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Abstract

:

Jellyfish outbreaks are conspicuous natural events in marine ecosystems that have a substantial impact on the structure and dynamics of marine ecosystems and different economic sectors of human activities. Understanding the life cycle strategies of jellyfish species is therefore critical to mitigate the impacts these organisms may have. In this context, the present study investigated the effect of different temperature and salinity regimes on the rearing success of the jellyfish Aurelia solida in microcosm experiments on two different life stages: polyps and ephyrae. Polyps showed high survival rates across the different conditions (except at 28 °C/20 psu) and reproduced asexually in all combinations, with the highest budding activity at 20 °C and 30 psu. Strobilation occurred mainly at 16 °C and 35 psu. Although ephyra survival was highest at low salinities (20 psu) and lower temperatures (10 and 15 °C), the highest growth rates were reached at intermediate temperatures (20 °C). The comparison to other Aurelia species underlines the differences between even closely related species. Given the high tolerance capacity that A. solida presented in the experiments, the species has the potential to cope well under current climate change scenarios and possibly adapt successfully to other regions and ecosystems.
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1. Introduction


Jellyfish have manifold impacts on marine ecosystems and human society [1]. They play an essential role in the marine food web as predators [2] and prey [3,4]. Therefore, their densities can lead to significant changes in local trophic webs and the structure and function of ecosystems [5,6,7].



Scyphozoan blooms can affect human society and the economy [8] in several ways, including aquaculture and fisheries (e.g., damaging caught/farmed fish and increasing mortality in farmed fish) [9], tourism [10,11], and industry (e.g., clogging the cooling systems of coastal power plants) [12,13]. While scyphozoan blooms have mainly been associated with negative consequences, several studies have focused on the potential of these gelatinous organisms as a new blue resource (e.g., human and aquaculture food source, cosmetics, biomedical industry) [14,15,16].



It is critical to understand processes such as reproduction and survival that drive scyphozoan populations, in order to assess, forecast, and mitigate those impacts and evaluate their sustainability as a new resource. Most scyphozoans have a complex bipartite life cycle: (i) a pelagic medusa stage that typically reproduces sexually, producing a free-swimming planula, and (ii) a sessile polyp. Polyps reproduce asexually through various budding modes (e.g., budding from stolon, lateral budding, motile bud-like tissue particles), podocysts, and strobilation [17]. The propagation strategies vary among scyphozoans. Some species adapt one mode (mono-mode) (e.g., podocysts in Rhizostoma luteum [18]) while other scyphozoans use two or more strategies, as observed in Aurelia spp. (e.g., lateral budding, lateral budding through stolons, reproduction from parts of stolons/stalks, podocysts, and motile bud-like tissue particles) [19]. Environmental factors (e.g., temperature, salinity, food supply) influence both polyp (e.g., asexual reproduction: intensity, timing, preferred budding mode) [20] and medusa ecology (e.g., somatic growth, sexual maturation) [21]. The responses to the various factors are species-specific. For instance, a temperature rise induces a decline in polyp survival in Cyanea capillata but an increase in Chrysaora hysoscella [22]. This diversity of responses can also be observed in the same genus. In the Aurelia genus, strobilation is boosted at high temperatures in A. labiata [23] but absent in A. aurita when temperatures exceed 4 °C [22]. Therefore, understanding the influence of abiotic factors on reproduction is vital to make predictions on the species’ future under ongoing environmental changes/climate change and possibilities of further spread.



For several decades, studies have highlighted the extensive geographical distribution of A. aurita and its tolerance to very different environmental conditions, until the molecular analysis performed by Dawson and Jacobs [24] unmasked the species diversity of the genus Aurelia. Thereafter, the extraordinary plasticity of A. aurita s.l. needed to be reconsidered, and previous studies on A. aurita s.l. should be regarded with caution. The distribution of A. aurita has been limited to the North Atlantic, the Baltic Sea, the Black Sea, and the Bosphorus Strait [24]. A study on A. aurita s.l. in the Mediterranean revealed the presence of at least three different Aurelia species in the area: A. coerulea, A. relicta, and A. solida [25].



Aurelia solida has been described as native to the Indian Ocean (Maldive Islands: type locality) and the Red Sea and non-indigenous in the Mediterranean [25]. Furthermore, there are records of the species in the Northeast Atlantic (e.g., Azores, Madeira) [26,27]. Even though A. solida is considered non-indigenous in the Mediterranean Sea, the history of its introduction to the NE Adriatic Sea, Ionian Sea, and Northern Tunisia is still unknown. As the species has only been recently identified as A. solida [25], genetic analysis on old samples and more studies are needed to potentially identify its introduction period in the Mediterranean Sea, disentangle the species ecology, and evaluate its potential invasiveness.



