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Abstract. 
This study examined the combined salinity and temperature tolerance of two marine bivalve molluscs, Perna viridis and Mytella charruana, which have recently invaded the southeastern United States. It is essential to understand the role that these abiotic variables play in invasions and establishment of nonnative species. We simultaneously explored survival at three salinity ranges (5–9, 20–22.5, and 35–40 ppt) in both cold and warm water for juveniles and adults of both species. We determined that Perna viridis can survive at a wide range of temperatures (9–35°C) when the salinity is 35–37 ppt; however, as salinity decreased, the thermal survival range for P. viridis became narrower. With M. charruana, our data suggest that juvenile and adult individuals can survive at a wide range of salinities (5–40 ppt) at 20°C, but the salinity tolerance range narrowed as the temperature decreased or increased. Additionally, we observed that temperature rapidly impacted survival of P. viridis and M. charruana (within hours), while salinity impacts were more gradual (days to weeks). These data can be used to help predict successful introductions and future expansions of P. viridis and M. charruana in introduced habitats.



1. Introduction
Global transportation has provided a means for marine invertebrate species to be transferred to new locations [1–3]. Species can be transported as larvae in ballast water and as adults attached to ship hulls, through the aquarium trade, recreational boating, and aquaculture (e.g., [1, 4–8]). Globally, molluscs are infamous invaders in both fresh and saltwater, as they are easy to transport, difficult to identify, and difficult to eradicate once established [1, 9–12]. As a result, the number of invasive molluscs continues to increase [13]. For example, more than 88 species of molluscs have become established in the United States via ballast water and hull fouling [13]. Although modes of global dispersal are becoming better known for molluscs, less remains understood about the factors that affect establishment of these organisms in new locations.
Perna viridis and Mytella charruana are two species of nonnative, marine molluscs that have recently invaded Florida (USA) and are potential causes of concern along the southeastern United States. Both P. viridis and M. charruana have been documented on intertidal oyster reefs in Florida [14, 15] and have been found to negatively impact the eastern oyster Crassostrea virginica [12]. We are interested in understanding how the abiotic conditions of temperature and salinity independently, and in synergy, influence the survival (and subsequent establishment) of these two nonnative molluscs and speculate how these factors may further restrict distributions in estuaries along the eastern Atlantic Ocean from Florida to Nova Scotia (Canada) where the eastern oyster is located [16].
There is a wealth of information on the synergistic effects of temperature and salinity on native molluscs [17–19], while other researchers have examined the combined effects of these abiotic factors to better understand invasion potential of molluscs around the globe (e.g., [20, 21]). For example, Sarà et al. [21] investigated the invasive Brachidontes pharaonis, now found in the Mediterranean Sea, by simultaneously testing a range of salinities and temperatures to determine its physiological tolerance for feeding. These researchers determined that the clearance rate of B. pharaonis declined under conditions of low salinity and low temperature. Likewise, His et al. [20] examined the combined effects of temperature and salinity on the invasive Japanese oyster C. gigas in France and determined that the oyster exhibited the best growth at higher temperatures.
Previous studies have independently investigated the role of salinity and temperature in survival of P. viridis and the role of salinity in survival in M. charruana [22–24]. Perna viridis has been documented in salinities ranging from 19 to 44 ppt in its native habitat [25]. Segnini de Bravo et al. [22] determined that P. viridis could tolerate an even wider range of salinities under laboratory conditions (25°C) and the lower and upper lethal salinities were 0 and 64 ppt, respectively. Perna viridis survived at temperatures ranging from 10 to 42°C in the laboratory [25–29]. This broad temperature range should enable P. viridis to survive in both tropical and temperate zones.
Mytella charruana survived in salinities ranging from 2 to 40 ppt at 20°C [24]. Not much is known about the thermal tolerance for M. charruana, so the first goal of our study was to address how temperature influenced survival in M. charruana, independent of salinity. By addressing this knowledge gap, we were then able to determine appropriate temperature ranges for our salinity-temperature interaction experiments.
The overall objective of this study was to investigate the simultaneous effects of salinity and temperature on nonnative Perna viridis and Mytella charruana to better understand their respective invasion potentials. Specifically, we addressed the following questions: (1) What is the temperature tolerance range for survival of Mytella charruana? (2) How do salinity and temperature interact to influence the survival of adult and juvenile Perna viridis? (3) How does the interaction of salinity and temperature influence the survival of adult and juvenile Mytella charruana? These results will aid in predicting suitable environments where adult and juvenile individuals of both molluscs may become established and predict future range expansions.
2. Materials and Methods
2.1. Study Species
Perna viridis, the Asian green mussel, is native to the Indo-Pacific region along the Southeast Asian coastline, from the Arabian Gulf to southern China and southern Japan [30] and was first documented in the United States in 1999 in the cooling system of an electrical power plant in Tampa, Florida [31]. Currently, P. viridis is well established in the United States and extends from the Ten Thousand Islands to the northern Gulf of Mexico on the west coast of Florida, and along the eastern United States coastline from Stuart, FL (27° 09.831′ N; 80° 11.604′ W) to northern Georgia (32° 01.206′ N; 80° 59.569′ W) [15, 32, 33]. In Tampa Bay, P. viridis had the highest density of all observed locations within the United States, with 2,505 individuals m−2 [34].
Mytella charruana, commonly known as the charru mussel or sururu, is native to the Galapagos Islands, the Pacific coast from Mexico to Ecuador [35–38] and the Atlantic coast from Argentina to Venezuela [39]. Like P. viridis, the discovery of M. charruana in the United States occurred at a power plant. Mytella charruana was reported in Jacksonville, FL, in 1987; it was considered to be locally extirpated by spring 1988 [39]. In 2004, however, M. charruana was found in Mosquito Lagoon, 212 km south of Jacksonville [14]. Mytella charruana has now been recorded along the southeastern United States coast from Titusville, FL (28° 37.221′ N; 80° 48.371′ W), to Charleston, SC (32° 46.452′ N; 79° 57.539′ W) [15]. Densities of this nonnative species in the United States have been measured up to ~12 individuals m−2 [15]. This density is much lower than that in their native habitats where M. charruana densities as high as 11,036 mussels m−2 have been reported [40].
2.2. Thermal Tolerance of Mytella charruana
Mytella charruana (20–54 mm) were collected in cold and warm months between December 2007 and October 2009 from two floating dock sites (Arlington Lions Club and Lonnie Wurn) in Jacksonville, FL (Table 1(a); Figure 1). The location of samples collected for our experiments varied because we could not collect the 300–400 mussels needed per experiment from a single site. Stenyakina et al. [41] found that M. charruana were sexually mature at 12.5 mm. For thermal tolerance trials, we used adult mussels that were ≥20 mm.
Table 1: (a) Summary of Mytella charruana thermal experiments. (b) Summary of Perna viridis and (c) Mytella charruana temperature-salinity interaction experiments. Acclimation period was the number of days in holding tanks prior to start of experiments. Adjustment period was the number of days to transition from holding tank temperature (20°C) to treatment temperatures. Experiment period was the number of days trial ran including adjustment period. Capital letters correspond to the experimental treatments presented in Figures 2, 3, and 5.
	(a)Mytella charruana
	

