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Marine biological invasions, driven by climate change and maritime transportation, threaten biodiversity by reducing species richness and altering their distribution. Global efforts to understand the physiological tolerance and limitations of invasive species are essential for predicting their spread and mitigating negative impacts. Ascidians (Chordata, Ascidiacea) are well-known as notorious invaders, spreading via ship hulls, and causing significant ecological and economic damage. Environmental changes are likely to accelerate their expansion, further challenging marine ecosystems. We examined the physiological responses of native (Red Sea) and non-indigenous populations (Mediterranean and South China Sea) of a widely-distributed solitary ascidian, Phallusia nigra, to changing environmental conditions, and developed a model predicting its potential spread. Our multi-factorial design of three salinities (35, 40, 43 PSU) and three temperatures (16°C, 25°C, 31°C) examined the survivability of cultured juveniles and the reproductive success of each population. In addition, blood-flow-current change rate was used as a stress indicator. Our findings indicate survival and larval development are strongly influenced by population origin: non-indigenous populations exhibited higher tolerance to a broader range of conditions. Salinity significantly affected the Mediterranean population, whereas temperature was the primary factor for the native Red Sea population. The introduced Singapore population showed notable survival at 25° and 31°C across all salinities. Low temperatures inhibited larval development and survival across all populations, highlighting a critical reproduction barrier. Our species distribution model based on these findings predicted the potential range expansion of P. nigra under current and future climate scenarios. Responses to climate change varied among populations, however, emphasizing the need to consider local adaptations in predictive models. This study highlights P. nigra’s adaptability and demonstrates the value of species distribution models in predicting the spread of invasive species, emphasizing the need for marine biosecurity strategies to mitigate their impacts in a changing world.
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Introduction

Rising global temperatures, predicted to increase by 1.5-4°C by the end of the century (IPCC, 2023), and ocean acidification, with pH levels predicted to decrease from 8.2 to 7.8 (Feely et al., 2009), are persistently affecting marine organisms, causing shifts in abundance, and distribution and disrupting biodiversity (Gallardo et al., 2016; Nagelkerken and Connell, 2022; Poloczanska et al., 2016). Consequently, marine species are dispersing to higher latitudes and deeper waters in search of cooler habitats, while warm-water species are expanding their ranges as new niches become available. These transformations are reshaping marine communities on a global scale (Chaikin et al., 2022; Pinsky et al., 2019b; Poloczanska et al., 2016).

Invasive species are becoming increasingly dominant, disrupting delicate ecological balances by outcompeting native species, altering food webs, and modifying habitat structures, ultimately leading to a decrease in biodiversity (Lambert, 2007; Occhipinti-Ambrogi, 2007; Pinsky et al., 2019b; Zhan et al., 2015). Climate change is exacerbating this problem by creating favorable conditions for the introduction and establishment of invasive species (Biancolini et al., 2024; Sorte et al., 2010). For a species to invade successfully, it must survive through all life stages, from fertilization to adulthood, while each stage may respond differently to environmental stress (Bautista and Crespel, 2021). It is hypothesized that introduced species tend to perform better than native species under extreme conditions, as supported by numerous studies (Biedrzycka et al., 2022; Gewing et al., 2019; Gröner et al., 2011; Kenworthy et al., 2018). At the genetic level, invasive populations often exhibit adaptive traits, such as salinity-related variables that provide tolerance, elevated heat shock protein (HSP) expression levels that enable stress management, and epigenetic mechanisms that enhance resilience to climate change (Chen et al., 2021, 2024; Pineda and Turon, 2012). Additionally, stress in the new environment can drive rapid genomic or phenotypic changes, further facilitating the establishment of introduced species (Prentis et al., 2008).

In this study, we sought to address the knowledge gap in our understanding of how introduced marine organisms respond to environmental changes driven by global climate change. Marine ectotherms, in general, are more vulnerable to climate-change-induced stress than terrestrial species (Pinsky et al., 2019a). Predictions for the epipelagic layer (0–50 m) suggest that successful introductions will occur primarily in temperate zones, albeit with significant changes also expected in polar regions (Meyer et al., 2024). While temperature is a key driver of these shifts, oxygen levels and pH are also predicted to play dominant roles over the next two decades (Spence and Tingley, 2020). Although several studies have conducted multiple stressor experiments and explored under-represented taxa in order to fill these knowledge gaps, research has remained predominantly laboratory-based and is still scarce (Bass et al., 2021).