Aurelia solida is primarily found in fully marine environments but is also recorded in coastal lagoons [28]. Therefore, their distribution covers a wide range of abiotic parameters, with temperature ranging from 8 to 31 °C (Tunisia: 11–28.4 °C, Northern Adriatic: 8–~25 °C, Red Sea: 15–31 °C) [28,29,30] and salinities from 20 to 40 psu (Tunisia: 20–40 psu, Adriatic: ~32–37.5 psu [30,31,32]). As A. solida is recorded in areas with very different abiotic conditions, it is a great candidate to study physiological plasticity at different life stages. In this context, the present study was developed to evaluate A. solida performance and reproduction success across its distributional range.




2. Materials and Methods


2.1. Polyp Culture


Polyps were grown from asexual reproduction from specimens originating from the Piran Habour, Adriatic Sea, provided by the Zoo Vienna in 2018. The polyp culture was kept at the Mariculture Center facility (Madeira Island) and maintained in 12 L aquariums filled with UV-filtered seawater (10 microns, 35 psu) at ambient temperatures (18–25 °C over the seasons) with a 12:12 light cycle. They were fed with newly hatched (<24 h) Artemia fransiscana (Inve Aquaculture NV®, Dendermonde, Belgium) twice a week.



Extra care was taken to ensure that no individuals were released into the wild. Polyp culture and the experiments were performed in fully closed systems that were physically separated from any outgoing drainage systems. Additionally, polyp and ephyra experiments were conducted in freshwater temperature baths. Any seawater and equipment used for the culture and experiment were bleached and afterward passed to the public waste treatment system.




2.2. Temperature–Salinity Experiment on Polyps


A microcosm experiment was performed in the MOSS (Marine Organism Stress Simulator) and laboratory facilities at the Madeira research unit of MARE (Marine and Environmental Research Centre), located at Quinta do Lorde Marina, from March to June 2019. The experiment investigated the simultaneous effects of temperature and salinity on the survival and asexual reproduction of A. solida polyps (Figure 1). Two orthogonal treatment sets were established with five different temperatures (12, 16, 20, 24, and 28 °C) and six different salinities (20, 25, 30, 35, 37, and 40 psu) reflecting conditions recorded in the different environments where A. solida has been recorded. A 37-psu salinity treatment was included in the study to reflect the locations of current A. solida populations (average salinity in the surface layer of the Mediterranean Sea and in the Bizerte Lagoon) [33,34,35]. Each of the 30 combinations was tested with twelve polyps.



Polyps were kept individually in jars with 100 mL filtered (0.7 µm, GF/F Whatman®) seawater. Water baths were used to maintain the designed temperatures. The different salinities were adjusted by the addition of distilled water (salinity < 35 psu) or aquarium salt (salinity > 35 psu). The photoperiod was maintained at 12 h light:12 h dark.



Polyps were acclimated to target conditions for nine days prior to the experiment. During the experiment, polyps were fed in excess twice a week for a period of 1.5 h, followed by a complete water change to remove remaining food and waste products. This feeding protocol enabled the polyps to be saturated briefly, resulting in equal feeding in all treatments by minimizing enhanced feeding at warmer temperatures [36].



Over eight weeks, polyp survival and asexual reproduction were checked twice a week. For this purpose, polyps were inspected under stereo microscopes (S8APO and EZ4, Leica®, Wetzlar, Germany) twice a week. Buds, new polyps, and podocysts were recorded before being carefully removed with a scalpel. After the first part of the experiment (eight weeks), the polyps were kept for an additional six weeks at the same conditions but undisturbed (no removal of reproduction output) to follow the strobilation onset and following ephyra production.




2.3. Temperature–Salinity Experiment on Ephyrae


In November and December 2020, an experiment was performed to investigate the combined effects of temperature and salinity on the survival and somatic growth of A. solida ephyrae (Figure 1). Polyps, extracted from the broodstock, underwent strobilation under indomethacin (50 µM) stimulation following the protocol of Helm and Dunn [37]. Polyps were kept unfed during the process, and released ephyrae were separated and washed three times to eliminate potential rests of indomethacin before using them in any experiment. Two orthogonal treatment sets were established with four different temperatures (10, 15, 20, and 25 °C) and three different salinities (20, 35, and 40 psu) reflecting conditions recorded in the different environments where A. solida ephyrae have been recorded. Nine ephyrae were used for each treatment combination. Ephyrae were stepwise acclimatized to their target temperatures and salinities for three days (≤5 °C and ≤5 psu per day). The setup followed the same design as described in the polyp experiment. Additionally, an aeration tube with gentle bubbling was added to each jar to ensure water movement, which is critical for ephyra wellbeing.