	Experiments	Collection sites	Latitude & longitude	Collection temperatures (°C)	Mussel size (mm)	Collection salinity (ppt)	Acclimation period (days)	Adjustment period (days)	Experiment period (days)	Mussels per tank/replicate tanks	Temperatures tested (°C)	Salinities tested (ppt)
	

	Adult	Arlington Lions Club	30.378272′ N	13	20–46	10	13	15	33	25/4	6, 9, 11, and 13	NA
	A: cold	Jacksonville, FL	81.620828′ W
	

	Adult	Lonnie Wurn	30.375798′ N	28	22–54	8	13	15	33	25/3	20, 31, and 36	NA
	B: warm	Jacksonville, FL	81.585165′ W
	

	Adult	Lonnie Wurn	30.375798′ N	27	25–46	10	13	15	33	25/4	20, 23, 28, and 31	NA
	C: warm	Jacksonville, FL	81.525165′ W
	


	(b)Perna viridis
	

	Experiments	Collection sites	Latitude & longitude	Collection temperatures (°C)	Mussel size (mm)	Collection salinity (ppt)	Acclimation period (days)	Adjustment period (days)	Experiment period (days)	Mussels per tank/replicate tanks	Temperatures tested (°C)	Salinities tested (ppt)
	

	Juvenile	Huguenot Park	30.405237′ N	10	12–38	36	5	15	28	10/3	6, 9, and 20	5, 20, 36
	A: cold	Jacksonville, FL	81.40321′ W
	

	Juvenile	Huguenot Park	30.405237′ N	10	12–38	36	5	15	28	10/3	20, 31, and 35	5, 20, 36
	B: warm	Jacksonville, FL	81.40321′ W
	

	Adult	Municipal Marina	29.891973′ N	18	58–114	35	5	15	28	10/3	6, 9, and 20	5, 20, 35
	C: cold	St. Augustine, FL	81.310051′ W
	

	Adult	Municipal Marina	29.891973′ N	28	57–113	37	5	15	28	10/3	20, 31, and 35	5, 20, 37
	D: warm	St. Augustine, FL	81.310051′ W
	


	(c)Mytella charruana
	

	Experiments	Collection sites	Latitude & longitude	Collection temperatures (°C)	Mussel size (mm)	Collection salinity (ppt)	Acclimation period (days)	Adjustment period (days)	Experiment period (days)	Mussels per tank/replicate tanks	Temperatures tested (°C)	Salinities tested (ppt)
	

	Juvenile	Fire Station 38	30.390077′ N	17	5–12	5	7	15	28	10/3	6, 9, and 20	5, 22.5, 40
	E: cold	Jacksonville, FL	81.641576′ W
	

	Juvenile	Fire Station 38	30.390077′ N	29	4–12	9	7	15	28	10/3	20, 31, and 33	5, 22.5, 40
	F: warm	Jacksonville, FL	81.641576′ W
	

	Adult	Fire Station 38	30.390077′ N	16	20–38	5	7	15	28	10/3	6, 9, and 20	5, 22.5, 40
	G: cold	Jacksonville, FL	81.641576′ W
	

	Adult	Arlington Lions Club	30.378272′ N	28	20–31	5	7	15	28	10/3	20, 31, and 33	5, 22.5, 40
	H: warm	Jacksonville, FL	81.620828′ W
	







	
	
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
				
				
				
			
			
				
				
				
				
				
				
					
				
				
				
			
		
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 1: (a) Map of current distribution of Perna viridis and Mytella charruana and (b) collection sites for both species along Atlantic coast of Florida.  indicates collection sites for P. viridis at Huguenot Park (HP) and Municipal Marina (MM).  indicates collection sites for M. charruana at Fire Station 38 (FS38), Arlington Lions Club (ALC), and Lonnie Wurn (LW).