Ascidians (Chordata, Ascidiacea), a unique group of marine invertebrates, have attracted significant public attention due to the ecological and economic damage they cause as invasive species (Lambert, 2007; Zhang et al., 2020). Solitary ascidians, such as Styela clava and Ciona intestinalis, are recognized as significant biofouling organisms, causing substantial economic losses to aquaculture operations. These species can damage infrastructure, and compete with cultured species for resources, resulting in reduced productivity and increased maintenance costs (Darbyson et al., 2009; Utermann, 2021). They often exhibit rapid growth rates and high reproductive capacity, further enhancing their ability to establish and thrive in new habitats. Collectively, these characteristics contribute to the global success of ascidians as invasive species, making them valuable models for studying marine bioinvasions (Zhan et al., 2015).

The current study species, Phallusia nigra Savigny, 1816, is a widely-distributed solitary ascidian belonging to the order Phleobranchia, commonly found in tropical shallow waters (Rocha et al., 1999). The absence of epibionts on P. nigra’s dark shining tunic facilitates its identification and sampling. We consider the native range of P. nigra to be the Red Sea, from where it was first described by Savigny in 1816, although some researchers suggested that its origin may be the western Atlantic (Vandepas et al., 2015; Rocha pers. comm.). The distribution of P. nigra currently encompasses the Indo-Pacific Ocean, western Atlantic Ocean, Mediterranean Sea, Red Sea, and Caribbean Sea (Goodbody, 1961; Rocha et al., 2017; Shenkar and Loya, 2009).

Here, we conducted a novel concomitant comparison of three populations from both native (Red Sea) and non-indigenous populations (Mediterranean and South China Sea) of P. nigra. Laboratory cultures were established from each site following a protocol designed for this study (Lee et al., 2025). Unlike previous studies that have often focused on a single parameter or relied solely on adult survival as a determining factor (Bae and Choi, 2025; Gewing et al., 2019; Jofré Madariaga et al., 2014; Renborg et al., 2014), we conducted the same multi-factorial exposure experiment on both juveniles and gametes to determine their ability to survive under global change scenarios.

Using our empirical results, we developed a species distribution model (SDM) for P. nigra to forecast its potential current and future distributions and help anticipate and potentially prevent its spread as an invasive species. We show that understanding the physiological tolerance of P. nigra and other invasive species is crucial for predicting their spread under changing conditions, such as rising temperature and altered salinity. Such information is essential for developing effective conservation strategies and biosecurity tools to mitigate the ecological impacts of these changes.





Materials and Methods




Animal collection

In Israel, adult individuals of P. nigra (n=10-15) were collected in April and May 2023 from two regions (Mediterranean Sea and Red Sea). Mediterranean individuals were collected either by retrieving ropes and buoys from Ashqelon Marina (31.6817°N, 34.5567°E) or by snorkeling and collecting from rocks at a depth of 0–2 meters at Bat Yam (‘Hof-a-sela’ beach, 32.0224°N, 34.7377°E). Red Sea individuals (n=10-15) were collected by SCUBA diving at a depth of 4–8 m from the underwater restaurant diving site (29.5474°N, 34.9536°E). After collection, individuals were transported submersed in seawater within plastic containers placed in a cooler, and brought to the aquaria at the Shenkar laboratory at The Steinhardt Museum of Natural History, Tel Aviv University. In Singapore, animals were collected from the Singapore Straits in February 2024, by snorkeling from floating pontoons off St John’s (1.2167°N, 103.8500°E) and Lazarus Islands (1.2230°N, 103.8542°E). Following collection, individuals were transported in pails with seawater to St John’s Island National Marine Laboratory (SJINML) flow-through aquaria. All animals were maintained in aerated aquaria until dissection, which took place either on the day of collection or within three days. Figure 1 presents the study sample sites.

[image: World map showing two inset maps of Israel and Singapore. Israel is located near the Mediterranean and Red Seas. Singapore is situated near the South China Sea.]
Figure 1 | Map of study sites. Mediterranean Sea, Israel (Bat Yam ‘Hof-a-sela’ beach and Ashqelon Marina). Red Sea, Israel (underwater restaurant diving site). South China Sea, Singapore (St John’s and Lazarus Islands). Scale: 10 km. Maps from d-maps.com.





Artificial fertilization and culture

Detailed protocols are available in Lee et al. (2025). Briefly, an incision was made along the dorsal side of the animal to remove the tunic and access the gonoducts. Eggs and sperm were extracted using a fine needle and Pasteur pipette or a 100 µm micropipette for smaller animals. Eggs and sperm from all individuals were initially combined in filtered seawater. Sperm was filtered through a 100 µm mesh to minimize self-fertilization and stored separately. All eggs and sperm were then pooled, mixed in a large jar, and placed in covered Petri dishes for incubation at 25°C for 24 hrs until tadpole larvae had developed.