Each day, the ephyrae were checked for survival, the water was filtered to remove excess food and waste products, and then the ephyrae were fed with newly hatched Artemia. Twice a week, the water was replaced completely and the ephyrae were photographed in a relaxed state using a Leica S8AP0 stereomicroscope equipped with a Leica MC170 HD camera to monitor their growth. Ephyra size was defined as the distance between opposite lappet tips and measured using the software ImageJ [38].




2.4. Statistical Analysis


The effect of different temperatures and salinities on polyp and ephyra survival was analyzed using Cox Proportional-Hazard models (Coxph, R packages: “survival” and “survminer”) [39,40]. The assumption of proportional hazards was tested with the global test statistic.



Count data for asexual reproduction were analyzed statistically with a generalized linear mixed model (GLMM) with a negative binomial distribution (R packages “gglmTMB”, “tidyr”, and “bbmle”) [41,42,43], including the two factors “Temperature” (5 levels: 12, 16, 20, 24, and 28 °C) and “Salinity” (6 levels: 20, 25, 30, 35, 37, and 40 psu). The factor “Sampling Event” was included as a random factor to account for repeated measures throughout the experiment, and the numbers of alive polyps and days between samplings were used as an offset to standardize for unequal sampling efforts between sampling events. Assumptions of the glmm were verified graphically using diagnostic plots.



Differences in overall ephyra growth were analyzed as the relative change in diameter over the 21 days of the experiment. Furthermore, weekly growth rates were calculated as the diameter change (in %) between the beginning and end of each week. By the end of the study, only a single ephyra survived in all of the 25 °C treatment groups and was consequently excluded from the statistical analysis. The remaining groups were analyzed using analysis of variance (Anova). Assumptions were checked with Levene’s test for homogeneity of variance and a Shapiro-Wilk test for normality; significant results were further tested by a post hoc Tukey test.



All statistical data analyses were performed with the software R 3.6.3 [44]. Statistically significant differences of the Coxph, GLMM, and Anova were identified with the Anova function (R package “car”) [45] using the Wald chi-square test (type III in case of significant interactions, type II when interactions were not significant). In the case of non-significant interactions, the models were simplified and only the main effects were analyzed. In the case of significant interactions, the main effects were not analyzed independently and post-hoc analyses on differences in means were performed using multiple pairwise comparisons (R package “emmeans”) [46].





3. Results


3.1. Polyp Survival and Asexual Reproduction


Polyp survival was generally high; only the combination of the highest temperature and lowest salinity (28 °C and 20 psu) resulted in 0% survival (Figure 2). All other treatment combinations showed survival rates between 83 and 100%. Coxph analysis showed that polyp survival did not vary significantly between treatments for temperatures or salinities; however, an interaction between temperature and salinity was detected (Table 1).



Polyps showed asexual reproduction in all “survivable” conditions. A. solida polyps reproduced via budding, podocyst production, and strobilation during the experiment. Podocyst production was low in all combinations, and lateral budding was the most abundant form of asexual reproduction across all the combinations. The total asexual reproduction output of A. solida was significantly different between temperatures, salinities, and their interaction (p < 0.001, Figure 3, Table 1 and Supplementary Table S1). Overall, podocyst production was low, contributing only 2.7% of the total asexual reproduction output. The highest production did not exceed 0.005 podocysts per polyp per day (24 °C/25 psu), while no podocysts were recorded for the 12 °C/25-30-37 psu and 28 °C/20 psu treatments. Asexual reproduction mainly occurred via budding. The budding rate varied from 0.01 buds per polyp per day for the treatment 28 °C/20 psu up to 0.89 for 20 °C/30 psu. The highest overall reproduction of buds and podocysts together (0.91 offspring/polyp/day) occurred at temperatures of 20 °C and salinities of 30 psu and their combination; below or above these values, reproduction decreased (Figure 3).



