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Abstract 

The Salish Sea, a vital region for marine biodiversity in the Pacific Northwest, is 

predicted to increase ~1.5°C over the next century. Rising sea temperatures can change 

species distributions and may support the range expansion of invasive species with 

broader temperature tolerances or of tropical/subtropical origin. Botrylloides violaceus is 

a colonial ascidian native to the subtropical waters of the West Pacific and has 

successfully invaded the Salish Sea. In this study, acute temperature challenge 

experiments were conducted to understand how rising temperatures impact colony 

proliferation. Juvenile colonies were cultured in unfiltered seawater over three 

temperature ranges: 10-12°C, 14-16°C, and 18-20°C. Growth was assessed using counts 

of healthy, regressing, and budding zooids, while stress was inferred based on colony 

heartbeat and a qualitative health assessment. Production of healthy zooids and primary 

buds significantly increased with temperature and yielded larger colonies within 10 days. 

Heart rate significantly decreased in colonies that were maintained at 20°C, however, 

more baseline data are needed to relate this metric to overall colony health. These results 

indicate that rising temperatures in the Salish Sea are expected to increase the 

proliferation of B. violaceus, intensifying resource competition in benthic communities 

and potentially spelling danger for native populations. Funded by NSF grants MCB-

2127517 and DBI-2149705. 
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Introduction 

Anthropogenic climate change is a major threat to marine ecosystems, and is 

expected to bring warmer ocean temperatures – which have already increased by ~0.4°C 

since the 1950s (Doney et al., 2012). Many biological processes such as metabolic and 

respiration rate are temperature-dependent, but whether the impact of rising temperature 

on fitness is positive or negative is often organism-specific (Doney et al., 2012). Species 

that benefit from temperature increase may experience higher reproductive success and 

an increased survival rate, while species that experience this change as stressful 

experience the opposite (Dijkstra et al., 2011; Doney et al., 2012). Warming can open up 

new habitats for invasive species, creating a community shift towards species better 

adapted for warmer climates while pushing native species distributions poleward (Doney 

et al., 2012; Hellmann et al., 2008; Sagarin et al., 1999).  

Longer, and more intense periods of warmth have coincided with the local 

dominance of invasive species, particularly annuals whose life cycle is dependent on 

temperature shifts (Dijkstra et al., 2011; Reitzel et al., 2004). In response to increased 

temperature, invasive invertebrate (especially fouling) species can exhibit increased 

recruitment compared to native species, causing a community state change (Dijkstra et 

al., 2011; Doney et al., 2012; Sagarin et al., 1999; Sorte et al., 2010; Stachowicz et al., 

2002). Additionally, an extension of the growing season may prevent the seasonal 

senescence of annual species, possibly allowing invasive species to propagate unchecked 

(Tyrrell & Byers, 2007).  

Ascidians (also called tunicates or urochordates) are known for being highly 

successful invaders, decreasing species richness and affecting biodiversity in ecosystems 
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across the world (Aldred & Clare, 2014; Zhan et al., 2015). One such annual species that 

has dominated marine fouling communities is the botryllid ascidian Botrylloides 

violaceus (commonly known as the chain, or violet, tunicate). Now being found across 

several continents, B. violaceus is native to Japan, and likely spread via human travel 

between East Asia, Europe, and the Americas (Lambert et al., 2018). Examination of 

genetic similarities between populations on the East Coast of the U.S. concluded that 

anthropogenic vectors (movement of boats and shellfish stock) are likely more 

responsible for the spread of B. violaceus than any methods of natural dispersal (Bock et 

al., 2011). On the west coast of the U.S., B. violaceus occurs in large numbers from 

Ensenada, Mexico, to Alaska (Carver et al., 2006; Lambert & Lambert, 2003). Its 

presence was first recorded in California in the 1970s, but due to the morphological 

similarities between B. violaceus and Botrylloides diagenesis it may have been present 

much earlier – but was only correctly identified near the end of the 20th century (Bock et 

al., 2011; Carver et al., 2006; Lambert & Lambert, 2003).  