Larvae were then transferred to new Petri dishes (20–30 per plate) and left undisturbed for 24 hrs for settlement and metamorphosis under a 12h:12h light:dark cycle. Starting three days post-fertilization, seawater in the Petri dishes was changed daily. At six days post-fertilization, settled larvae were transferred to aquaria with flowing water for daily feeding and maintenance.






Stress experiment on juvenile P. nigra

A month-long exposure experiment was conducted using lab cultures in two locations. At Tel Aviv University, juveniles derived from animals collected in the Mediterranean Sea and the Red Sea were used. In Singapore (St. John’s Island), juveniles originated from animals collected in the South China Sea. At the start of the experiment, juveniles were approximately 5 mm in size. Salinities and temperatures were selected based on predicted future environmental models (Soto-Navarro et al., 2020), to evaluate the potential range expansion of P. nigra.

The experiment employed three different temperatures: 16°C, 25°C, 31°C, and three different salinities: 35, 40, 43 PSU, as illustrated in Supplementary Figure S1. For the Singapore population the experimental salinities were slightly different due to local conditions: 28, 31, 35, and 40 PSU.

To achieve the desired temperatures, water baths were employed with a chiller system (HAILEA, model: HC-1000A) for the 16 °C and an aquarium heater (NEWA Therm eco) for the 25 °C and 31 °C. Salinity adjustments in Israel involved diluting or concentrating artificial seawater (ASW) from the Shenkar Lab aquaria system. In Singapore, fresh seawater (0.5 micron filtered) was used to prepare desired salinities either by diluting with de-ionized water or concentrated with aquarium sea salt (Red Sea Salts).

Each test salinity was conducted in 5 L aquaria with gentle aeration to generate currents. Partial water change (2 L) was conducted three times weekly with freshly prepared seawater. Each treatment from the Mediterranean Sea and Red Sea populations numbered 5–6 juveniles while 15 individuals were used in Singapore’s set up.

Juveniles were fed 1 mL of Phyto-blast food three times weekly. The experiment followed a 12h:12h light:dark cycle.

Measurements comprised: (1) survival rates, assessed three times weekly; and (2) blood flow patterns, assessed weekly. Survival was determined by observing siphon contractions under a dissecting scope (Nikon SMZ18); the scope was unnecessary for larger juveniles. Blood flow patterns were recorded from 5-min videos analyzed for flow direction changes using NIS Elements D software and a timer.





Stress experiment on P. nigra reproduction products

Larval development success was tested under the same temperature (16°C, 25°C, 31°C) and salinity (35, 40, 43 PSU) conditions as in the juvenile experiments (Supplementary Figure S2A). For Singapore, salinities were adjusted to 28, 31, 35, and 40 PSU due to the tropical conditions. A preliminary experiment conducted in December 2023 at the Inter-University Institute (IUI) in Eilat, Israel, had determined larval development times under the target temperatures.

Oocyte and sperm extraction followed the protocol described in the “Artificial Fertilization and Culture” section. Oocytes (10–15 per well; ~60 per treatment) were dispensed into six-well plates, with 1 mL of sperm mixture added per well subsequently (Supplementary Figure S2B). Filtered seawater at the appropriate salinity was added to each well resulting in a total volume of 6 mL. The plates were covered and incubated at 16°C or 31°C, or kept in an air-conditioned lab (24-25°C), and maintained in darkness. Development success was classified as either unfertilized, undeveloped/abnormal, larva, or settled.





Statistical analysis of stress experiments

Kaplan-Meier survival curves were generated for each population (Singapore, Mediterranean, and Red Sea) and compared using log-rank tests. Due to assumption violations, including the proportional hazards assumption, a Cox proportional hazards model was not used. Instead, a negative binomial generalized linear model (GLM) was used to analyze time to death (in days) for individuals that did not survive, with salinity, temperature, and origin as predictors. This approach addressed overdispersion in the count data.

For blood flow reversal patterns, a Poisson GLM assessed treatment differences. The response variable was time to reversal (in seconds), with salinity, temperature, and experiment day as predictors. The control treatment was 25 °C and 40 PSU, and assumptions of residual normality and homoscedasticity were satisfied. For the Singapore population, a Linear Mixed-Effects Model (LMM) was used to analyzed repeated measures, as this population included repeated measurements of the same individuals over the experimental period. Fixed effects were temperature, salinity, and experiment day, with individuals as a random effect. The control treatment was 25 °C and 31 PSU, reflecting Singapore’s lower salinity. Assumptions of residual normality, homoscedasticity and multicollinearity were met.