Over the 98 days of the experiment, only nine polyps underwent strobilation (Table 2). Only one strobile was observed in the 12 °C/40 psu, 16 °C/20 psu, and 16 °C/25 psu treatments. The remaining six strobiles occurred at 16 °C/35 psu. In this last combination, 50% of all polyps started strobilation during the experimental period. Strobilation onset occurred on average after 85 ± 5.1 days into the experiment and lasted 13.7 ± 1.5 days. A few ephyrae were produced at 12 °C/40 psu (5 ephyrae) and 16 °C/20 psu (10 ephyrae), although most of them were deformed (missing lappets or stuck together). The only strobile at 16 °C/25 psu produced 29 normal ephyrae with eight lappets. Strobiles at 16 °C/35 psu produced on average 28 ± 3.6 ephyrae. Polyps kept at 20 °C or higher did not show any sign of strobilation throughout the 14 weeks of observation.




3.2. Ephyra Survival and Somatic Growth


At the end of the experiment, survival ranged from 0 to 66.6% (Figure 4). Coxph analysis showed that the interaction of temperature and salinity was non-significant (p = 0.32) and was consequently removed from the analysis. Ephyrae kept at 15 °C demonstrated the highest survival rate (52%). Higher hazard ratios were detected for individuals at 10 °C (10% higher) and 20 °C (90% higher), but the difference was not significant (p = 0.84 and p = 0.07, Figure 5). Ephyrae at 25 °C showed a significant fivefold higher risk of mortality compared to 15 °C (p < 0.001). Ephyra survival was highest at a salinity of 20 psu and decreased towards 35 psu, but the difference was not significant (p = 0.07). The higher salinity of 40 psu increased the hazard of dying significantly by almost threefold (p < 0.001).



The ephyrae had an average size of 2.1 mm ± 0.3 mm at the start of the experiment. Changes in ephyra size varied between the different combinations of temperatures and salinities (Figure 6). Ephyrae kept at temperatures of 10 °C (all salinities) and the combinations of 20 °C/40 psu and 25 °C/35–40 psu showed negative or meager growth rates throughout the experiment (growth rates from −24 to 28% per week). Ephyrae at 15 °C (all salinities) and the combinations of 20 °C/20–35 psu constantly increased their size throughout the experiment (growth rates of 20 to 118% per week). Ephyrae at 25 °C/20 psu showed an increase in size over the first two weeks (growth rates from 10 up to 54% per week) but decreased in the third week of the experiment (growth rate of −23% per week).



Finally, ephyra growth rates were highest in the 20 °C/20 psu treatment, with the ephyrae increasing their size by about sixfold over the course of the three weeks of the experiment (Figure 7). The lowest growth rate of 5.3 ± 10.4% occurred in the combination of 10 °C/40 psu. Statistical analysis revealed that temperature alone and its interaction with salinity had a significant impact on the growth of the ephyrae (Table 1 and Supplementary Table S2).





4. Discussion


In the present study, A. solida showed high tolerance in life history and physiological responses when exposed to different temperature and salinity regimes. Both parameters individually and/or combined had significant effects on the polyps’ survival and asexual reproduction and on the ephyrae’s survival and somatic growth. Aurelia solida polyp survival was generally high in most tested temperature and salinity combinations. The only treatment that polyps could not cope with was the highest temperature and lowest salinity (28 °C/20 psu), which is a condition that is highly unlikely to occur in their natural environment and was only included in the experiment to ensure a fully crossed design and determine environmental thresholds. The high survival rates in all the other treatments showcase the high adaptability of this species to a wide variety of habitat conditions. This high tolerance has been observed in other Aurelia species polyps, including A. coerulea (9–24 °C and 25–40 psu) [20] and A. aurita s.l. (8–25 °C and 15–35 psu) [47] (Table 3). However, both species’ survival decreased when salinity dropped to 15 psu or below, in combination with either high temperatures (A. coerulea) or low temperatures (A. aurita s.l.). In the work of Pascual et al. [48], Aurelia polyps originating from the Red Sea and later identified as A. solida [25] showed only 50% survival at 14 °C (38 psu), while a high survival rate was obtained at 21 °C (87%) and 28 °C (70%). These results contrast with the present study, where polyps at 37 psu never dropped below 92% (24 °C).



The diversity of the Aurelia genus is coupled with a large range of variability in the optimum conditions for growth (Table 3). The ideal temperature for asexual reproduction (excluding strobilation) ranges from 7 °C and 9 °C for A. labiata [23] and A. aurita [22], over 14 °C for A. relicta [49], 21 °C for A. coerulea [20], and up to 28 °C for A. solida [48]. However, comparing our results with the sole other study investigating temperature effects on A. solida (originating from the Red Sea) [48] shows differences in responses. Although both polyp populations exhibited similar individual daily budding rates (0.34 and 0.36 in [48] and the present study, respectively) at 28 °C and similar salinity (37–38 psu), the highest asexual reproduction was observed at different temperatures: 28 °C in the work of Pascual et al. [48] and 20 °C in the present study. Moreover, we demonstrated that the peak of A. solida budding rate (0.92) was achieved at a lower temperature (20 °C) and salinity (30 psu)—a more estuary-like condition. These differences might be due to differences in experimental protocols (acclimation) or the different origins of the polyps used in both studies. Populations from different origins often show adaptations to their local environment (genetic or phenotypic plasticity) [53,54,55].