Individuals were acclimated to the laboratory environment at 20°C for 13 days in a recirculating aquaria (151 L) with water from the collection site. This temperature was chosen as an intermediate for acclimation of all individuals as we previously determined that this species placed in water at this temperature always survived in high numbers, regardless of whether it represented a temperature increase or decrease from field conditions. In Florida, between 1981 and 2010, the temperature ranged from 3 to 26°C during January (coldest month) and from 19 to 35°C in July (warmest month) [42]. Thirteen days was used as the acclimation period as it represented sufficient time for any mortality associated with collection to occur. Prior to running these trials, we documented that individuals that survived at least 13 days would survive for months in 20°C waters (Yuan, pers. obs.). Additional details of each trial are listed in Table 1(a).
After acclimation, groups of 25 adult individuals ranging in length from 20 to 54 mm were placed in separate, aerated aquaria (21 L) that contained 14 L of water in a ratio of 25% collection site water: 75% artificial seawater (Instant Ocean® salts and deionized water) that maintained the salinity from the collection site. It was not practical to collect sufficient natural seawater for all trials. Survival in preliminary trials was 100% with this ratio of seawater to natural seawater (Yuan, pers. obs.). We divided the range of experimental temperatures into two seasons, cold for winter and warm for summer conditions. To avoid shocking the M. charruana, cold and warm experiments were correlated with field collection temperatures.
Cold experiment A was conducted in a walk-in freezer at 6°C at the University of Central Florida at 6, 9, 11, and 13°C. Warm experiment B examined survival at 20, 31, and 36°C, while experiment C investigated survival over a narrower range of temperatures (20, 23, 28, and 31°C). Experimental temperatures were controlled by aquarium heaters (Hydor® 7.5 W, Top Fin® 25 W, or Finnex® 50 W heaters). All aquaria media started at their collection site salinity (see Table 1) and 20°C (control). Temperature adjustments occurred every 5 days for 15 days in equal increments depending on the difference between 20°C and the preplanned experimental temperatures (Table 1(a)). Once the treatment temperatures were reached on day 15, trials continued for 18 additional days. Salinities and temperatures were monitored and adjusted as needed twice each day for the duration of each trial.
There were four replicate aquaria for each temperature treatment for experiments A and C () and three replicates for experiments B (), based on availability (Table 1(a)). Individuals were fed daily with a 10% algal solution made from an algal paste containing Chaetoceros-B, Phaeodactylum tricornutum, and Nannochloropsis oculata from Innovation Aquaculture (SPAT formula brand). Each tank of 25 individuals was fed 2.5 mL (0.1 mL per mussel); the volume of food per tank was reduced with mussel mortality. Mortality was checked daily during each trial. Individuals were considered dead if they remained gaping and did not respond to physical stimulus. Dead mussels were removed from tanks.
2.3. Perna viridis: Interaction of Salinity and Temperature
Perna viridis were collected in winter and summer months between February 2009 and September 2010 along the northeast coast of Florida from floating docks in St. Augustine, FL, and a jetty in Jacksonville, FL (Table 1(b), Figure 1). These locations were separated by 64 km. Perna viridis were placed in recirculating 210 L tanks in laboratory for acclimation using methods described above. Shell length for reproductive maturity in this species was 40 mm [43]; we, therefore, categorized P. viridis less than 40 mm as juveniles and greater than 40 mm as adults. Although adult P. viridis have been reported to reach over 220 mm in length along the southeastern Atlantic coastline, no mussels greater than 120 mm were used in our trials. Sizes for each trial are provided in Table 1(b). All were acclimated to aquarium conditions for 5 days prior to the start of each experiment.
After acclimation, the procedures were similar to the M. charruana thermal tolerance trials. We used 20°C as the starting temperature in both the cold and warm experiments to facilitate comparisons. The starting salinities for the experiments with P. viridis ranged from 35 to 37 ppt depending on collection site salinity (Table 1(b)). Each trial had nine salinity-temperature treatments, which combined three salinity levels (5–9, 20, and 35–37 ppt) and three temperature levels for the cold (6, 9, and 20°C) and warm (20, 31, and 35°C) trials. Each treatment had three replicate aquaria () and each aquarium held 10 individuals. Adjustments in salinity and temperature occurred every 5 days during the adjustment period and depended on the difference between the collection site and the preplanned experimental treatments. Individuals remained in their experimental tanks throughout each trial. The final salinity-temperature treatments were reached at the same time for all combinations at 15 days. Then, each experiment ran for an additional 13 days. Additional details are provided in Table 1(b). Throughout the experiments, P. viridis were fed with an algal solution as described above (0.4 mL per adult; 0.2 mL per juvenile mussel).
2.4. Mytella charruana: Interaction of Salinity and Temperature
Mytella charruana were collected in warm and cold months between February 2009 and September 2010 on floating docks in Jacksonville (Table 1(c), Figure 1). Individuals were placed in recirculating aquaria (76–151 L) with water from collection sites. All samples were held for 7 days before experiments began. Mytella charruana was fed with an algal solution of 0.1 mL per mussel throughout the experiment.
The experimental procedures were similar to the P. viridis interaction trials. For M. charruana, the starting salinities in the estuaries at the time of collection ranged from 5 to 9 (Table 1(c)). Each trial had nine salinity-temperature treatments of three salinity levels (5–9, 22.5, and 40 ppt) and three temperature levels for the cold (6, 9, and 20°C) and warm (20, 31, and 33°C) trials. The final salinity-temperature treatments were reached at the same time for all combinations at 15 days and then the experiments were run for 13 additional days. Each aquarium contained 10 individuals and there were three replicate aquaria for each treatment combination. Additional details are provided in Table 1(c).
2.5. Data Analysis
Kaplan-Meier survival analysis [44] was used to compare survivorship curves over the entire length of each experiment using pairwise comparisons to determine if significant differences were present among treatments [45]. Additionally, survival at the end of each trial for M. charruana in the thermal tolerance experiments was analyzed with one-way ANOVA with tank as the experimental unit. Similarly, the interaction of salinity and temperature at the end of each trial for P. viridis and M. charruana was analyzed with two-way ANOVA. Both tests were run using JMP v.10 [44]. Homogeneity of variances was checked using Levene’s test and normality was checked using Shapiro-Wilk test; transformations of data were performed as required. Tukey’s a posteriori tests were used to determine significant differences among treatments.
3. Results
3.1. Mytella charruana: Temperature Tolerance Experiments
Cold experiment A examined survival at 6, 9, 11, and 13°C; treatments were significantly different based upon survivorship analysis (, Figure 2(a)). The 13°C treatment had a steady and gradual decline in survival but still maintained the highest survival throughout this experiment (Figure 2(a)). The 6°C treatment had high mortality 5 days after reaching 6°C and 100% mortality on day 30 (Figure 2(a)). End-point survival also revealed significant differences among temperature treatments (; , Table 2). Overall, M. charruana had low survival in cold temperatures with 38% as the highest mean final survival at 13°C.
Table 2: One-way ANOVA on the final survival for Mytella charruana thermal tolerance experiments. 
	

	Experiments	Source	DF	MS		
	

	Cold	A	6, 9, 11, & 13°C	3	61.56	3.98	0.0352
	Error	12	15.48
	

	Warm	B	20, 31, & 36°C	2	489.09	251.53	<0.0001
	Error	9	1.94
	

	Warm	C	20, 23, 28, & 31°C	3	371.56	35.18	<0.0001
	Error	12	10.56
	


Significantly different at  level.
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(c)
Figure 2: Survivorship curves of Mytella charruana for temperature experiments. Shell lengths: 20–54 mm. Capital letters correspond to the experimental treatments presented in Table 1(a). (a) Cold experiment (temperatures: 6, 9, 11, and 13°C); (b) warm experiment (temperatures: 20, 31, and 36°C); and (c) warm experiment (temperatures: 20, 23, 28, and 31°C). Upper case letters indicate significant differences in survivorship () among temperature treatments. Dotted lines show the end of the 15-day temperature adjustment periods.


Warm experiments B and C investigated survival over time at 20–36°C and documented significant differences among treatments in both experiments (, Figure 2(b); , Figure 2(c)). The 20°C (and 23°C) treatment maintained the highest survival over 33 days, followed by the warmer temperature treatments (Figures 2(b) and 2(c)). Treatments at 28, 31, and 36°C experienced dramatic mortality after reaching their respective experimental temperatures (Figures 2(b) and 2(c)). End-point survival in warm experiments B and C showed that all treatments were significantly different from each other when compared with Tukey’s a posteriori tests (Exp. B, , ; Exp. C, , ; Table 2). The 20°C (and 23°C) treatment had the highest final survivals at 83–88%, followed by the higher temperatures, ranging from 0 (at 36°C) to 24% (at 28°C) (Figures 2(b) and 2(c)).
3.2. Juvenile Perna viridis: Salinity-Temperature Interaction Experiments
Survivorship over time in the cold experiment was significantly different overall for the tested salinity-temperature combinations (, Figure 3(a)). The survivorship patterns showed low mortality during the adjustment period (15 days) with 77% or greater survival for all treatment combinations (Figure 3(a)). Two days after the adjustment period ended, all juveniles at 6°C experienced a dramatic decline in survival (Figure 3(a)). At 9°C, no individuals kept at salinities of 5 and 20 ppt survived past day 28, but individuals held at a salinity of 20 ppt showed a more gradual decline. At 20°C, survival was highest at salinities of 36 and 20 ppt, respectively, and at salinity of 5 ppt, mortality increased greatly from day 26.