All analyses were conducted in R (v4.2.2). Kaplan-Meier curves and log-rank tests used the ‘survival’ package and the ‘survfit’ and ‘survdiff’ functions (Therneau and Lumley, 2023). GLMs were run using the ‘Mass’ package with the ‘glm.nb’ and ‘glm’ functions, while LMM employed the ‘lme4’ package using the ‘lmer’ function (Bates et al., 2015). Model performance (Nagelkerke’s R² for GLMs; conditional and marginal R² for LMMs) was evaluated using the ‘performance’ package (Lüdecke et al., 2021).

Larval development was analyzed separately for each population (Red Sea, Mediterranean, Singapore) due to the distinct experimental conditions and responses across populations. A binomial generalized linear model (GLM) assessed larval development success (binary: success vs. failure), defined as larvae reaching the fully developed or settled stage. Non-fertilized eggs, undeveloped larvae, and dead larvae were categorized as failure. Control treatments were 25°C/40 PSU for Red Sea and Mediterranean populations and 25°C/31 PSU for Singapore, to reflect local conditions. Models were fitted using the ‘stats’ package, with the ‘glm’ function (Bates et al., 2015). Tjur’s R² from the ‘performance’ package (Lüdecke et al., 2021) was used to assess model fit.






Potential distribution of P. nigra under a global change scenario

The main goal of this analysis was to estimate the potential distribution of the ascidian P. nigra by integrating experimental survival data from three populations originating from distinct marine ecoregions (Red Sea, Mediterranean Sea, and Singapore). This approach allowed us to evaluate how temperature and salinity jointly influence species survival across current and future ocean conditions.

We first developed a global coastal map of temperature and salinity. By integrating the empirical survival rates of juveniles and larvae from our experiments with these coastal environmental conditions, we predicted the survival potential of P. nigra under both current and future climate scenarios.

To parameterize coastal environmental conditions, we extracted sea surface temperature (SST) and sea surface salinity (SSS) data from the MPI-Es12-2-HR climate model under the SSP585 scenario (Schupfner et al., 2019). To characterize present and future coastal conditions and provide insights into how temperature and salinity may shift over time, we downloaded data for two climate periods: current (2015-2024) and future (2075-2100). Coastal areas were defined using bathymetry data, classifying grid cells with depths of ≤100 m to reflect proximity to coastal areas. To ensure that all relevant coastal grid cells were included, we applied a 3×3 neighborhood filter, designating any coastal cell adjacent to missing values (i.e., land pixels) as coastal. We then extracted SST and SSS values for each coastal grid cell. This part was performed with ‘ncdf4’ (Pierce, 2024) and ‘terra’ (Hijmans et al., 2025) packages in R. To assess seasonal patterns, we aggregated data by month and computed the maximum and minimum SST and SSS for each coastal location for both periods.

For each coastal coordinate, we estimated the survival rates of juveniles and larvae from each population using the findings from our controlled experiments, specifically at seven days post-exposure. In particular, we fitted Generalized Additive Models (gam) for each population and life stage, with survival as a binary response variable and temperature and salinity as continuous explanatory variables. Survival was modeled using a binomial distribution with a logit link function. The model was fitted using the “gam” function from the ‘mgcv’ R package (Wood, 2023). Using the gam models, we predicted the survival of juveniles and larvae from each population for every combination of temperature and salinity. Although the models were fitted for the observed experimental conditions, we also predicted survival across a broader temperature range (0-40°C) and salinity range (0–45 PSU) to assess survival potential beyond those of the experimental conditions.

For each population and life stage, we predicted the mean annual survival from monthly predictions at each coastal coordinate, using the corresponding gam model. For larval distribution maps, predictions were restricted to months in which the mean temperature exceeded 25°C, to account for seasonal reproduction. Additionally, we mapped the projected change in survival by the end of the century (future survival minus current survival). Each pixel in the final maps presents a spatial resolution of 50 km².

Additional R packages used in the analysis included ‘dplyr’ (Wickham et al., 2023), ‘lubridate’ (Spinu et al., 2024), ‘data.table’ (Barrett et al., 2024). Visualization and plotting were carried out using the ‘ggplot2’ (Wickham et al., 2024) and ‘maps’ (Deckmyn, 2024).






Results





Stress experiment on juvenile P. nigra

Survival rates during the stress experiment are given in Figure 2. Kaplan-Meier survival curves and log-rank tests for each population revealed specific significant factors affecting survival: salinity for the Mediterranean population and temperature for the Red Sea and Singapore populations (p < 0.01). A General Linear Model (GLM) with a negative binomial distribution across all populations indicated significantly lower survival rates at 16 °C compared to 25 °C and 31 °C, between which no significant difference was observed (p < 0.01, R² = 0.622). Higher salinities (40, 43 PSU) were associated with increased survival (p < 0.01). Population origin also influenced survival, with the Red Sea and Singapore populations demonstrating significantly higher survival rates than the Mediterranean population (p < 0.01).