In contrast, the optimum salinity seems more restricted in Aurelia polyps, ranging from 21 to 30 psu (A. aurita s.l. in [22] and A. solida in the present study, Table 3). This shows that Aurelia polyps prefer slightly brackish conditions over fully marine. Our results contrast with previous suggestions that A. solida displays an ecophysiological preference for stable Mediterranean open sea conditions rather than the semi-enclosed brackish ecosystem with fluctuating states [28]. One of the well-established A. solida populations in the Mediterranean Sea is in the Bizerte Lagoon [28], where temperature (11–28 °C) and salinity (20–40 psu) display considerable inter-annual and inter-monthly variations [31,32,34].



The results of strobilation in A. solida (highest at 16 °C and 35 psu) are very similar to some other Aurelia species, showing similar subtropical affinities to those of A. coerulea (most ephyrae at 15 °C and 33 psu) [20] and A. labiata (most strobiles and ephyrae at 15 °C and 27 psu; [23], Table 3). On the other side, A. aurita, considered to be a species with more boreal affinity, showed the highest ephyra production at 4 °C and 27 psu [22]. In the present study, most of the strobilation was recorded at 16 °C—a temperature slightly higher than the ones recorded in the Adriatic Sea (8–15 °C) [30] and the Bizerte Lagoon (11.4–15 °C; [28], Gueroun, personal communication) when ephyrae and/or strobiles occurred, but close to the condition recorded in the Red Sea [29]. In the Red Sea, A. solida (mentioned as A. aurita) [29] occurred the whole year, but ephyrae were only observed in December and January when the temperature was around 17 °C [29]. The absence of ephyrae during the other months suggests that high temperature in the Red Sea during this period (18–31 °C) is not appropriate for strobilation. However, Pascual et al. [48] showed that polyps were able to produce ephyrae at higher temperatures—21 and 28 °C (salinity 38 psu)—although the number of polyps undergoing the strobilation process was limited (6% at 28 °C and 12% at 21 °C). For all the cases, experimental and in situ, lower temperatures (≤16 °C) were the trigger for A. solida strobilation onset ([28,29,30,48], present study).



The initial cases of ephyra mortality in almost all combinations of variables were most likely still remainders from the acclimation to the different conditions. In some combinations, individual ephyrae underwent such a rapid increase in size that the setup might have limited their growth and, consequently, survival in the final week of the experiment. The growth study’s main objective was to evaluate the initial growth of newly hatched ephyrae; therefore, the setup focused on accommodating this size class and their needs. The ephyrae showed typical exponential growth during the first part of their development [17]. At 20 °C/20–35 psu and 25 °C/20 psu, the ephyrae showed fast and good development over the first two weeks. Nonetheless, some ephyrae’s umbrellas started to decrease over the third week, while the oral arms inflated for unknown reasons. This could have potentially resulted from the size increase of the ephyrae and the bubbling/movement in the enclosures not being sufficient to keep the animals suspended.



Studies on other Aurelia species showed similar results for the optimal temperatures for growth. Aurelia aurita, A. labiata, and A. coerulea reached their highest growth rates at 18 °C, 21 °C, and 25 °C, respectively [50,51,52] (Table 3). Furthermore, the study of Fu et al. [51] on A. coerulea showed that, similarly to our experiment, a reduced salinity (25 psu) resulted in slightly higher growth rates. Considering both the results of ephyra survival and growth in the present study, A. solida ephyrae reach their optimum at temperatures between 15 and 20 °C and salinities of 20 psu, showing the best combination of high survival and high growth rates. Most responses showed significant effects for the interaction of temperature and salinity, which underlines the importance of running multiparameter experiments to evaluate the impact of fluctuating environmental conditions.