	
	
		
			
		
		
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
			
		
			
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(a)




	
	
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(b)




	
	
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(c)




	
	
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(d)
Figure 3: Survivorship curves over 28 days for Perna viridis in the temperature-salinity interaction experiments. (a) Juvenile, cold experiment (temperatures: 6, 9, and 20°C; salinities: 5, 20, and 36 ppt); (b) juvenile, warm experiment (temperatures: 20, 31, and 35°C; salinities: 5, 20, and 36 ppt); (c) adult, cold experiment (temperatures: 6, 9, and 20°C; salinities: 5, 20, and 35 ppt); and (d) adult, warm experiment (temperatures: 20, 31, and 35°C; salinities: 5, 20, and 37 ppt). Upper case letters indicate significant differences of  among treatments using survivorship analysis. Dotted lines show the end of the 15-day temperature adjustment periods.


In the warm experiment with juvenile P. viridis, survival analysis showed a significant difference among the salinity-temperature treatments (, Figure 3(b)). The survivorship patterns showed a gradual decline during the 15-day adjustment period for all treatments except for a salinity of 20 ppt at 35°C, where survival declined more rapidly, with only 50% alive on day 15 (Figure 3(b)). Slopes steadily declined to 100% mortality for low salinity and high temperature combinations (Figure 3(b)). From both cold and warm experiments for juvenile P. viridis, the survival patterns indicated that this species responded more quickly to the effect of temperature than to salinity.
When considering end-point survival for juvenile P. viridis, there was no interaction between salinity and cold temperature (, ; Table 3). However, the data in the cold experiment showed a strong temperature effect (, ) and an even stronger salinity effect (, ). Individuals in the cold experiment had the highest survival at the upper salinity and temperature combinations and 100% mortality in the lower salinity and temperature combinations (Figure 4). Opposite to the cold experiment, a significant interaction (, ; Table 3) between salinity and warm temperature was observed for final survival with juvenile P. viridis (Figure 4).
Table 3: Two-way ANOVA tables: interaction between salinity and temperature on nonnative mussels.
	

	Experiment	Source	Perna viridis	Mytella charruana
	DF	MS			Significance	DF	MS			Significance
	

	Juvenile	Cold	Salinity	2	43.370	9.940	<0.001		2	1.009	7.977	0.003	
	Temperature	2	55.593	7.755	0.004		2	0.127	63.372	<0.001	
	Salinity × temperature	4	11.926	2.132	0.119	ns	4	0.041	2.605	0.071	ns
	Error	18	5.593	 	 	 	18	0.016	 	 	 
	

	Juvenile	Warm	Salinity	2	47.815	8.208	0.003		2	1.8	2.978	0.076	ns
	Temperature	2	30.704	12.782	<0.001		2	0.103	52.269	<0.001	
	Salinity × temperature	4	12.593	3.366	0.032		4	0.031	0.914	0.477	ns
	Error	18	3.741	 	 	 	18	0.034	 	 	 
	

	Adult	Cold	Salinity	2	1.764	5.160	0.017		2	0.229	2.528	0.108	ns
	Temperature	2	0.048	190.56	<0.001		2	0.037	148.361	<0.001	
	Salinity × temperature	4	0.032	3.480	0.028		4	0.037	1.653	0.205	ns
	Error	18	0.009	 	 	 	18	0.013	 	 	 
	

	Adult	Warm	Salinity	2	0.218	56.194	<0.001		2	0.471	109.87	<0.001	
	Temperature	2	1.29	9.500	0.002		2	0.936	55.348	<0.001	
	Salinity × temperature	4	0.088	3.839	0.020		4	0.215	25.217	<0.001	
	Error	18	0.023	 	 	 	18	0.009	 	 	 
	


Significantly different at  level.






	
	
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
		
		
			
			
			
		
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
		
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
			
	


Figure 4: Final survival of Perna viridis in the salinity-temperature interaction experiments for juveniles and adults. Final survival of Mytella charruana in the salinity-temperature interaction experiments for juveniles and adults.


3.3. Adult Perna viridis: Salinity-Temperature Interaction Experiments
We found significant differences among treatments in the survivorship of adult P. viridis in the cold experiment (, Figure 3(c)). The combinations that included 6 and 9°C media gradually declined until day 15, followed by a more rapid decline to 6% survival or less by day 28 (Figure 3(c)). The survivorship pattern for 20°C treatments showed that low salinity had a negative effect on adult P. viridis and that the difference in survivorship became more apparent during the last 8 days of the cold experiment (Figure 3(c)).
For the warm experiment, there was also a significant difference among treatments in the survivorship of adult P. viridis (, Figure 3(d)). The warm temperature survivorship pattern showed minimal decline during the adjustment period, except at a salinity of 20 ppt at 31°C (Figure 3(d)). Once the adjustment period ended at day 15, more rapid declines in survival were observed at all tested treatments when salinity was 5 ppt (Figure 3(d)). Adult P. viridis in both warm and cold experiments showed that temperature affected survival more rapidly than changes in salinity.
The final survival of adult P. viridis in the cold experiment showed that there was a significant interaction (, ) between salinity and cold temperature (Table 3). The highest mortality was observed at the combination of lowest salinities (5, 20 ppt) and lowest temperatures (6, 9°C) (Figure 4). As for the warm experiment, a significant interaction (, ) was also observed in the final survival between salinity and warm temperature (Table 3). At 20°C, final survival was highest for all tested salinities. Unlike the survival of juvenile P. viridis, adults had moderate to high survival at warm temperatures and high salinities (Figure 4).
3.4. Juvenile Mytella charruana: Salinity-Temperature Interaction Experiments
Survival analysis showed significant differences among treatments in cold temperature and salinity on the survivorship for juveniles (, Figure 5(a)). In this experiment, the survivorship pattern showed a gradual decline in survival for all treatment combinations through to the end of the adjustment period (15 days), with 67% or higher survival (Figure 5(a)). All 6°C treatments experienced rapid declines to 23% survival or lower during the postadjustment period (Figure 5(a)). An intermediate gradual decline was observed at 9°C with the highest survival in the lowest salinity treatment (Figure 5(a)). At 20°C, the survival pattern remained greater than 70% for all tested salinities (Figure 5(a)).
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Figure 5: Survivorship curves over 28 days for Mytella charruana in the salinity-temperature interaction experiments. (a) Juvenile, cold experiment (temperatures: 6, 9, and 20°C; salinities: 5, 22.5, and 40 ppt), (b) juvenile, warm experiment (temperatures: 20, 31, and 33°C; salinities: 9, 22.5, and 40 ppt), (c) adult, cold experiment (temperatures: 6, 9, and 20°C; salinities: 5, 22.5, and 40 ppt), and (d) adult, warm experiment (temperatures: 20, 31, and 33°C; salinities: 5, 22.5, and 40 ppt). Upper case letters indicate significant differences of  among treatments using survival analysis. Dotted lines show the end of the 15-day temperature adjustment periods.


