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Jellyfish are important components of marine food webs and form problematic blooms that negatively impact human enterprise. Jellyfish of the genus Aurelia (Class Scyphozoa) are common bloom-formers in the Gulf of Mexico (GoM). Aurelia have a multi-modal life cycle where the perennial polyp produces seasonal medusae. Abiotic tolerance ranges and limits strongly influence the distribution of marine species but are unknown for most jellyfish species. Tolerance limits for survival are crucial to understanding present polyp distribution and how distribution may change in climate change scenarios. We sampled and barcoded two Aurelia species from the GoM, namely Aurelia sp. 9 and a possible new species found offshore (Aurelia sp. new). Planulae obtained from one medusa of Aurelia sp. new, and five medusae of Aurelia sp. 9 were used to establish laboratory cultures. Polyps of Aurelia coerulea, a species native to Japan but introduced in North America, Australia, and Europe, were obtained from a local aquarium, barcoded, and used to establish laboratory cultures. Using controlled laboratory experiments, we determined the temperature and salinity limits for polyp survival of the two GoM species and A. coerulea. We find that A. sp. 9 and A. coerulea were tolerant of a broad range of temperatures and salinities, but differed in tolerance limits, suggesting potential differences in habitat and resistance to climate change. A. sp. 9 was most tolerant of high temperatures and low salinities, such as those found in the estuaries of the GoM. Summer high temperatures in the coastal GoM exceed the upper thermal tolerance limit of A. sp. new and A. coerulea, suggesting that A. sp. new is an offshore species and that the coastal GoM waters may not be a suitable environment for A. coerulea. Based on the upper thermal limits identified in this study, the 4°C ocean temperature increase projected for the GoM by the next century may negatively impact Aurelia sp. 9 and Aurelia sp. new populations and is expected to deter A. coerulea from invading the GoM. This is the first account of Aurelia sp. new and the first report of temperature and salinity ranges and tolerance limits for Aurelia species.
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INTRODUCTION

Jellyfish are important components of marine food webs. They feed on zooplankton and fish larvae (Möller, 1984; Purcell and Sturdevant, 2000; Riascos et al., 2014) and are food for a variety of marine animals such as penguins, turtles, and tuna (Hays et al., 2018). Large aggregations of jellyfish, also known as “blooms,” are associated with numerous negative socio-economic impacts. Jellyfish clog fishing nets (Nagata et al., 2009), reduce catch quality (Quiñones et al., 2013), obstruct power plant cooling intakes (Abdul Azis et al., 2000), and sting beachgoers (De Donno et al., 2014). Blooms also cause problems for aquaculture by fouling net pens and jellyfish nematocyst-rich mucus is responsible for fish gill disorders (Purcell et al., 2013).

In the Gulf of Mexico (GoM), problematic jellyfish blooms in coastal areas are often caused by medusae of the Class Scyphozoa, Phylum Cnidaria. Scyphozoan jellyfish have a multi-modal life cycle (Ceh et al., 2015) where the perennial benthic polyp produces seasonal jellyfish. Young medusae (ephyrae) are produced by polyps via an asexual transverse fission process called “strobilation.” In the GoM, there are 20 reported species of Scyphozoa, representing three orders and eleven families (Segura-Puertas et al., 2009). The predominant bloom-forming jellyfish genera in coastal and shelf ecosystems are Aurelia, Chrysaora, and Stomolophus (Larson, 1991), which bloom mostly in the summer months (Graham, 2001; Robinson and Graham, 2013).

Polyps have a key role in maintaining and expanding Scyphozoan populations (Lucas et al., 2012). Each polyp releases multiple medusae per strobilation event. Medusae production is controlled by the number of strobilating polyps and the rate and duration of jellyfish release (Lucas et al., 2012), therefore the size of jellyfish blooms is in part determined by the size of the polyp population. Polyps also reproduce asexually, increasing their benthic population size and thus contributing to the magnitude of jellyfish blooms (Lucas et al., 2012).

Current knowledge on the location, size, and dynamics of natural polyps in the GoM is lacking. Polyps are tiny, and found in sheltered, poorly visible places, making detection difficult. Polyps are known to inhabit hard substrates including biofouling benthic organisms, floating platforms and manmade structures (Duarte et al., 2013). Most of the GoM has a soft sandy or muddy bottom, so settlement surfaces are likely limited. However, despite the conspicuous blooms, polyps of even the most common Scyphozoan species have not been found in the GoM. The inability to locate polyp populations in nature hinders the study of jellyfish population dynamics and blooms. For example, triggers of strobilation and jellyfish production cannot be studied in situ, and the geographic origins of jellyfish blooms are unknown. Moreover, without knowledge of the current geographical ranges of polyp populations, it is difficult to predict how jellyfish will respond to climate change.