The interaction of temperature and salinity had significant effects on A. solida polyp survival and asexual reproduction and ephyra growth rate, suggesting the synergistic effects of both factors on the polyps and early pelagic stage may be as crucial as the individual factors. The tolerance of A. solida with respect to different temperatures and salinities is very high, making it a potential inhabitant/invader of a wide range of coastal ecosystems (e.g., bays, estuaries, lagoons). The species could potentially show the highest success in regions with temperate/subtropical summers (budding at 20 °C) and moderate winters (strobilation at 12–16 °C). The high resistance of A. solida polyps to a wide range of temperatures and salinities provides a great baseline for this species to endure even less favorable conditions at the polyp stage, using seasons with more suitable conditions for strobilation and entering the cycle of sexual reproduction.



Most Aurelia species require cold winter temperatures to complete their asexual life cycle. A study from Loveridge et al. [56] tested scenarios of warmer winters on A. aurita and found that the polyps need a minimum period of winter temperatures to induce significant strobilation (≥6 weeks at ≤7 °C). Therefore, warmer winter conditions under future climate change could significantly reduce ephyra production and eventually inhibit it altogether. In the case of A. solida, this study showed that the polyps strobilated at higher temperatures and without a previous cold shock/winter. In the Bizerte Lagoon, Tunisia, the temperature varies from 11 to 28 °C and the salinity varies from 22 to 38 psu [32]. However, lately, temperatures are rising, and winter temperatures inside the lagoon did not fall below 13 °C in some years, with an average of around 14.2 ± 0.9 °C (Gueroun, personal communication). Therefore, the local population of A. solida might increase over the following decades due to increasing winter temperatures approaching optimal conditions for strobilation (16 °C). The Aurelia populations in the Adriatic Sea (Mediterranean Sea) face average temperatures from 12 up to 25 °C in summers [57]. With ongoing warming, this seasonal range is predicted to shift to warmer temperatures by +3.8 °C per century, but with winter temperatures shifting at a much slower rate (+0.7 °C/century) [57]. The north of the Adriatic is peculiarly highly influenced by the freshwater discharge of several main rivers; salinity can therefore vary greatly (mainly 30–39 psu, but some locations with much lower salinities) [58]. Considering the results of the present study regarding the tolerance and optimal conditions for A. solida survival, growth, and strobilation, populations in the Adriatic Sea should be able to face ongoing changes over the upcoming decades. Populations in the area might benefit from slightly increasing winter temperatures, pushing the temperatures closer to their strobilation optimum (16 °C, present study). However, even if A. solida could benefit under climate change initially, the specific characteristics of the Adriatic Sea might eventually determine the population’s fate. Indeed, Canning-Clode and Carlton [59] have described the northern Adriatic Sea as a “range termini” with very limited escape routes. It was pointed out that in the case of the Adriatic Sea, poleward range expansions are limited by the southern European coast as a geographic barrier that leaves species with very limited escape routes (e.g., human mediated transport) [59]. While rising temperature is often presented as a booster for jellyfish proliferation (until a certain point), the role of salinity should not be neglected. In the case of A. solida, the potential benefit of rising temperature might be buffered by the increase of salinity in the Mediterranean Sea [60].



Climate change and increased marine traffic might benefit various jellyfish species through spatial translocation and driving phenology shifts and bloom events [61,62,63]. When suitable conditions, including temperature and salinity, are met during the polyp and ephyra stages, jellyfish blooms occur. These blooms have significant consequences on the trophic web through direct predatory pressure and indirect cascading effects caused by post-bloom body decomposition and subsequent release of nutrients and dissolved organic matter [64,65]. Studies on the specific impacts of A. solida blooms on ecosystems are still scarce. However, A. solida has been shown to ingest already up to 39% of the daily zooplankton standing stock at current high abundance levels [28]. The occurrence of long blooms could, therefore, drastically impact the local community’s structure and function. Furthermore, bacteria associated with A. solida might substantially affect the trophic web [66] after its decomposition and can function as a host to transfer bacteria to higher trophic levels [67,68].



The present study determined the optimal temperature and salinity ranges that provide the best performance and survival of A. solida and uncovered its high tolerance capacity. These insights on its ecology build a baseline to compare studies of different regions/populations and help to put the future of A. solida under ongoing climate change into perspective. Furthermore, it underlines the need for physiological tolerance studies covering a broad scale of parameters and their interaction. However, these kinds of studies have only a limited application/usability if the species is not well identified, leading to possibly false predictions on the future development of the population. In the case of the Aurelia genus, the limitations of previous studies have been confirmed and need to be revised or addressed with caution. In the light of the A. solida identification in the Mediterranean Sea, several questions arise in relation to previous research. In the Bizerte Lagoon, the first records of the genus Aurelia date back to 1994 [69]. In the following years, the scyphomedusa was never mentioned and visually absent [35] until 2012 ([28,32,70], Gueroun, personal communication). Was A. solida the initially recorded species, or did it replace the 1990s species? Is the drastic shift recorded in the Aurelia sp. dynamics in the NE Adriatic Sea [71] and Bizerte Lagoon [35] a consequence of a previous Aurelia sp. replacement by A. solida or a result of more suitable environmental conditions? In a more global range, do the different established A. solida populations present the same ecological characteristics?