[image: Nine-panel line graph displaying survival percentage over 30 days across three temperatures: 16, 25, and 31 degrees Celsius, and five salinity levels: 28, 31, 35, 40, and 43 PSU. The survival rates for organisms from Singapore, Red Sea, and Mediterranean Sea are illustrated with dashed, solid, and dash-dotted lines, respectively. Survival trends vary with each condition, showing generally decreased survival at higher salinity and temperature levels.]
Figure 2 | Survival rates of juveniles during the stress experiment. Columns represent different temperatures (16 °C, 25 °C, 31 °C), and rows represent different salinities (28, 31, 35, 40, 43 PSU). The continuous line represents the Red Sea population, the dashed line represents the Mediterranean Sea population, and the dot-dashed line represents the Singapore population. Sample sizes: N = 5–6 for Red Sea and Mediterranean Sea populations, and N = 15 for the Singapore population for each treatment.

A Poisson GLM for all blood flow direction change data (Figure 3) revealed significant effects of temperature, salinity, and time. Blood flow was significantly slower at 16 °C and faster at 31 °C (p < 0.01, R2 = 0.984). Salinities of 28 and 35 PSU accelerated blood flow, while 43 PSU reduced it (p < 0.01). Blood flow direction change significantly decreased over the experimental period (p < 0.01). The Singapore population exhibited the fastest rates, followed by the Mediterranean and Red Sea populations (p < 0.05). Average blood flow direction changes across temperatures were 82.47 ± 21.56 for 16 °C; 51.72 ± 2.03 for 25 °C; and 37.29 ± 8.85 for 31 °C (across all populations).

[image: Scatter plots display blood flow direction change in seconds over time in days for animals from the Mediterranean Sea, Red Sea, and Singapore. Various symbol shapes represent salinity levels, and colors indicate temperatures. Each regional segment notes the total number of animals measured. Salinity and temperature details are provided in the legend.]
Figure 3 | Scatterplot of blood flow direction change in seconds for each population and treatment (sample size denoted above). Colors distinguish between temperatures, and shapes distinguish between salinities.

Repeated measures from the Singapore population enabled a Linear Mixed-Effects Model (Figure 4). Day of measurement was the most significant factor affecting blood flow rate, which decreased over time (p < 0.05, conditional R2 = 0.948), with variance among individuals accounted for most variability (marginal R2 = 0.157). Blood flow was significantly slower at 16 °C and faster at 31°C compared to the control (25°C, 31 PSU; p < 0.01). Salinity and time interactions also influenced blood flow rate. At 25°C, faster rates were observed at 28 PSU on Day 21 (p < 0.0005) and at 40 PSU on day 28 (p < 0.05). Moreover, the combination of 31°C and 40 PSU on Day 7 accelerated blood flow, while 16°C and 40 PSU on day 21 slowed it (p < 0.05), demonstrating the strong effect of temperature.

[image: Box plot chart showing blood flow direction change in seconds over 0, 7, 14, 21, and 28 days. Data varies by temperature (16, 25, 31 degrees Celsius) and salinity (28, 31, 35, 40 PSU). Significant differences are marked with asterisks.]
Figure 4 | Blood flow direction change in individuals from Singapore in seconds for each week of the experiment. Asterisk (*) indicates significant differences in treatments compared to the control (p < 0.05). Line in box = median; box = 25th to 75th percentiles: bars = min and max values. Points outside this range are considered outliers and are plotted as individual dots. Colors distinguish between temperatures, and box borders distinguish between salinities. Sample size: N = 3 individuals per treatment.





Stress experiment on P. nigra reproduction products

Figure 5 presents larval development success under stress conditions across the three populations. Separate General Linear Models (GLMs) with binomial distributions revealed distinct population-specific responses. For the Singapore population, larval development was significantly enhanced at higher temperature (31 °C) and salinity (35 PSU) (p < 0.05 and p < 0.01, respectively, R2 = 0.422). The Red Sea population exhibited decreased larval development at higher temperature (31°C) and salinities of 35 and 43 PSU (p < 0.01, R2 = 0.454). For the Mediterranean population, salinity was the primary factor affecting development, with reduced success at 35 PSU and 43 PSU (p < 0.05 and p < 0.01, respectively, R2 = 0.262).