Scyphozoans’ response to climate change is not well understood. Medusae presence and abundance in ecosystems is generally highly variable. The timing, location, and number of individuals observed can vary significantly within and between years and locations (Purcell, 2005; Heim-Ballew and Olsen, 2019). The variability in the frequency and magnitude of jellyfish blooms is due in part to global multi-decadal climate oscillations (Condon et al., 2014). However, evidence from some ecosystems suggests that anthropogenic perturbations to ecosystems may facilitate bloom-formation (Purcell et al., 2007; Purcell, 2011). Jellyfish have been shown to increase in abundance in heavily fished ecosystems (Lynam et al., 2006) in areas with benthic hypoxia (Shoji et al., 2010; Miller and Graham, 2012) and in areas experiencing eutrophication (Purcell et al., 1999a; Haraldsson et al., 2012).

In the GoM, climate change is expected to affect temperatures, precipitation patterns, tropical storm activity, and sea levels (Biasutti et al., 2012). Bottom temperature increase may impact benthic polyps, their survival capabilities and their strobilation rates, thus influencing bloom magnitude and frequency. Bottom-water temperatures have increased 2°C over a 30 year period on the northern GoM continental shelf (Turner et al., 2017), which is 1.9 times faster than the local increase in air temperatures during the summer months and 6.4 times faster than the global annual sea temperature increase (Turner et al., 2017). Also, the average temperature of GoM water is projected to increase by 4°C by the end of the century (Muhling et al., 2011; Biasutti et al., 2012). How this increase in temperature will affect Scyphozoan populations and bloom frequency is unclear. It has been shown that temperature affects growth rate, asexual reproduction, and strobilation of polyps of Aurelia spp. (Purcell, 2007; Willcox et al., 2007; Hubot et al., 2017). Thermal tolerance limits constrain the biogeographical range where Scyphozoan species can survive. The ability to tolerate regional or local thermal conditions may also impact the potential for a species to become an exotic invader. The invasive Scyphozoan Aurelia coerulea, for example, has so far become established in habitats that possess similar seasonal maxima and minima to its native latitudinal range of 30°N to 45°N (Dawson et al., 2005; Scorrano et al., 2017).

Salinity is another important environmental factor that can impact the development and survival of Scyphozoan jellyfish polyps (Rippingale and Kelly, 1995; Purcell et al., 1999b, 2009; Pitt and Kingsford, 2003). Jellyfish outbreaks frequently occur in coastal environments that experience variable salinity, such as bays, estuaries and partially enclosed marine waters worldwide (Purcell et al., 1999b). Furthermore, changes in precipitation are predicted to alter the salinity of coastal areas, including the GoM (Biasutti et al., 2012), motivating studies on the salinity preferences and limits of jellyfish species. Only a few natural polyp habitats of Aurelia spp. have been studied (Gröndahl, 1988; Purcell et al., 2009; Malej et al., 2012; Marques et al., 2015, 2019; Hoèvar et al., 2018), thus information on the diversity of salinity tolerances within the genus is limited. Many past studies were also confounded by the presence of multiple cryptic species within the Aurelia genus (Dawson and Martin, 2001; Scorrano et al., 2017). Field and laboratory studies demonstrate Aurelia congeners to have differing responses to salinity variation (Spangenberg, 1964; Purcell et al., 2009; Marques et al., 2019). The size of wild populations of A. coerulea polyps appeared to be negatively impacted by high salinities especially in combination with high temperatures (Marques et al., 2019). Low salinity retarded growth of wild A. labiata (Purcell et al., 2009), while varying the salinity within the range of local environmental fluctuation was found to have no significant effect on polyp growth in Aurelia sp. from Tasmania (Willcox et al., 2007).

Temperature and salinity tolerance ranges, limits, and capacity for acclimatization strongly influence the distribution of marine species (Pörtner, 2002; Stillman, 2003; Somero, 2005, 2010), but are unknown for most jellyfish species. Yet, tolerance limits are crucial to understanding present jellyfish polyp distribution in the GoM and how distribution may change in climate change scenarios. In this study, using laboratory experiments, we assessed the temperature and salinity tolerance of the polyps of two species of Aurelia collected from the GoM and an invasive Aurelia species native to the South and East China Seas (Dawson et al., 2005). Namely, we focus on Aurelia sp. 9 and a new Aurelia species reported for the first time in this paper and found offshore in the GoM, as well as Aurelia coerulea, a species native to Japan that has invaded the Pacific coast of the United States and other locations around the world (Dawson et al., 2005; Scorrano et al., 2017). Our aims are to 1) determine the range and limits of temperatures that each species can likely tolerate in nature, 2) investigate whether the three species have the same or different upper thermal limits and 3) resolve the salinity tolerance ranges and limits for each species. This study aims to identify the temperature and salinity tolerance limits of three Aurelia species, predict their biogeographical distribution in the GoM, and to provide insight into how jellyfish populations may fare as ocean temperatures increase.