Undoubtedly, future research on A. solida and other cryptic Aurelia species will need to address these questions in order to understand the ecology of each species and predict the different populations’ possible responses and impact on ecosystems in the context of climate change.
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Figure 1. Study design and dependent variables for the optimum temperature and salinity experiments on Aurelia solida polyps and ephyrae. 
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Figure 2. Kaplan–Meier survival curves for Aurelia solida polyps kept at 30 different combinations of temperatures and salinities over 56 days of the experiment (n = 12 per combination). 
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Figure 3. Asexual reproduction output (budding and podocysts combined) of Aurelia solida polyps kept at 30 different combinations of temperatures and salinities over 56 days of the experiment (n = 12 per combination). Values are standardized by the number of polyps and days and presented as boxplots including quartiles (box and whiskers), median (horizontal line), and outliers (points). 






Figure 3. Asexual reproduction output (budding and podocysts combined) of Aurelia solida polyps kept at 30 different combinations of temperatures and salinities over 56 days of the experiment (n = 12 per combination). Values are standardized by the number of polyps and days and presented as boxplots including quartiles (box and whiskers), median (horizontal line), and outliers (points).
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Figure 4. Kaplan–Meier survival curves for Aurelia solida ephyrae that were kept at twelve different combinations of temperatures and salinities over 21 days of the experiment (n = 9 per combination). 
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Figure 5. Hazard ratios of Aurelia solida ephyrae that were kept at twelve different combinations of temperatures and salinities over 21 days of the experiment (n = 9 per combination). Numbers and horizontal bars represent the ratio and the 95% confidence interval, respectively. p-values display statistical differences between each group and the reference group (15 °C and 20 psu, respectively). 
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Figure 6. Size (in mm) of Aurelia solida ephyrae that were kept at twelve different combinations of temperatures and salinities over 21 days of the experiment (n = 9 per combination). Values are presented as boxplots including quartiles (box and whiskers), median (horizontal line), and outliers (points). 
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Figure 7. Growth (in %) of Aurelia solida ephyrae that were kept at twelve different combinations of temperatures and salinities over 21 days of the experiment (n = 9 per combination). Values are presented as boxplots including quartiles (box and whiskers), median (horizontal line), and outliers (points). Letters above the boxplots indicate groups identified by Tukey’s HSD post-hoc test. 






Figure 7. Growth (in %) of Aurelia solida ephyrae that were kept at twelve different combinations of temperatures and salinities over 21 days of the experiment (n = 9 per combination). Values are presented as boxplots including quartiles (box and whiskers), median (horizontal line), and outliers (points). Letters above the boxplots indicate groups identified by Tukey’s HSD post-hoc test.
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Table 1. Statistical analysis for several variables measured on Aurelia solida kept under different temperatures and salinities. Results for polyp survival, polyp asexual reproduction, and ephyra survival are presented as the output of chi-squared tests (X2); those for ephyra growth as Anova output (F-statistic). Significant results (p < 0.05) are highlighted in bold.
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Variable Tested

	
Temperature (°C)

	
Salinity (psu)

	
Temperature × Salinity




	
Test Statistic

	
p-Value

	
Test Statistic

	
p-Value

	
Test Statistic

	
p-Value






	
Polyp survival

	
X2 = 03.23

	
0.520

	
X2 = 03.64

	
0.603

	
X2 = 43.34

	
0.002




	
Asexual reproduction

	
X2 = 87.14

	
<0.001

	
X2 = 42.86

	
<0.001

	
X2 = 49.67

	
<0.001




	
Ephyra survival

	
X2 = 25.43

	
<0.001

	
X2 = 11.35

	
0.003

	
X2 = 7.047

	
0.317




	
Ephyra growth

	
F = 46.82

	
<0.001

	
F = 0.28

	
0.761

	
F = 7.69

	
<0.001











[image: Table] 





Table 2. Data shows combinations of temperatures and salinities that resulted in strobilation in Aurelia solida polyps, including durations until the first and last ephyra were released, the number of released ephyrae per polyp, and comments on the state of released ephyrae.
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	Temperature (°C)
	Salinity (psu)
	Duration until First Ephyra (Days)
	Duration from First to Last Ephyra (Days)
	Number of