In the warm experiment, survival analysis showed significant differences among treatments on survivorship for juvenile M. charruana (, Figure 5(b)). Similar gradual survivorship patterns were observed for all treatments before the adjustment period ended (Figure 5(b)). Treatments at 31 and 33°C experienced a rapid decline in survival after adjustment (Figure 5(b)). At 20°C, survival was 90% or higher on day 28. The mortality of juvenile M. charruana increased as the temperature increased, with the highest mortality in the uppermost tested salinity.
With final survival in the cold experiment, there were no significant interactive effects between salinity and temperature on juvenile M. charruana (, ; Table 3). There were, however, a significant main effect of cold temperature and a significant salinity effect on juveniles (, ; , , resp.; Table 3). In the warm experiment, there were also no significant interactive effects between salinity and temperature on the final survival for juvenile M. charruana (, ), but a significant main effect of temperature (, ). The final survival of juvenile M. charruana showed that they can endure temperatures that ranged from 6 to 33°C at a salinity of 5 ppt (Figure 4). The highest survival was at 20°C and salinity of 22.5 ppt, but mortality became greater as temperature and salinity decreased or increased (Figure 4). The highest mortality for juvenile M. charruana was observed at the combination of the highest salinity with lowest and highest tested temperatures.
3.5. Adult Mytella charruana: Salinity-Temperature Interaction Experiments
Survival analysis showed significant differences within treatments of cold temperature and salinity (, Figure 5(c)) on the survivorship of adult M. charruana. Before the adjustment period ended, mortality was only observed at 6°C at salinities of 5 and 40 ppt. After adjustment, 6°C treatments all showed declines to 7% survival or less by day 28, with survival at the highest salinity declining most rapidly (Figure 5(c)). High survival (>93%) was observed at the end of the experiment at 20°C at all tested salinities (Figure 5(c)).
In the warm experiment with adult M. charruana, survival analysis showed significant differences within treatments on survivorship (, Figure 5(d)). There was no mortality before the end of the adjustment period (Figure 5(d)). Individuals kept in warmer temperatures and salinity of 40 showed rapid declines in survival beginning on day 17. Survival was 97% or higher in all treatments at 20°C (Figure 5(d)).
For the final cold survival experiment, there was no significant interaction (, ) between salinity and temperature for adult M. charruana, though a significant temperature effect (, ) was observed (Table 3). In the warm temperature experiment, a significant interaction effect between salinity and temperature (, ) on the final survival of adult M. charruana was observed (Table 3). Survival approached 100% at 20°C; survival decreased both with reduced temperature and with increased salinity (Figure 4). The highest mortality was observed at combinations of high salinity and high temperature and of low salinity and low temperature.
4. Discussion
Environmental factors influence every species differently and their impact can change throughout the life history of an organism depending on body size and life stage [46, 47] and is particularly relevant for nonnative species following introduction (e.g., [48–50]). It is important to evaluate the synergistic effects of abiotic factors of all life stages to enable researchers to predict range expansions and survival of invasive species [51–53] and to determine whether species are evolving in their invaded range based on altered abiotic conditions (e.g., [54]). In light of the recently characterized negative impacts of Perna viridis and Mytella charruana on the ecologically and economically important eastern oyster Crassostrea virginica [12], we compare our results to other studies and the implications of these results to the long-term persistence and spread of these invasive species.
Studies that considered body size of the invasive mussel Perna viridis found that larger individuals could withstand abiotic stressors better than small-sized mussels [27, 48]. This pattern has also been shown for Perna viridis when exposed to cold air temperatures that coincided with low tides; higher survival was documented for larger individuals [29]. In contrast, Yuan et al. [24] found that small M. charruana survived a broader range of salinities than larger individuals, further indicating the importance of considering body size in understanding environmental gradients. Our current study found that adult P. viridis survived differently across salinities and temperatures than juveniles (Figure 4). The most dramatic differences were that adult P. viridis did not survive or barely survived at the colder temperatures regardless of salinity, whereas juveniles were able to survive at colder temperatures in the high salinity trials. Furthermore, survival was lowest for juvenile P. viridis at the highest tested temperature and lowest tested salinity (Figure 4). This is the opposite of Urian et al. [29], who found large-sized P. viridis had a greater survival than small-sized individuals when exposed to cold air temperatures. The difference between our study and Urian et al. [29] could reflect submersion (our study) versus aerial exposure.
Survival across salinities and temperatures appears to be species-specific for marine molluscs (e.g., [16, 20, 21]). Kinne [47] found several sessile and low-mobility invertebrates had greater survival success at low salinity and low temperatures than all other relative temperature and salinity combinations. Likewise, Andrews et al. [55] considered the oyster Crassostrea virginica to survive for long time periods in a state of “narcosis” in low salinity and low temperature conditions. Other studies have shown the reverse, where survival was higher at low salinity/high temperature and high salinity/low temperature combinations (e.g., [56, 57]). For example, a study on the nonnative mollusc Mytilopsis leucophaeata in Europe found that embryonic mortality was high with the combination of high salinity and low temperature as well as with low salinity and high temperature [57]. Salinity and temperature impacted the survival of P. viridis and M. charruana in different ways. Perna viridis was influenced by both salinity and temperature. Perna viridis survived at a wide range of temperatures from when the salinity was high; yet, as salinity decreased, the range of temperatures at which the species survived became narrower. In contrast, we found that the survival of M. charruana was primarily driven by temperature. Interestingly, both species had some survival at all tested salinities (P. viridis: 5–36 ppt; M. charruana: 5–40 ppt) and at all tested temperatures (6–33/35°C; Figure 4). Little is known about the salinity and temperature ranges of Mytella charruana in their native habitats, but P. viridis had been described in waters where salinities ranged from 27 to 33 ppt and where temperatures ranged from 26 to 32°C in the Philippines [25].