MATERIALS AND METHODS


Organism Sources and Culture Establishment

Five female medusae of Aurelia sp. 9 were collected in Galveston Bay in October 2017. Medusae were carrying planulae. Soon after collection of the specimens, planulae were isolated and placed into 700 ml containers with filtered sea water of ambient bay salinity. Planulae were transported to the Texas A&M University at Galveston Sea Life Facility, where they were pooled into a single culture and allowed to metamorphose into polyps. Approximately 50 polyps belonging to the species A. coerulea were provided by the Moody Gardens Aquarium and used to start cultures. A single live adult female Aurelia jellyfish carrying planulae was collected by dip net on July 1, 2017 during a research cruise aboard the R/V Pelican. Collection took place approximately 80 miles south of the coast of Louisiana in the GoM (28° 0′ 0″N, –89° 4′ 8″W). Instruments onboard the research vessel measured water parameters to be 37 ppt salinity and 28.8°C. Tissue from the medusa was preserved in 100% ethanol. The planulae were collected from the medusa and transported to the Texas A&M University at Galveston where they settled into polyps. Polyps of all three species were maintained at the Sea Life Facility at Texas A&M University at Galveston in aerated aquaria at a salinity of 33–35 ppt, ambient temperature of 15–23°C, minimal lighting and were fed once or twice a week with a combination of freshly hatched Artemia salina nauplii and algae-enriched rotifers. Seawater of appropriate salinity was made by adding Instant Ocean aquarium salt to filtered seawater of ambient bay salinity until the target salinity was reached. Water in aquaria was changed once a week. A second partial Aurelia medusa was collected on July 3rd, 2017 in a neuston net and preserved in 100% ethanol. Both medusae specimens were used for molecular analyses.



Molecular Barcoding for Species Identification

Total genomic DNA was purified from individual polyps taken from the established polyp cultures of each species and from the tissues of two ethanol-preserved medusae samples collected aboard the R/V Pelican. Mitochondrial cytochrome c oxidase subunit I (COI) and nuclear internal transcribed spacer 1 (ITS1) were used for species-level characterization. COI was amplified using the primers LCOjf (Dawson et al., 2005) and HCO2198 (Folmer et al., 1994) using the thermal cycling protocol described by Piraino et al. (2014). ITS1 was amplified using the primers KMBN-8 and KMBN-84 from Chiaverano et al. (2016), using the thermal cycling protocol described by the authors. All polymerase chain reactions (PCR) were performed in a BioRad thermocycler. To check the quality and size of amplicons, PCR products were visualized on a 1.5% agarose gel stained with SYBR Safe. PCR products were purified using ExoSAP-ITTM (Applied Biosystems) or GeneJET Gel Extraction Kit (Thermo Scientific). COI amplicons were bi-directionally sequenced by the Texas A&M University Corpus Christi Genomics Core Lab using the PCR primers. Sequences were viewed and assembled in Geneious 9.1.8. To identify species, each consensus sequence was queried, using the BLASTn search algorithm, against the nucleotide collection (nr/nt) database of the National Center for Biotechnology (NCBI, http://www.ncbi.nlm.nih.gov).



Thermal Tolerance Ranges and Limits

We assessed temperature tolerances using two different approaches, the Chronic Lethal Thermal Method (CLM) and the Critical Thermal Method (CTM). Both methods utilize a dynamic approach to thermal tolerance determination where temperature is gradually changed until a predefined endpoint is reached. However, the methods differ in the rate of temperature change and the endpoint used (Beitinger et al., 2000) and therefore evaluate different aspects of thermal tolerance. Maximum and minimum limits in both the CTM and the CLM are determined by calculating the arithmetic mean of the endpoint temperatures among biological replicates (Vinagre et al., 2018).

The CLM utilizes a rate of temperature change that is slow enough to allow organisms to reacclimate at each new temperature and uses death as the endpoint (Beitinger et al., 2000). Temperature change rates are usually set at 1°C/day or slower (Beitinger et al., 2000; Eme and Bennett, 2009). By incorporating acclimation, the CLM has the advantage over the CTM of producing a more accurate estimate of a species’ actual thermal limits in nature (Beitinger et al., 2000). We used the CLM approach to estimate the maximum and minimum temperatures that each Aurelia species can tolerate in the wild, in the forms of the Chronic Lethal Thermal Maximum (CLMax) and Chronic Lethal Thermal Minimum (CLMin) for each species. In order to acquire a more detailed understanding of how each species responds to temperature change, we monitored polyps for signs of stress at regular intervals during temperature increase and decrease during the CLM trials. We used tentacle morphology and polyp response to tactile stimuli (prodding with a metal probe) to monitor stress, and created a ranking system, that we termed “response score” (Table 1). This score is based on observations that under standard culture conditions, polyps respond to external stimuli with immediate muscle contractions and maintain tentacles in an extended position ready to feed. The response score was used to track each species’ ability to acclimate to thermal increase or decrease and to track the onset of thermal stress leading to death.


TABLE 1. Response scores with corresponding polyp morphology and degree of tentacle and body response.