Released

Ephyrae (per Polyp)
	Comment





	12
	40
	71
	5
	5
	deformed ephyrae



	16
	20
	66
	17
	10
	deformed ephyrae



	16
	25
	75
	16
	29
	-



	16
	35
	85 ± 5.1 (n = 5)
	13.7 ± 1.5 (n = 3)
	28 ± 3.6 (n = 3)
	not all polyps finished strobilation during the experiment
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Table 3. Comparison of optimal temperature and salinity conditions for polyp and ephyra survival and asexual reproduction and ephyra growth in different Aurelia species, based on literature.
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Stage

	
Parameter

	
Species

	
Temperature (°C)

	
Salinity (psu)

	
Optimal Combination

	
Ref






	
Polyp

	
Survival

	
A. aurita *

	
14–28

	
38

	
all

	
[48]




	

	

	
A. aurita

	
4–23

	
21–34

	
all

	
[22]




	

	

	
A. aurita s.l.

	
7.9–25.1

	
15–35

	
all, except 25 °C/<27 psu

	
[47]




	

	

	
A. aurita s.l.

	
14–28

	
38

	
all

	
[48]




	

	

	
A. coerulea

	
9–24

	
15–40

	
all, except <15 °C/15 psu

	
[20]




	

	

	
A. labiata

	
7–15

	
20–34

	
all (but lower at 7 °C/34 psu)

	
[23]




	

	

	
A. solida *

	
14–28

	
38

	
all (but lower at 14 °C)

	
[48]




	

	

	
A. solida

	
12–28

	
20–40

	
all, except 28 °C/20 psu

	
**




	
Polyp

	
Budding

	
A. aurita *

	
14–28

	
38

	
28 °C/38 psu

	
[48]




	

	

	
A. aurita

	
4–23

	
21–34

	
9 °C/21 psu

	
[22]




	

	

	
A. aurita s.l.

	
7.9–25.1

	
15–35

	
17.4 °C/ 3 psu

	
[47]




	

	

	
A. aurita s.l.

	
14–28

	
38

	
28 °C/38 psu

	
[48]




	

	

	
A. coerulea

	
9–24

	
15–40

	
21 °C/25 psu

	
[20]




	

	

	
A. coerulea

	
14 and 21

	
24 and 37

	
14 °C/24 psu

	
[49]




	

	

	
A. labiata

	
7–15

	
20–34

	
7 °C/27 psu

	
[23]




	

	

	
A. relicta

	
14 and 21

	
37

	
14 °C/37 psu

	
[49]




	

	

	
A. solida *

	
14–28

	
38

	
28 °C/38 psu

	
[48]




	

	

	
A. solida

	
12–28

	
20–40

	
20 °C/30 psu

	
**




	
Polyp

	
Strobilation

	
A. aurita *

	
14–28

	
38

	
14 °C/38 psu

	
[48]




	

	

	
A. aurita

	
4–23

	
21–34

	
4 °C/27 psu

	
[22]




	

	

	
A. aurita s.l.

	
14–28

	
38

	
14 °C/38 psu

	
[48]




	

	

	
A. coerulea

	
9–24

	
15–40

	
15 °C/33 psu

	
[20]




	

	

	
A. labiata

	
7–15

	
20–34

	
15 °C/27 psu

	
[23]




	

	

	
A. solida *

	
14–28

	
38

	
14 °C/38 psu

	
[48]




	

	

	
A. solida

	
12–28

	
20–40

	
16 °C/35 psu

	
**




	
Ephyra

	
Survival

	
A. aurita

	
6–18

	
35

	
all

	
[50]




	
18

	
17.5–35

	
all




	

	

	
A. solida

	
10–25

	
20–40

	
15 °C/20 psu and 10 °C/35 psu

	
**




	
Ephyra

	
Growth

	
A. aurita

	
6–18

	
35

	
18 °C/35 psu

	
[50]




	
18

	
17.5–35

	
18 °C/35 psu




	

	

	
A. coerulea

	
10–25

	
22–31

	
25 °C/25 psu

	
[51]




	

	

	
A. labiata

	
8–28

	
34

	
21 °C/34 psu

	
[52]




	

	

	
A. solida

	
10–25

	
20–40

	
20 °C/20 psu

	
**








* Authors studied A. aurita s.l. populations from the Baltic, Mediterranean, and Red Sea which were later identified as A. aurita (Baltic Sea) and A. solida (Red Sea) by Scorrano et al. [28]; ** the present study.
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