Temperature changes killed more rapidly than salinity for both species. By analyzing survivorship curves, rather than just final survival, for a suite of temperatures and salinities found within the southeastern United States, we determined that temperature affected survival more quickly than salinity for both species investigated here. The temperature effect was expressed as a sharp drop in a survivorship curve shortly after a salinity-temperature adjustment, whereas salinity effects tended to result in slower declines in survivorship. Many published studies that examine the importance of abiotic variables on marine invertebrates have focused on the final response by the organism without considering the rate of mortality. For example, survival, physiological response, reproduction, and growth are often recorded, but these results do not incorporate the timing of the response to each abiotic effect [19, 21, 57–60]. Schneider [61], however, investigated the effects of temperature and exposure to air on the survivorship curves for two intertidal species (Mytilus galloprovincialis, M. trossulus) and found species-specific differences, with rapid survival declines evident at the highest tested temperatures.
Many nonnative species are more tolerant of environmental stressors than their native taxonomically related equivalents. The success of nonnative species was demonstrated in Lenz et al. [62], where the authors compared five native and nonnative marine invertebrate pairs on a global scale covering five biogeographic regions and found that the nonnatives (bivalves: P. viridis, Isognomon bicolor, and Crassostrea gigas; ascidian: Didemnum vexillum; and crustacean: Gammarus tigrinus) had higher survival and wider tolerance ranges than the paired native species (bivalves: Brachidontes exustus, Perna, and Saccostrea glomerata; ascidian: Diplosoma listerianum; and crustacean: Gammarus tigrinus). Similar patterns have been found in other taxa (e.g., mammals and birds [63]; plants [64]). Perna viridis and M. charruana were found along the southeastern USA Atlantic coast in shallow, subtidal regions on docks alongside the native bivalve molluscs Brachidontes exustus and Geukensia demissa, as well as with the native oyster Crassostrea virginica. Our study showed that P. viridis and M. charruana did not have wider survival tolerance ranges for salinity and temperature than those of these native species [65], while Brodsky et al. [66] showed that native G. demissa continued to produce byssal threads at lower temperatures than M. charruana. These results suggest that P. viridis and M. charruana are not adapted to local environmental extremes. In the invaded region, a field study on P. viridis and M. charruana reported that no live individuals were found during the winter of 2009/2010 at locations where both were previously established [15]. That winter was one of the coldest on record and had an unusually long duration of freezing temperatures in the southeastern United States [67]. Both species were subsequently reported in the southeastern United States after this cold event [15], but whether these species reestablished via newly introduced propagules or survived the cold weather event is unknown.
In summary, our study provides a greater understanding of how abiotic factors interactively affect the survival of nonnative P. viridis and M. charruana. Both species were tolerant of many salinity-temperature combinations found in the southeastern United States and thus should be able to both persist in their present invaded range and expand into new estuaries and bays along the Atlantic coastline of Florida and west within the Gulf of Mexico. Freezes, however, could thwart expansions into colder waters. Given that both species negatively impact the eastern oyster C. virginica [12] and possibly many other native species, it is important to continue to study their physiological ecology and any changes in distributions over time.
Competing Interests
The authors declare there is no conflict of interests regarding the publication of this paper.
Acknowledgments
Funding was provided by USDA NIFA Award no. 2008-32320-04574, the Indian River Lagoon National Estuary Program, The Nature Conservancy, and the University of Central Florida. Many thanks to M. Achenie, S. Bolivar, J. Bridges, M. Donnelly, S. Garvis, K. Grablow, V. Lee, J. Ledgard, J. Leissing, J. Manis, E. Nash, R. Odom, E. Olson, D. Pasiechnik, B. Rodenbeck, P. Sacks, L. Sinnett, S. Smith, J. Solomon, A. Stenyakina, L. Tormoen, M. Tye, A. Way, and W. Winterhalter for assisting with collecting, laboratory work, and reading paper drafts.
References
	G. M. Ruiz, J. T. Carlton, E. D. Grosholz, and A. H. Hines, “Global invasions of marine and estuarine habitats by non-indigenous species: mechanisms, extent, and consequences,” American Zoologist, vol. 37, no. 6, pp. 621–632, 1997.
	M. Enserink, “Predicting invasions: biological invaders sweep,” Science, vol. 285, pp. 1834–1836, 1999.
	G. M. Ruiz, P. W. Fofonoff, J. T. Carlton, M. J. Wonham, and A. H. Hines, “Invasion of coastal marine communities in North America: apparent patterns, processes, and biases,” Annual Review of Ecology and Systematics, vol. 31, pp. 481–531, 2000.
	I. C. Davidson, C. W. Brown, M. D. Sytsma, and G. M. Ruiz, “The role of containerships as transfer mechanisms of marine biofouling species,” Biofouling, vol. 25, no. 7, pp. 645–655, 2009.
	D. K. Padilla and S. L. Williams, “Beyond ballast water: aquarium and ornamental trades as sources of invasive species in aquatic ecosystems,” Frontiers in Ecology and the Environment, vol. 2, no. 3, pp. 131–138, 2004.
	L. J. Walters, K. R. Brown, W. T. Stam, and J. L. Olsen, “E-commerce and Caulerpa: unregulated dispersal of invasive species,” Frontiers in Ecology and the Environment, vol. 4, no. 2, pp. 75–79, 2006.