[image: Table 1]The CTM is a common method for defining species’ thermal tolerance limits (Bennett et al., 2018) that has also been used to evaluate invertebrate response to climate change (Madeira et al., 2012; Vinagre et al., 2016, 2018, 2019). CTM is particularly useful for more precisely distinguishing tolerances between species (Beitinger et al., 2000) and was used in this study to resolve differences in upper thermal tolerance limits between Aurelia congeners. In the CTM, temperature is changed at a constant rate until a predefined sublethal critical endpoint is reached. The critical endpoint is generally specified as a non-lethal but incapacitating point (Lutterschmidt and Hutchison, 1997). CTM rates of temperature change are set fast enough so that acclimation does not occur, but slow enough for temperature to be tracked and should be standardized to allow comparison between species (Eme and Bennett, 2009; Bennett et al., 2018). We used the commonly chosen rate of temperature change of 1°C/15 min (Bennett et al., 2018; Vinagre et al., 2018, 2019).

To estimate the salinities that Aurelia polyps can tolerate in the wild, we used a chronic salinity change approach similar in concept to the CLM, which we call the Chronic Lethal Salinity Method (CLSM). We tracked individual polyps over gradual increase or decrease in salinity and monitored their apparent stress level at regular intervals using response scores, until the endpoint. The response score data was used to track each species’ ability to acclimate to salinity change and to track the onset of salinity stress leading to death. Death was designated as the endpoint. Slow rates of change in environmental variables allow polyps to physiologically acclimate, such that tolerance limits approximate what species would tolerate in the wild. We selected a rate of salinity change of 1 ppt per day to maximize acclimation time within practical limits for the investigators. Using this approach, salinity limits were calculated by taking the arithmetic mean of the lethal endpoint salinities among biological replicates (CLSMin and CLSMax).



Chronic Thermal Acclimation Range and CLM

For each Aurelia species, three non-asexually reproducing polyps were placed and allowed to settle in each well of a 12-well culture plate with 7 ml of seawater at a salinity of 33 ppt. Polyps were selected from random locations within the parent culture in an effort to maximize genetic diversity and prevent selection of polyps belonging to the same clonal line. After 3 days, polyps were checked for attachment, and one healthy, attached polyp was retained in the dish; all others were removed. Three replicate culture plates were used for each species for a total of 36 biological replicates (polyps) per species. The experimental culture plates were placed in an incubator with the lights off. Temperature was gradually increased starting from 21°C and increasing at 1°C per day. 21°C was the average temperature of the culture conditions in the facility where long-term cultures were kept. This acclimation temperature was selected to minimize baseline physiological stress of the polyps prior to the start of chronic temperature acclimation experiments. One 12-well culture plate populated with 12 polyps/species was used as the control and maintained in an incubator at 21°C with the lights off for the duration of the experiment. Polyps were fed approximately 10 A. salina nauplii and 15 rotifers per well every third morning (every 2°C increase) for 2–3 h. Complete water changes were performed after feeding. Water for all cultures was made using natural filtered seawater adjusted to the target salinity of 33 ppt using Instant Ocean sea salt. Water was pre-warmed in the incubators to the target temperatures before each water change. Water parameters were checked with a YSI to maintain accuracy. Temperature inside the incubators was logged using HOBO Onset temperature and light loggers. Polyps were observed under a Leica dissecting microscope every 2°C increment until their response scores reached 3, then they were observed at every 1°C increment. Polyps were scored for signs of stress according to a 5-point scale based on their tentacle morphology and response to stimuli (Table 1). A metal probe or plastic pipette tip was touched to the tentacles and body of each polyp to evaluate response to stimuli (Figure 1). The temperature, response score of each polyp, and number of polyps in each well was recorded. Any independent child polyps or free-swimming ephyra were removed. Polyps were considered to have reached the lethal endpoint when they lost tissue integrity at a response score of 1, which was defined as the absence of recoil by the tissue upon prodding the polyp body with a probe. The experiment was then repeated, but with decreasing temperature. Temperature was gradually decreased starting from 21°C at 1°C per day. Polyps were cultured, fed, and monitored in the manner described for increasing temperature.


[image: image]

FIGURE 1. Examples of response scores of Aurelia sp.1 polyps. Response to stimuli is in decreasing order from left to right 5-1. A response score of 5 indicates optimal polyp response; a response score of 1 indicates compromised tissue integrity (refer to Table 1 for a complete definition of response scores).




Calculating Chronic Lethal Thermal Limits (CLMax and CLMin)

The CLMax for each species was determined by averaging the temperatures at which each polyp reached the lethal endpoint using the equation:

[image: image]

Where Tendpoint is the temperature at which polyps had a response score of 1 during the CLMax trials, and n is the sample size. The CLMin for each species was calculated using the same equation but using data from the CLMin trials.