[image: Bar graph showing larvae development success across different temperatures and salinity levels for populations from the Mediterranean, Red Sea, and Singapore. The x-axis represents population origin, while the y-axis shows success percentage. Temperatures are 16, 25, and 31 degrees Celsius, with salinities of 28, 31, 35, 40, and 43 PSU. “N/A” indicates not assessed. Mediterranean data is light blue, Red Sea is red, and Singapore is yellow.]
Figure 5 | Larval development during stress exposure. N/A represents combinations that were not examined, while blank indicates 0% development. The color index distinguishes between populations (N = 60 larvae per treatment). Dashed line represents the 50% threshold.

Overall, the results highlight low temperature as a reproduction barrier across all populations. The Red Sea population exhibited a narrow salinity tolerance, limiting successful reproduction at higher salinities, whereas the Singapore and Mediterranean populations demonstrated greater tolerance to lower salinity.






Potential distribution of P. nigra under a global change scenario

Figures 6-8 illustrate the predicted mean survival rates under the present conditions and the projected changes in survival by the end of the century (2075-2100). The larval distribution maps consider only temperatures above 25°C, to reflect seasonal reproduction.

[image: World maps showing the distribution of the Mediterranean Sea population for juveniles and larvae. The left images depict the current distribution, with various intensity colors representing the concentration levels. The right images show projected changes from 2075 to 2100, with green indicating increase and red indicating decrease. Color scales are included below each map series.]
Figure 6 | Predicted distribution of the Mediterranean Sea population of Phallusia nigra under the SSP5-8.5 climate scenario. Maps represent current conditions (2015–2024) and change in survival for future projections (2075–2100). Larval distributions were restricted to regions with temperatures exceeding 25 °C to account for seasonal reproduction. Survival rates (%) indicate the mean survival predicted by the model.

[image: World maps illustrating current and projected distributions of Red Sea juvenile and larval populations. The left maps show current ranges, with juveniles mostly in northern and equatorial regions, and larvae in tropics and subtropics, depicted using a color gradient. Right maps project changes by 2075-2100, highlighting potential range expansions and reductions with green and red colors.]
Figure 7 | Predicted distribution of the Red Sea population of Phallusia nigra under the SSP5-8.5 climate scenario. Maps represent current conditions (2015–2024) and change in survival for future projections (2075–2100). Larval distributions were restricted to regions with temperatures exceeding 25 °C to account for seasonal reproduction. Survival rates (%) indicate the mean survival predicted by the model.

[image: Maps showing the distribution of the South China Sea (Singapore) population, divided into juveniles and larvae, current and predicted changes by 2075-2100. The left side displays current distribution, with color gradients indicating density. The right side shows potential future changes, with green indicating increases and red decreases in population density.]
Figure 8 | Predicted distribution of the Singapore population of Phallusia nigra under the SSP5-8.5 climate scenario. Maps represent current conditions (2015–2024) and change in survival for future projections (2075–2100). Larval distributions were restricted to regions with temperatures exceeding 25 °C to account for seasonal reproduction. Survival rates (%) indicate the mean survival predicted by the model.

Mediterranean Sea population (Figure 6): Survival of juveniles in the Mediterranean Sea and the Gulf of Mexico, with higher survival rates in the Red Sea and even higher survival in the Persian Gulf. Larvae demonstrate the potential to survive in new regions, including the eastern Pacific Ocean, the Philippine Sea (extending from Japan to Australia), and both African coasts, reaching as far as Madagascar. Future projections indicate increased juvenile survival in the Mediterranean Sea and the Gulf of Mexico. Larval survival is projected to increase in the Philippine Sea but decrease in the Mediterranean Sea.

Red Sea population (Figure 7): Juveniles demonstrate a broader expansion to both northern and southern latitudes, with high survival rates in the western and eastern Atlantic (including the African coasts), the Philippine Sea, the Great Barrier Reef, and New Zealand. In contrast, the survival of larvae is more limited, restricted to areas such as Brazil, the Caribbean, the Red Sea, the Mediterranean Sea, and the Persian Gulf. Future projections suggest increased juvenile survival, with expansion extending to southern Australia and higher latitudes. Larval survival, however, is expected to decline in the Mediterranean Sea.

Singapore population (Figure 8): Juveniles exhibit high survival rates, particularly in coastal areas around the equator, extending north to the Mediterranean Sea and Japan and south to Madagascar, Brazil, and Australia. Larval survival is more restricted, with success primarily in the Philippine Sea, the eastern Pacific, and the western African coasts. Future projections indicate that juvenile survival will expand to northern and southern latitudes, including most of the Mediterranean Sea, Japan, southern Australia, and New Zealand. Larval survival, however, is expected to decline in its current range but may persist in new areas such as the Great Barrier Reef, Hawaii, and the Eastern Mediterranean Sea.