	C. C. Murray, E. A. Pakhomov, and T. W. Therriault, “Recreational boating: a large unregulated vector transporting marine invasive species,” Diversity and Distributions, vol. 17, no. 6, pp. 1161–1172, 2011.
	V. Crego-Prieto, A. Ardura, F. Juanes, A. Roca, J. S. Taylor, and E. Garcia-Vazquez, “Aquaculture and the spread of introduced mussel genes in British Columbia,” Biological Invasions, vol. 17, no. 7, pp. 2011–2026, 2015.
	A. RicCIardi, “Global range expansion of the Asian mussel Limnoperna fortunei (Mytilidae): another fouling threat to freshwater systems,” Biofouling, vol. 13, no. 2, pp. 97–106, 1998.
	N. Bax, A. Williamson, M. Aguero, E. Gonzalez, and W. Geeves, “Marine invasive alien species: a threat to global biodiversity,” Marine Policy, vol. 27, no. 4, pp. 313–323, 2003.
	G. M. Branch and C. N. Steffani, “Can we predict the effects of alien species? A case-history of the invasion of South Africa by Mytilus galloprovincialis (Lamarck),” Journal of Experimental Marine Biology and Ecology, vol. 300, no. 1-2, pp. 189–215, 2004.
	W. S. Yuan, E. A. Hoffman, and L. J. Walters, “Effects of nonnative invertebrates on two life stages of the native eastern oyster Crassostrea virginica,” Biological Invasions, vol. 18, no. 3, pp. 689–701, 2016.
	D. Pimentel, R. Zuniga, and D. Morrison, “Update on the environmental and economic costs associated with alien-invasive species in the United States,” Ecological Economics, vol. 52, no. 3, pp. 273–288, 2005.
	M. L. Boudreaux and L. J. Walters, “Mytella charruana (Bivalvia: Mytilidae): a new, invasive bivalve in Mosquito Lagoon, Florida,” Nautilus, vol. 120, no. 1, pp. 34–36, 2006.
	S. S. Spinuzzi, K. R. Schneider, L. J. Walters, W. S. Yuan, and E. A. Hoffman, “Tracking the distribution of non-native marine invertebrates (Mytella charruana, Perna viridis and Megabalanus coccopoma) along the south-eastern USA,” Marine Biodiversity Records, vol. 6, article e55, 13 pages, 2013.
	S. E. Shumway, “Natural environmental factors,” in The Eastern Oyster Crassostrea virginica, V. S. Kennedy, R. I. E. Newell, and A. F. Eble, Eds., pp. 467–514, Maryland Sea Grant College, College Park, Md, USA, 1996.
	S. T. Tettelbach and E. W. Rhodes, “Combined effects of temperature and salinity on embryos and larvae of the northern bay scallop Argopecten irradians,” Marine Biology, vol. 63, no. 3, pp. 249–256, 1981.
	G. S. Rupp and G. J. Parsons, “Effects of salinity and temperature on the survival and byssal attachment of the lion's paw scallop Nodipecten nodosus at its southern distribution limit,” Journal of Experimental Marine Biology and Ecology, vol. 309, no. 2, pp. 173–198, 2004.
	R. Przeslawski, A. R. Davis, and K. Benkendorff, “Synergistic effects associated with climate change and the development of rocky shore molluscs,” Global Change Biology, vol. 11, no. 3, pp. 515–522, 2005.
	E. His, R. Robert, and A. Dinet, “Combined effects of temperature and salinity on fed and starved larvae of the mediterranean mussel Mytilus galloprovincialis and the Japanese oyster Crassostrea gigas,” Marine Biology, vol. 100, no. 4, pp. 455–463, 1989.
	G. Sarà, C. Romano, J. Widdows, and F. J. Staff, “Effect of salinity and temperature on feeding physiology and scope for growth of an invasive species (Brachidontes pharaonis—MOLLUSCA: BIVALVIA) within the Mediterranean sea,” Journal of Experimental Marine Biology and Ecology, vol. 363, no. 1-2, pp. 130–136, 2008.
	M. I. Segnini de Bravo, K. S. Chung, and J. E. Pérez, “Salinity and temperature tolerances of the green and brown mussels, Perna viridis and Perna Perna (Bivalvia: Mytilidae),” Revista de Biologia Tropical, vol. 46, supplement 5, pp. 121–125, 1998.
	R. Manoj Nair and K. K. Appukuttan, “Effect of temperature on the development, growth, survival and settlement of green mussel Perna viridis (Linnaeus, 1758),” Aquaculture Research, vol. 34, no. 12, pp. 1037–1045, 2003.
	W. Yuan, L. J. Walters, K. R. Schneider, and E. A. Hoffman, “Exploring the survival threshold: a study of salinity tolerance of the nonnative mussel Mytella charruana,” Journal of Shellfish Research, vol. 29, no. 2, pp. 415–422, 2010.
	J. M. Vakily, The Biology and Culture of Mussels of the Genus Perna, International Center for Living Aquatic Resources Management, Manila, Philippines, 1989.
	P. M. Sivalingam, “Aquaculture of the green mussel, Mytilus viridis Linnaeus, in Malaysia,” Aquaculture, vol. 11, no. 4, pp. 297–312, 1977.
	K. S. Chung and A. Acuna, “Upper temperature tolerance limit of mussel, Perna,” Bulletin of the Japanese Society of Scientific Fisheries, vol. 47, no. 3, p. 441, 1981.
	K. V. K. Nair and P. Murugan, “Biofouling by Perna viridis in a deep submarine tunnel system at Lalpakkam,” Journal of the Marine Biological Association of India, vol. 33, pp. 366–377, 1991.
	A. G. Urian, J. D. Hatle, and M. R. Gilg, “Thermal constraints for range expansion of the invasive green mussel, Perna viridis, in the southeastern United States,” Journal of Experimental Zoology Part A: Ecological Genetics and Physiology, vol. 315, no. 1, pp. 12–21, 2011.
	 S. E. Siddall, “A classification of the genus Perna,” Bulletin of Marine Science, vol. 30, no. 4, pp. 858–870, 1980.
	D. A. Ingrao, P. M. Mikkelsen, and D. W. Hicks, “Another introduced marine mollusk in the Gulf of Mexico: the Indo-Pacific green mussel, Perna viridis, in Tampa bay, Florida,” Journal of Shellfish Research, vol. 20, no. 1, pp. 13–19, 2001.
	P. Baker, J. S. Fajans, W. S. Arnold, D. A. Ingrao, D. C. Marelli, and S. M. Baker, “Range and dispersal of a tropical marine invader, the Asian green mussel, Perna viridis, in subtropical waters of the southeastern United States,” Journal of Shellfish Research, vol. 26, no. 2, pp. 345–355, 2007.
	 IFAS, Green Mussels, 2007, http://sfrc.ufl.edu/greenmussel/
	P. Baker, J. S. Fajans, and S. M. Baker, “Habitat dominance of a nonindigenous tropical bivalve, Perna viridis (Linnaeus, 1758), in a subtropical estuary in the Gulf of Mexico,” Journal of Molluscan Studies, vol. 78, no. 1, pp. 28–33, 2012.
	A. M. Keen, Sea Shells of Tropical West America: Marine Mollusks from Baja California to Peru, Stanford University Press, Stanford, Calif, USA, 1971.
	J. T. Carlton, “Introduced marine and estuarine mollusks of North America: an end-of-the-20th- century perspective,” Journal of Shellfish Research, vol. 11, pp. 489–505, 1992.
	P. Szefer, J. Gełdon, A. A. Ali, F. Páez Osuna, A. C. Ruiz-Fernandes, and S. R. G. Guerrero Galvan, “Distribution and association of trace metals in soft tissue and byssus of Mytella strigata and other benthal organisms from Mazatlan Harbour, Mangrove Lagoon of the northwest coast of Mexico,” Environment International, vol. 24, no. 3, pp. 359–374, 1998.