Critical Thermal Maximum (CTMax)

Fifty to one hundred healthy polyps of each Aurelia species were transferred from different locations in the master cultures to 700 ml containers with 33 ppt water and aeration. Each species was placed in an incubator and kept at 21°C for 2 weeks for acclimation. 21°C was used as the acclimation temperature to approximate the average winter sea temperature along the shelf of the northern GoM (Boyer et al., 2011) where natural polyp populations may be located. Polyps were fed ad libitum with newly hatched A. salina nauplii twice a week for 24 h. Lights were off in the incubator. Water was changed in the containers on the day following feeding. Polyps were starved for 24 h before CTMax experiments. 5 polyps per well and 10 polyps per species were placed into 24.1 mm diameter propylene wells with 420 μm mesh bottoms (TedPella). Wells were inserted into foam so that they would float and placed into a thermostable water bath with vigorous aeration. Salinity and temperature parameters were maintained the same as during acclimation. Polyps were allowed to settle for 24 h at 21°C. Temperature was increased at a rate of 1°C/15 min. Each polyp’s response to stimuli was evaluated at every 1°C by touching the tentacles with a metal probe. If no response was observed, the polyp body was touched with the metal probe. Response to stimuli was observed under a Leica dissecting microscope due to polyps’ small size. Water bath temperature was measured using a digital thermometer immediately prior to removing the polyps from the water bath for observation. Individual wells were carefully scooped with the surrounding water from the water bath using a plastic container and placed under the microscope. When no response to the stimuli from either tentacles or polyp body was observed, the polyp was considered to have reached its endpoint and the temperature of the water bath was recorded as the thermal maximum of the polyp. Salinity was maintained at 33 ppt for the duration of the experiment, while dissolved oxygen concentration and pH were both monitored to ensure consistent levels.



Calculating Critical Thermal Maximum (CTMax)

The CTMax for each species was calculated by averaging the temperatures at which polyps lost response to stimuli using the equation:

[image: image]

Where Tendpoint is the temperature where polyps lost response to stimuli and n is the sample size. Intraspecific variability of the CTMax was determined by calculating the coefficient of variation given as a percentage for each species, using the equation: (standard deviation/mean)∗100.



Chronic Salinity Acclimation Range and CLSMin

For each Aurelia species, three non-asexually reproducing polyps were placed in each well of a 12-well culture plate with 7 ml of seawater at a salinity of 33 ppt and allowed to attach. After three days, polyps were checked for attachment. One healthy attached polyp was retained in the dish, while the others were removed. Two replicate culture plates were used for each species, with a total of 24 polyps per species. Culture plates were placed in incubators at 19°C, which is the winter average ocean temperature of the northern GoM coast (Boyer et al., 2011). The specific temperature approximates winter thermal conditions of estuaries, bays, and the coastline of the region, where potential habitats for coastal polyps are likely located. Lights were off in the incubators. Salinity was increased by 1 ppt a day, by completing a water change with water of the appropriate salinity. Eight polyps of each species were used for the control and maintained in an incubator at 19°C and salinity of 33 ppt. Water for all cultures was made using natural filtered seawater adjusted to the target salinities using Instant Ocean sea salt. Water was pre-warmed in the incubator to 19°C and water parameters were verified with a YSI prior to water changes. Temperature inside the incubator was logged using HOBO Onset temperature and light loggers. Polyps were fed approximately 10 A. salina nauplii and 15 rotifers per well once a week for 2–3 h. Complete water changes were performed after feeding. Polyps were observed for data collection under a Leica dissecting microscope at every 2 ppt increment until their response scores reached 3, then they were observed at every 1 ppt increment. Polyps were scored for visible stress level according to the 5-point response score scale defined above (Table 1). A metal probe or plastic pipette tip was used to touch tentacles and body of each polyp to evaluate response to stimuli. The salinity, response score of each polyp, and number of polyps in each well were recorded. Any independent child polyps or free-swimming ephyra were removed. Polyps were considered deceased when they lost tissue integrity, defined as the absence of recoil by the tissue upon prodding the polyp body with a probe, at a response score of 1. The experiment continued until all polyps reached a response score of 1. The experiment was then repeated, but with decreasing salinity. Salinity was gradually decreased by 1 ppt per day starting from 33 ppt. Water of target salinity was made by adjusting natural filtered seawater to target salinities using deionized water. Water quality monitoring, feedings and data collection were performed as described for increasing salinity.



Calculating Chronic Lethal Salinity Limits (CLSMin)

The CLSMax could not be determined because polyps’ tolerance exceeded the range of the YSI (42 ppt). The CLSMin for each species was calculated by averaging the lethal endpoint salinities for each species from the decreasing salinity trial using the equation:
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Where Sendpoint is the salinity where polyps lost tissue integrity at a response score of 1, and n is the sample size.



RESULTS


Identification Through Molecular Barcoding

Cytochrome c oxidase subunit I sequences were approximately 650 bp in length, which is a standard length for Aurelia COI. ITS1 sequences were around 600 bp. Polyps from coastal medusae collected in Galveston Bay were confirmed to be Aurelia sp. 9 according to COI with a Percent Identity of 99.83% and an E-value of 0. Polyps that had been provided by the Moody Gardens Aquarium belonged to A. coerulea based on COI with a Percent Identity of 100% and E-value of 0. For the offshore Aurelia species, top BLASTn matches for mitochondrial COI were to A. relicta (Accession number KX691571), with a Percent Identity of 91.33% and an E-value of 0. The top match for nuclear ITS1 was Aurelia sp. Incheon with a Percent Identity of 84.70% and E-value of 1e-158. Aurelia sp.5 (A. relicta) was also among the top 5 database matches and had a higher Percent Identity of 88.65% and an E-value of 5e-122. Since we are unable to identify the offshore Aurelia to any known Aurelia species, we refer to this strain as Aurelia sp. new. A multigene phylogenetic analysis to clarify the phylogenetic position of A. sp. new within the genus is in progress, but outside the scope of this paper.