Discussion

In the world’s rapidly changing oceans in which rising temperatures and shifting salinity regimes are reshaping ecosystems, non-indigenous species that become invasive represent a significant threat. Our findings reveal that the solitary ascidian Phallusia nigra is capable not only of surviving extreme regimes, but also of overcoming previous reproduction barriers, facilitating its adaptation to novel environments. Our findings reveal the complex interplay between an organism’s physiology, environmental changes, and invasion dynamics. Fouling organisms are of great concern due to their ability to be transported across regions. With the acceleration of global trade and the intensification of climate change, the spread of non-indigenous species is expected to increase, potentially leading to a decline in local biodiversity (Castro et al., 2022; Chapman et al., 2017; Pinsky et al., 2019b). Understanding the environmental conditions that support ascidian reproduction and survival is key to predicting their potential spread and future distribution.

Our results indicate that the larval development and survival of P. nigra is strongly influenced by the origin of the parent population. All populations examined in this study were sensitive to low temperature, with no larval development observed at 16 °C and with juvenile survival rates at 16 °C ranging from 0-50%. This sensitivity could be attributed to the tropical origin of P. nigra, where tolerance to colder water is not required; and it may represent a trait that populations must evolve over time. Such sensitivity contrasts with the wild Mediterranean population, which regularly experiences such temperatures during winter. However, this contradiction could also be due to the experimental design, which lacked a gradual acclimation period, and/or the relatively small size of the tested individuals (~5 mm in length), whose tunics are more delicate compared to the larger (~5–7 cm in length) and tougher individuals present in the wild during winter. Despite this, the non-indigenous Mediterranean population demonstrated high larval development rates at 35 and 40 PSU, with lower rates at 43 PSU. The occurrence of some larval development at 43 PSU suggests a degree of adaptation to high salinity, and these rates may increase over time due to genetic adaptations and selection (Prentis et al., 2008). The non-indigenous Singapore population demonstrated high development rates at salinities of 31 and 35 PSU but not at the higher level (40 PSU), and exceptional survival across all salinity levels regardless of temperature, except at the low temperature, possibly due to the establishment of a subpopulation with specific genetic adaptations to salinity fluctuations. This suggests that the Singapore population may have undergone selection for tolerance to moderate salinity variations while remaining sensitive to more extreme conditions such as high salinity, reflecting a potential genetic differentiation that supports its successful establishment in non-native environments. In contrast, the native Red Sea population faced a significant salinity reproduction barrier, with most larvae developing at 40 PSU, and very few at 35 or 43 PSU, and only at 25 °C. The juveniles nonetheless exhibited high tolerance to a salinity of 35 PSU, despite this being lower than that which they typically encounter in their natural habitat.

Previous studies have reported the optimal survival conditions of P. nigra as 25-32 °C and 30–35 PSU in Singapore (Lee S. pers. Comm.) and 17-30 °C, 30–35 PSU in Brazil (Rocha et al., 1999, 2017), while P. nigra populations in Brazil seem to be highly sensitive to extreme salinities, which hinder its reproduction, under both high (45 PSU) and low (20 PSU) conditions (Rocha et al., 2017). However, those studies examined temperature and salinity separately, in contrast to the current novel multi-factorial study. The levels of these two factors are critical for marine environments, as salinity and temperature have been shown to significantly influence survival in simulations of shipping voyages involving tropical and subtropical ascidians (Bereza and Shenkar, 2022). Multiple stressor experiments are essential to more accurately assess the complexity of marine environments and to gain a better understanding of how climate change might impact marine organisms (Bass et al., 2021). An earlier global study (Lenz et al., 2011) compared native and non-indigenous species within the same groups—specifically bivalves, ascidians, and crustaceans—and found that the introduced species generally exhibited a broader tolerance range for both temperature and salinity than their native counterparts. A study on the green crab Carcinus maenas, conducted on three populations along the European coast, revealed that their larvae exhibit a broad range of tolerance to temperature and salinity, suggesting potential local adaptation (Šargač et al., 2022), similar to the non-indigenous P. nigra populations in the present study.

In addition to examining survival rates, the current study employed blood flow analysis as a tool to estimate physiological response. The results revealed a slower rate at 16°C, characterized by increased time to change direction, compared to a faster rate at 31°C, which aligns with the elevated metabolic activity revealed at higher temperatures (Ai-Li et al., 2008). Additionally, lower salinities (28, 35 PSU) accelerated blood flow, while higher salinity (43 PSU) slowed it down. The observed decrease in blood flow rate over the experimental period suggests that such analysis offers an informative tool for assessing stress in ascidians, as suggested by Dijkstra et al. (2008).