	G. Boehs, T. Absher, and A. da Cruz-Kaled, “Composition and distribution of benthic mollusks on intertidal flats of Paranagua Bay (Parana, Brazil),” Scientifica Marina, vol. 68, pp. 537–543, 2004.
	H. G. Lee, Immigrant Mussel Settles in Northside Generator. The Shell-O-Gram, vol. 28, Jacksonville Shell Club, Jacksonville, Fla, USA, 1987.
	O. M. Pereira, R. C. Hilberath, P. R. A. C. Ansarah, and M. S. N. Galvao, “Production estimate of Mytella falcata and M. guyanensis in natural beds of Ilha Comprida Estuary (Sao Paulo, Brazil),” Boletin Do Instituto De Pesca, vol. 29, pp. 139–149, 2003.
	A. Stenyakina, L. J. Walters, E. A. Hoffman, and C. Calestani, “Food availability and sex reversal in Mytella charruana, an introduced bivalve in the southeastern United States,” Molecular Reproduction and Development, vol. 77, no. 3, pp. 222–230, 2010.
	 NOAA National Centers for environmental information, 2016, http://www.ncdc.noaa.gov
	A. J. Power, R. L. Walker, K. Payne, and D. Hurley, “First occurrence of the nonindigenous green mussel, Perna viridis (Linnaeus, 1758) in coastal Georgia, United States,” Journal of Shellfish Research, vol. 23, no. 3, pp. 741–744, 2004.
	 JMP, Version 10, SAS Institute, Cary, NC, USA, 1989–2012.
	E. L. Kaplan and P. Meier, “Nonparametric estimation from incomplete observations,” Journal of the American Statistical Association, vol. 53, no. 282, pp. 457–481, 1958.
	L. W. Hutchins, “The bases for temperature zonation in geographical distribution,” Ecological Monographs, vol. 17, no. 3, pp. 325–335, 1947.
	O. Kinne, “Temperature-invertebrates,” in Marine Ecology I, Part 1, O. Kinne, Ed., pp. 405–514, Wiley-Interscience, London, UK, 1970.
	D. W. Hicks and R. F. McMahon, “Respiratory responses to temperature and hypoxia in the nonindigenous brown mussel, Perna perna (Bivalvia: Mytilidae), from the Gulf of Mexico,” Journal of Experimental Marine Biology and Ecology, vol. 277, no. 1, pp. 61–78, 2002.
	A. Nasrolahi, C. Pansch, M. Lenz, and M. Wahl, “Being young in a changing world: how temperature and salinity changes interactively modify the performance of larval stages of the barnacle Amphibalanus improvisus,” Marine Biology, vol. 159, no. 2, pp. 331–340, 2012.
	M. C. Pineda, C. D. McQuaid, X. Turon, S. López-Legentil, V. Ordóñez, and M. Rius, “Tough adults, frail babies: an analysis of stress sensitivity across early life-history stages of widely introduced marine invertebrates,” PLoS ONE, vol. 7, no. 10, Article ID e46672, 2012.
	C. E. Braby and G. N. Somero, “Following the heart: temperature and salinity effects on heart rate in native and invasive species of blue mussels (genus Mytilus),” Journal of Experimental Biology, vol. 209, no. 13, pp. 2554–2566, 2006.
	E. J. Hawes and D. L. Parrish, “Using abiotic and biotic factors to predict the range expansion of white perch in Lake Champlain,” Journal of Great Lakes Research, vol. 29, no. 2, pp. 268–279, 2003.
	S. B. Menke and D. A. Holway, “Abiotic factors control invasion by Argentine ants at the community scale,” Journal of Animal Ecology, vol. 75, no. 2, pp. 368–376, 2006.
	K. A. Medley, “Niche shifts during the global invasion of the Asian tiger mosquito, Aedes albopictus Skuse (Culicidae), revealed by reciprocal distribution models,” Global Ecology and Biogeography, vol. 19, no. 1, pp. 122–133, 2010.
	J. Andrews, D. Haven, and D. Quayle, “Freshwater kill of oysters (Crassostrea virginica) in James River, Virginia, 1958,” Proceedings of the National Shellfish Association, vol. 49, pp. 29–49, 1959.
	M. H. Brenko and A. Calabrese, “The combined effects of salinity and temperature on larvae of the mussel Mytilus edulis,” Marine Biology, vol. 4, no. 3, pp. 224–226, 1969.
	A. Verween, M. Vincx, and S. Degraer, “The effect of temperature and salinity on the survival of Mytilopsis leucophaeata larvae (Mollusca, Bivalvia): the search for environmental limits,” Journal of Experimental Marine Biology and Ecology, vol. 348, no. 1-2, pp. 111–120, 2007.
	Y. J. Xu and J. Lin, “Effect of temperature, salinity, and light intensity on the growth of the green macroalga, Chaetomorpha linum,” Journal of the World Aquaculture Society, vol. 39, no. 6, pp. 847–851, 2008.
	A. Epelbaum, L. M. Herborg, T. W. Therriault, and C. M. Pearce, “Temperature and salinity effects on growth, survival, reproduction, and potential distribution of two non-indigenous botryllid ascidians in British Columbia,” Journal of Experimental Marine Biology and Ecology, vol. 369, no. 1, pp. 43–52, 2009.
	B. L. Lockwood and G. N. Somero, “Invasive and native blue mussels (genus Mytilus) on the California coast: the role of physiology in a biological invasion,” Journal of Experimental Marine Biology and Ecology, vol. 400, no. 1-2, pp. 167–174, 2011.
	K. R. Schneider, “Heat stress in the intertidal: comparing survival and growth of an invasive and native mussel under a variety of thermal conditions,” Biological Bulletin, vol. 215, no. 3, pp. 253–264, 2008.
	M. Lenz, B. A. P. da Gama, N. V. Gerner et al., “Non-native marine invertebrates are more tolerant towards environmental stress than taxonomically related native species: results from a globally replicated study,” Environmental Research, vol. 111, no. 7, pp. 943–952, 2011.
	J. M. Jeschke and D. L. Strayer, “Determinants of vertebrate invasion success in Europe and North America,” Global Change Biology, vol. 12, no. 9, pp. 1608–1619, 2006.
	M. van Kleunen, E. Weber, and M. Fischer, “A meta-analysis of trait differences between invasive and non-invasive plant species,” Ecology Letters, vol. 13, no. 2, pp. 235–245, 2010.
	Smithsonian Marine Station at Fort Pierce, Indian River Lagoon Species Inventory, 2011, http://www.sms.si.edu/irlspec/index.htm
	S. Brodsky, L. Walters, and E. Hoffman, “Cold temperature effects on byssal thread production by the native mussel Geukensia demissa versus the non-native mussel Mytella charruana,” University of Central Florida Undergraduate Research Journal, vol. 5, no. 1, pp. 1–10, 2011.
	 NOAA, National Weather Service Weather Forecast Office, Jacksonville, FL, 2010: A year of historical climate extremes in northeast Florida and southeast Georgia, http://www.srh.noaa.gov/jax/?n=2010_summary


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Materials and Methods

		  3. Results

		  4. Discussion

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