Chronic Thermal Acclimation Limits (CLMin and CLMax)

Polyps of A. coerulea maintained an average response score of 5 from 8°C to 27°C. At temperatures above 27°C, the response scores decreased from 5 to 1 over a span of 3°C. Below 8°C, the response scores of A. coerulea polyps decreased to 3 at 5°C. A. coerulea polyps did not show visible changes in stress level from 5°C down to 0°C, but response scores fell from 3 to 1 when temperatures decreased from 0°C to –2°C. Loss of response to stimuli occurred at about –1°C (Figure 2). For A. coerulea polyps, the CLMax was 30.9°C and the CLMin was –2°C; all polyps of this species reached the endpoint at the same temperature during the experiment with decreasing temperature (Table 2). The thermal range for A. coerulea spanned 32.9°C.
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FIGURE 2. Response scores of Aurelia species during 1°C/day temperature change. Response scores 1-5 are described in Table 1. Temperature is in degrees Celsius (°C). Error bars display standard error. Colors correspond to Aurelia species: red is Aurelia coerulea, green is A. sp. new, and blue is A. sp. 9.



TABLE 2. Chronic lethal temperature limits for three Aurelia species: Chronic Lethal Minimum (CLMin) and Chronic Lethal Maximum (CLMax).

[image: Table 2]Polyps of Aurelia sp. new maintained an average response score of 5 from 13°C to 27°C. At temperatures above 27°C, the response scores decreased from 5 to 1 over a span of 2°C. Below 13°C, response scores decreased to 4 by 10°C, and steadily to 1 at 6°C. Loss of response to stimuli occurred at about 7°C (Figure 2). For Aurelia sp. new polyps, the CLMax was 30°C and the CLMin was 6°C; all polyps of this species were observed to reach their endpoints at the same temperatures (Table 2). The thermal range for A. sp. new spanned 24°C.

Polyps of Aurelia sp. 9 maintained an average response score of 5 from 14°C to 30°C. At temperatures above 14°C, polyps’ response scores decreased from 5 to 1 over a span of 5°C. Below 14°C, response scores decreased to 4 by 10°C, and to 1 at 3°C. Loss of response to stimuli occurred at about 5°C (Figure 2). For Aurelia sp. 9 polyps, the CLMax was 34.7°C and the CLMin was 3.1°C (Table 2). The thermal range for A. sp. 9 spanned 31.6°C.

Polyps in the control groups maintained response scores of 4 or above throughout the experiment. Results for the control polyps can be found in Supplementary Material S1.



Critical Thermal Maximum (CTMax)

Polyps of Aurelia sp. 9 had the highest thermal tolerance with a CTMax of 37.2°C. The first polyp lost response to stimuli at 34°C, but most polyps lost their response to stimuli above 37°C with the most tolerant polyps retaining response until 38.4°C. Intraspecific variation for Aurelia sp. 9 was 4.0%. Aurelia sp. new polyps had a CTMax of 32.1°C with 0% intraspecific variation (all lost response to stimuli at the same time and at the same temperature). A. coerulea polyps were the least tolerant to high temperatures with a CTMax of 29.6°C. The first polyps lost response to stimuli at 28.7°C. One polyp tolerated temperatures up to 31.8°C. Intraspecific variability for A. coerulea was 4.1%. Results for CTMax experiments are summarized in Table 3.


TABLE 3. Critical Thermal Maximum (CTMax) values for three Aurelia species.

[image: Table 3]


Salinity Acclimation Range and CLSMin

Aurelia coerulea polyps maintained an average response score of 5 down to about 12 ppt, with response scores falling below 4 at approximately 11 ppt. Polyps lost response to stimuli at about 7 ppt and tissue integrity at 6 ppt. CLSMin for A. coerulea was 6.2 ppt. Aurelia sp. new maintained response scores of 5, with no signs of visible stress, down to a salinity of 18 ppt, and response scores of 4 or above to 15 ppt. Polyps lost response to stimuli at about 12 ppt and tissue integrity at 10 ppt. The CLSMin for Aurelia sp. new was 10 ppt. Aurelia sp. 9 polyps maintained response scores of 5 at 10 ppt, and response scores of 4 or above to approximately 7 ppt. Polyps lost response to stimuli at about 4 ppt and lost tissue integrity at 2 ppt. The CLSMin for Aurelia sp. 9 was 2.2 ppt. CLSMin values are summarized in Table 4. In the chronic salinity acclimation experiment with increasing salinities, polyps of all three species maintained optimal response scores to a salinity of 42 ppt, which was the measurement limit for the YSI salinity meter. The upper acclimation limit for salinity and the CLSMax could not be determined but exceeds ecologically relevant values for the GoM. Polyps in the control groups maintained average response scores of 4 or above for the duration of the experiment. Results for the control polyps can be found in Supplementary Material S1.