P. nigra records from the Persian Gulf (Iran, Qatar) on both artificial and natural substrates (Al-Khayat and Ibrahim, 2001; Monniot and Monniot, 1997) further indicates the ability of this species to survive in such extreme conditions over time, such as water temperatures in this region span from 18 °C to 37 °C and salinity ranging from 43 to 46 PSU (Afkhami et al., 2012; Alosairi et al., 2020; Naser, 2017). Such adaptations in introduced species can take place through within-generation phenotypic plasticity, enabling the species to survive and eventually reproduce in their new environment. Trans-generational plasticity may also be a factor in which the offspring inherit traits or mutations that enhance their ability to survive in a new environment (Dyer et al., 2010). For marine invertebrates, plasticity is most commonly induced by changes in the abiotic environment, primarily influencing their morphology (Padilla and Savedo, 2013).

Our study has demonstrated how P. nigra can rapidly adapt to different regions with distinct environmental conditions, including extreme conditions. The distribution maps of current and future scenarios present the locations where P. nigra is likely to survive if it reaches new areas – a scenario made increasingly probable by the expanding global shipping network (Chapman et al., 2017), with P. nigra having been detected to date as hull fouling in Israel, Cyprus, and Greece (Gewing and Shenkar, 2017; Kondilatos et al., 2010; Ulman et al., 2017). The differences detected for the three studied populations’ future distribution highlight the species’ ability for adaptation to diverse environmental conditions.

Although the modeling framework was global, survival parameters were derived from population-specific experiments, with salinity ranges for the Singapore population differing from those of the Red Sea and Mediterranean populations. These differences reflect local environmental conditions and limit direct global comparability. Accordingly, our maps should be viewed as population-based projections that illustrate how local adaptation and physiological tolerance shape potential range expansion under climate change.

Our maps represent the predicted mean survival rates, revealing a concerning pattern of potential expansion. While the unexpectedly low survival found for the Mediterranean population may be due to our small sample size, this nonetheless suggests that natural selection will favor the most resilient individuals, accelerating adaptation in this region. More alarmingly, Mediterranean larvae have demonstrated the potential to survive in many other regions, highlighting the hidden risk of future invasions beyond its current range. The Red Sea population, despite displaying the most restricted larval survival, exhibited exceptionally high juvenile resilience, indicating that under favorable conditions, these individuals could still colonize new regions. Perhaps the most striking finding is that of the extreme resilience of the Singapore P. nigra population, which thrives across a vast range of environmental conditions. With Singapore’s port ranking among the busiest in the world, this population poses a global invasion threat, with shipping routes offering stepping stones to new habitats. Given its tolerance and access to over 600 ports worldwide, under suitable conditions P. nigra could soon establish in unexpected ecosystems, from temperate coastlines to tropical waters.

Invasive ascidians pose a serious threat to marine ecosystems in rapidly colonizing available substrates and outcompeting the sessile native species for space and resources (Lambert, 2007; Zhang et al., 2020). Their fast growth and high filtering ability can disrupt local food webs, reducing biodiversity and altering ecosystem dynamics. Economically, they impact aquaculture by suffocating shellfish through fouling ropes, nets, and other structures. They also contribute to biofouling in ports, increasing maintenance costs for marine industries. P. nigra exemplifies this threat, demonstrating a remarkable resilience and rapid geographic spread over the last century, raising concerns about its potential both to disrupt the delicate ecological balance and impose an economic burden.

The current study has presented a novel approach to understanding marine bioinvasions in a rapidly changing world. By examining the same species from three different localities, we identified the differential physiological tolerances of each population and modeled its potential distribution under future global change scenarios. Our findings highlight the varying survival potential of distinct populations and identify high-risk regions for this species’ future establishment. As climate change progresses and global shipping networks continue to expand, the threat of invasive ascidians becoming widespread is no longer hypothetical – it is imminent. Such insights as those obtained here are crucial for preventing the proliferation of nuisance species and mitigating biodiversity loss in marine ecosystems. We strongly recommend future research focusing on multi-stressor experiments and molecular analyses, to uncover the genetic mechanisms driving the rapid adaptation and success of invasive species.
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Supplementary Figure 1 | Experimental setup for Mediterranean Sea and Red Sea populations. Each population was allocated to nine aquariums, covering all combinations of temperatures and salinities. Each treatment included N = 5–6 individuals. The Singapore population had slightly different experimental salinities (28, 31, 35, and 40 PSU) to reflect its native tropical conditions, with n = 15 juveniles per treatment.

Supplementary Figure 2 | Schematic representation of the experimental setup for P. nigra gametes. (A) Overall setup of the treatments (B) Oocytes and sperm addition to each well.
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