 
2.5 How much time have you spent to arrive to this beach today? 
2.6 Did you rent any equipment at the beach (sun-umbrella, sun bed, windbreak, boat, fishing material, etc.), 
paid any permits (anchoring, etc) or spend any money (e.g. meals) at this beach? 
In case he/she answers yes: how much have you spend on it? 
 
3. Socio-economic impact of a jellyfish outbreak [do not read this] 

3.1 Have you or someone you know ever been stung by a jellyfish? 
In case he/she answers NO, skip to section E. 
In case he/she answers YES but in another beach, ask for the name of the beach. 
In case he/she or the person who knows, has been stung several times, ask to answer the questions 
regarding to the last time he/she/the other person was stung. 
3.2 How many times have you have been stung by a jellyfish? 
3.3 How did you treat the pain? 
In case you went to the first aid station/physician/family doctor: how many hours/day did you spend? 
In case you went to the pharmacy: how much time and money did you spend? 
 
3.4 Did you lose work time as a result of the sting? 
In case he/she answers YES, ask for many hours. 
3.5 Were you able to identify the species of jellyfish that stung you? [Please show CSIC identification of 
the different jellyfish species] 

 



 
 

 

4. Contingent Behavior: impact of building of an offshore wind farm [do not read this] 

I would like to ask you how your use of this beach may change with the building of an offshore wind farm for 
next year.  The proposed changes are described in CARD 1. [Please show CARD 1] 
 
 
4.1 Suppose that next year the change described in this card takes place in this beach.   Would you like it? 
4.2 Would you change the number of trips you would do to this beach over the next years´ summer season? 
In case that he/she would reduce the number of trips, ask how many fewer trips he/she would do. 
In case he/she would not come to that beach again and that he/she would do something else, ask 
what she/he would do. 
 
5. Choice experiment 

Now, imagine you are planning to go to the beach.  I’m going to show you some cards in which you will see 
two profiles of beaches according to different attributes and characteristics. Could you choose among the 
two possibilities shown? Please, take into consideration that if none of the two possibilities shown fits with 
your preferences and wishes, you can also decide not to go to the beach. [Please show CARD A] 

 
6.  Socio-economic demographic questions [do not read this] 

We are finishing the questionnaire. Before, I would need to ask you some additional questions about you. 
 
6.1 Year of birth 
6.2 Place of birth 
6.3 Where do you live? Ask for postal code if he/she knows it. 
6.4 What kind of form of education have you got? 
6.5 ¿What is your job? In case the person is unemployed, ask for his/her last job. 
6.6 ¿How many people live in your household? 
6.7 In which interval is the after tax income of your household monthly? (In case that you don’t share your 
income with the people you are living with, could you please tell me an approximated interval of your own 
income? [Wait for a spontaneous answer] Take into consideration if the respondent is a student without 
job or he/she is unemployed without receiving unemployment benefits. 

 

7. FEEDBACK 

Thank you very much for your time [handle him/her the soft drink], We hope the survey was of your 
interest.  Would you like to receive information and the results of this survey? If yes, could you please 
provide us with your email address? 



 
 

TABLES: 

Table 1.Beaches in Catalonia, Spain analyzed in the study (from SW to NE).  

       
Beach name 

 
 

Environment  
Width 

(m) 
Length 

(m) Area (m²) 
Jellyfish 
risk* (%) Blue flag 

Barceloneta Urban 40 600 24,000 7.07 Yes 

De Bogatell Urban 32 625 18,676 12.96 Yes 

De Sabanell Mixed 32 2,380 75,921 0.75 Yes 

De Blanes Urban 44 610 26,170 0.37 Yes 

Gran de Palamòs Urban 55 990 48,650 9.52 No 

De la Fosca Mixed 37 514 16,461 3.96 Yes 

El Castell Natural 63 339 22,715 7.14 No 

El Golfet Natural 17 75 1,277 5.58 No  
* This variable was delivered by the Catalan Water Agency and is constructed bearing in mind the observations of jellyfish outbreaks 
with respect to the number of inspections carried out between 2006 and 2010. [Risk = (No. of observations of jellyfish / No. of 
Inspections)*100] 