TABLE 4. Chronic Lethal Salinity Minimum (CLSMin) for three Aurelia species.
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DISCUSSION

Environmental changes associated with climate change drive species range shifts. General trends across the globe reveal that species respond to warming ocean temperatures by shifting pole-ward (Thomas, 2010). However, in the GoM, the North American continent forms a physical barrier limiting species’ northward movement. Due to their complex life cycle, the success of jellyfish species depends on the ability of the polyp, ephyra, and jellyfish life-stages to tolerate future conditions. Since it is the polyp stage that is responsible for maintaining and expanding jellyfish populations between seasons and years, species’ success is influenced by the ability of the polyp to tolerate temperature increases.

The offshore Aurelia species may be a new species as it was not represented among GenBank COI or ITS1 sequences. Additional molecular and morphological analyses are required to confirm the identity of Aurelia sp. new as a distinct species. Only two Aurelia species have been previously reported in the GoM: A. sp. 9 and A. c.f. sp. 2 (Chiaverano et al., 2016).

Aurelia coerulea, Aurelia sp. new, and Aurelia sp. 9 possess distinct thermal tolerance ranges and thermal limits (Table 2). More specifically, the thermal ranges of the invasive species A. coerulea and Aurelia sp. 9 are of similar size, differing only by 1.3°C based on lethal limits. The response scores of both species show a similar trend, as both maintained response scores of 5 over a 21°C span (Figure 2). However, A. coerulea has a lower thermal tolerance with its experimental thermal tolerance range shifted by about 4°C relative to that of Aurelia sp. 9, suggesting a preference for cooler temperature. This is also reflected in the climate of its native geographical origin in the South and East China Seas. The thermal range of Aurelia sp. new is approximately 8°C narrower than that of A. coerulea and A. sp. 9 (Figure 2), suggesting that polyps of this species may prefer thermally stable conditions. CLMax values and visible stress as measured by response scores suggest that A. coerulea and A. sp. new may have similar upper thermal limits. Control polyps that were kept at a constant temperature but otherwise treated in an identical manner, maintained high response scores for the duration of trials, indicating that the observed lethal limits were due to thermal stress.

Unlike Aurelia sp. 9 and sp. new, polyps of A. coerulea have been found in the wild (Ishii and Katsukoshi, 2010; Marques et al., 2019). Interestingly, the experimentally resolved temperature range where polyps of A. coerulea maintained minimal signs of stress (response scores of 4 or above) determined in this study align well with published reports of the habitat temperatures for this species derived from field surveys of wild populations. According to our experiments, A. coerulea polyps experienced minimal stress from 6.5°C to 27°C, whereas natural polyp habitats in the Thau Lagoon (northwestern Mediterranean) range from 7.6°C to 25.8°C (Marques et al., 2019), 6°C to 30°C for polyps in Lake Verano, Italy (Belmonte et al., 2011), and 9°C to 29°C for A. coerulea in Tokyo Bay, Japan (Ishii and Katsukoshi, 2010). These are the minimum and maximum recorded water temperatures of wild populations surveyed over the span of approximately 1 year (Ishii and Katsukoshi, 2010; Marques et al., 2019).

The thermal range of A. coerulea suggests that it is unlikely to develop a resident population within the coastal GoM. Winter low temperatures along the northwestern and northeastern coasts of the GoM average 13–20°C (averaged from https://www.nodc.noaa.gov/dsdt/cwtg/all_meanT.html), which is well above the lower thermal tolerance limit of –2°C (CLMin) for A. coerulea. However, with a CLMax of 30.9°C, this species may be restricted by the summer water temperatures along parts of the northwestern and northeastern GoM coasts, which average 28–31°C (averaged from https://www.nodc.noaa.gov/dsdt/cwtg/all_meanT.html). Summer average temperatures in the coastal GoM are thus likely to be lethal to A. coerulea whose response scores indicated damaging levels of thermal stress at temperatures above 27°C.

Aurelia sp. 9, the common-bloom forming Aurelia species in the GoM, had a thermal tolerance range of 3.1°C to 34.7°C based on lethal limits and displayed minimal signs of stress between 10°C and 31°C. Monthly annual averages for coastal western and eastern GoM range from 13°C to 31°C suggesting that, from a thermal perspective, the conditions of bays, marinas, and coastlines are suitable habitats for Aurelia sp. 9 polyps. Out of the three species evaluated, Aurelia sp. 9 was tolerant of temperatures at least 3°C higher than the other two species. Aurelia sp. new had the narrowest thermal range of 24°C, and displayed signs of stress outside of the range of 10°C to 27°C. The upper lethal thermal limit of Aurelia sp. new (CLMax = 30°C) suggests that it may also not be able to tolerate the summer high temperatures observed along the northern GoM coast. However, the temperatures in the deeper waters along the continental shelf in the GoM where the medusa of this species was collected, are generally lower than the coastal summer averages, so it is possible that Aurelia sp. new is restricted to offshore areas.