 
 

Table 2.Possible choicesfor the jellyfish surveyadministered at beaches in Catalonia, Spain 

Attributes Levels 

Jellyfish risk outbreak 

 

Low risk (≤2days/week) 

 

High risk (> 5 days/week)  

Water transparency Average (as regulated by the law) Above average  

Services Parking and toilettes 
 

Parking, toilettes  
and children play area 

 
Parking, toilettes, children play 

area and first aid center 

Additional travel time +5% +10% +15% 

 
 

 

 
 



 
 

Table3.Characteristics of people answering the jellyfish surveyas beaches in Catalonia, 
Spain.Variables are presented as percentages (%)of 644 completed questionnaires 
 

Description Mean Std. Dev. 
Male 21.8 41.3 

Respondent planned to stay at this beach < half a day 72.6 44.6 
Respondent planned to stay at this beach half a day 21.0 40.8 
Respondent planned to stay at this beach entire day 06.4 24.4 

Respondent came to the beach on foot or bicycle 47.4 49.9 
Respondent came to the beach by car or by motorbike 39.0 48.8 

Respondent came to the beach by public transport 13.6 34.3 
Respondent has been stung by a jellyfish 21.7 41.2 

Respondent knows someone who has been stung by a jellyfish 17.2 37.7 
Respondent has not been stung and does not know anyone who has been stung 61.1 48.8 

Respondent has his/her primaryresidence in this place 43.7 49.6 
Respondent is international 23.6 42.4 

Respondent lives in Spain 17.8 38.3 
Respondent lives in Catalonia 14.9 12.3 

Respondent has above high school; 0 otherwise 49.6 50.0 
Length of stay (days) 15.9 24.6 

Age of respondent (years) 42.7 13.5 
Respondent has a job; 0 otherwise 72.2 44.8 

Respondent’s household income is below 2000€ 36.7 48.2 
Respondent’s household income is between 2000€-4000€ 44.4 49.7 

Respondent’s household income is above 4000€ 18.9 39.2 
Time taken to reach the beach (min) 21.3 24.4 
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Table 5.Willingness to pay estimates per quartile (measured in extra minutes of travel time). 
Quartile 1 = 5 min; Quartile 2 = 10 min; Quartile 3 = 37 min; SE = standard error; CI =Confidence 
Interval 
 
 

  
Implicit 
value SE P|z|>Z* 95% CI 

Jellyfish risk 

 
Quartile 1 5.374 0.753 0.000 -6.851 -3.898 
Quartile 2 6.866 0.962 0.000 -8.752 -4.980 
Quartile 3 -13.764 1.929 0.000 0.590 1.037 

Water quality 

Quartile 1 11.251 0.559 0.000 10.155 12.347 
Quartile 2 14.374 0.715 0.000 12.973 15.774 
Quartile 3 -28.816 1.432 0.000 -1.870 -1.538 

Services 

Quartile 1 6.309 0.579 0.000 5.175 7.444 
Quartile 2 8.060 0.740 0.000 6.611 9.510 
Quartile 3 -16.158 1.483 0.000 -1.127 -0.784 

 



 
 

Table 6.Economic valuation of the selected beach attributes expressed as additional time to travel in 

minutes. 

 
 
 

Willingness to pay 
Variable Estimate* Std. Err. P |z|>Z* 95% Confidence Interval 
Jellyfish risk 3.81 0.890 0.000 -5.553 -2.066 
Water quality 7.98 1.773 0.000 4.500 11.450 
Services 4.47 1.104 0.000 2.309 6.635 
*estimates are presented as absolute values 
  



 
 

FIGURES 
 
 

 

 
Figure 1: Choice set card example 
 



 
 

 
 
 

 
 
Figure 2: Relative WTP Estimates per User Intensity 
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