We used the CTM to identify CTMax for each species to resolve the relative upper thermal limits of the Aurelia congeners (Table 3). CTMax values confirm that Aurelia sp. 9 is more tolerant of high temperatures than both A. coerulea and Aurelia sp. new. A. coerulea had the lowest CTMax among the congeners, indicating this species to be the least tolerant of high temperatures, which is reasonable considering the generally lower temperatures of its native range as compared to the GoM. Fast rates of warming, such as the 1°C/15 min rate used in this study to determine CTMax, may overestimate the actual upper thermal tolerance limits of organisms in nature (Peck et al., 2009). CTMax values are usually greater than CLMax values, because slower rates of warming in the chronic experiment allow more time at each temperature for lethal physiological effects to accumulate and set in. This relationship was observed for Aurelia sp. 9 and Aurelia sp. new, where CTMax values were about 2°C greater than CLMax values, but not for A. coerulea, where the CTMax was approximately 1°C lower than the CLMax (Figure 4). The lower CTMax may indicate that A. coerulea polyps are sensitive to rapid temperature changes.

Chronic salinity experiments show that polyps of all three species are generally able to withstand a wide range of salinities and are not sensitive to hypersaline conditions (Figure 3). Of the three species, Aurelia sp. 9, had the lowest CLSMin value of 2.2 ppt. Additionally, polyps of this species had no visible signs of stress during the 1 ppt/day salinity decrease until salinity dropped below 10 ppt, suggesting that A. sp. 9 polyps are tolerant of low salinities and salinity change. When considered together with the high thermal tolerance of this species, salinity tolerance results suggest that coastal areas of the GoM as well as some bays and estuaries in this region, are suitable habitats for polyps of A. sp. 9. A. coerulea polyps had a CLSMin of 6.2 ppt with no visible signs of stress until salinity decreased below 14 ppt. Most wild populations of A. coerulea have been recorded at salinities above 20 ppt (Belmonte et al., 2011; Marques et al., 2019). Aurelia sp. new had a CLSMin of 10 ppt and was therefore the least tolerant of low salinities among the three species. Visible signs of stress were observed for polyps of this species at salinities below 18 ppt, suggesting possible low resilience to salinity change (Table 4). Compared to the two coastal species, Aurelia sp. new has a considerably more limited ability to withstand both temperature and salinity change, indicating that A. sp. new is an offshore species in the GoM.
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FIGURE 3. Response scores of Aurelia species in response to 1 ppt/day salinity change. Response scores 1-5 are described in Table 1. Salinity is in parts per thousand (ppt). Error bars display standard error. Colors correspond to Aurelia species: red is Aurelia coerulea, green is A. sp. new, and blue is A. sp. 9.
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FIGURE 4. Comparison of thermal tolerance values from Chronic Lethal Maximum and Minimum and Critical Thermal Maximum experiments for Aurelia coerulea, A. sp. new, and A. sp. 9. Thermal limits are in degrees Celsius (°C). Colors designate thermal limit type: red is Chronic Lethal Maximum (CLMax), green is Chronic Lethal Minimum (CLMin), and blue is Critical Thermal Maximum (CTMax). Boxplots displays the median with the lower and upper hinges corresponding to the 25th and 75th percentiles and whiskers extending to 1.5 times the inter-quartile range. Single points indicate outliers.


Because of the difficulties in finding polyps in the wild, we acknowledge that we could not control or assess patterns of relatedness within the polyps used in our experiments. Additional molecular, morphological, and physiological studies are necessary to confirm the environmental tolerance results found here, especially for A. sp. new, where polyps were sourced from a single medusa and may not adequately reflect the genetic variation of the species.

The temperature and salinity tolerance ranges and limits of Aurelia congeners can be used to predict species’ responses to future conditions. Ocean surface temperatures are projected to increase by up to 4°C by the year 2100 (Biasutti et al., 2012), with benthic habitats becoming even warmer (Turner et al., 2017). A temperature increase of this magnitude may deter A. coerulea from invading or becoming established in the coastal GoM, as the upper thermal limit of this species is already at or below current summer average water temperatures. The temperature highs in the South and East China Seas (26–29°C) suggest that A. coerulea is currently living fairly close to its thermal limits in its native range, and may be especially at risk in enclosed habitats, which it is known to inhabit. Due to its similar upper thermal limits, Aurelia sp. new may also be negatively impacted overall. The Chronic Lethal Thermal upper limit (34.7°C) and Critical Thermal Maximum (37.2°C) of Aurelia sp. 9 suggest that it can withstand some increase in environmental temperatures. However, an increase of 4°C would bring water temperatures near the upper thermal limit for this species, which would potentially negatively impact Aurelia sp. 9 in the warmest extremes of its biogeographical range. Temperature increases are also expected to be greatest in coastal areas (Biasutti et al., 2012), indicating that coastal Aurelia sp. 9 populations would not benefit and may decline due to habitat temperature increase by the next century.
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