 Colonial tunicates like B. violaceus consist of several individuals (zooids) 

embedded in a common tunic; reproduction can occur sexually through internal 

fertilization and asexually through blastogenesis (commonly referred to as ‘budding’) 

(Lambert et al., 2018; Figure 1). Unlike larval production, budding is synchronized across 

systems within a botryllid colony – each generation grows to replace the previous in a 

process known as takeover (Dijkstra et al., 2017; Nourizadeh et al., 2021). B. violaceus 

relies exclusively on budding for colony growth and expansion, but can induce so-called 

“vascular” budding (where new buds are formed from vascular tissue, unconnected to 

existing zooids) in response to injury to perform whole-body regeneration (WBR) 
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(Nourizadeh et al., 2021). Colonial ascidians are more susceptible to predation than 

solitary ascidians, but are able to recover almost completely using WBR (Hiebert et al., 

2019). To survive injury and retain precious space on the substratum, the timing of 

budding and number of buds produced in each generation must be competitive with those 

of surrounding species, and are thus linked to colony success (Sorte et al., 2010).  

While rising temperatures in the Gulf of Maine favored the increased 

reproduction and proliferation of B. violaceus, reproductive cycles can differ between 

colonies and populations, prompting investigation of the effect of increased seasonal 

temperatures on botryllid populations in other regions (Dijkstra et al., 2017; Grosberg, 

1988). The Salish Sea of the Pacific Northwest is one of the most significant places for 

biodiversity conservation in the region, but is greatly threatened by climate change – 

coastal ocean temperatures are expected to increase by ~1.5°C by the end of the century 

based on current climate change models – and so may be vulnerable to shifts in species 

composition as a result (Khangaonkar et al., 2019; Kraus & Hebb, 2020; Simon et al., 

Figure 1. Life cycle of B. schlosseri (Gasparini et al., 2015) which is analogous to B. violaceus 

due to the similarity of botryllid ascidians (Berrill, 1947). Focus will be from the larval stage to 

the 1st blastozooid and its repeated budding. 
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2022).  This region is also key to shellfish aquaculture, so predicting the response of such 

a prolific invasive fouling botryllid is necessary for maintaining native and farmed 

populations of shellfish that are important for both cultural and economic reasons (Carver 

et al., 2006; Epelbaum, Herborg, et al., 2009).  

To better predict the response of B. violaceus populations in the Salish Sea to 

ocean warming, we measured overall growth and health of juvenile colonies of B. 

violaceus at temperatures representative of predicted increases associated with climate 

change. The number of buds produced by a given colony, the length of the blastogenic 

cycle, and colony heart rate were used as proxies for health, in addition to qualitative 

observations.  

Methods: 

Adult and Larval Collection 

Colonies of B. violaceus were collected from the floating docks in Snug Harbor, 

WA (48° 34' 15.6" N, 123° 10' 1.2" W) using a scientific collection permit from 

University of Washington Friday Harbor Laboratories. While B. violaceus is the only 

species of Botrylloides that occurs in the Salish Sea, colonies were only collected if they 

exhibited a clearly visible “chain” pattern of zooids and displayed commonly observed 

colors (e.g., orange, rust, etc.) to ensure consistency in species identification (Simon et 

al., 2022). All colonies were collected from the plastic dock floats (10-20 cm below the 

surface) in July 2022, a month when daily air temperatures reached over 23 ℃. After 

collection, colonies were immersed in an unfiltered flow-through seawater system (a “sea 

table”) which provided any particulates needed for feeding.  
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Collected colonies were torn into large fragments (approximately 5 cm by 7 cm) 

all fragments were placed in a plastic kitchen colander within a sea table. Adult colonies 

produced batches of larvae in the late morning that over time floated to the surface and 

metamorphosed. Once they settled on the surface, the oozooids were transferred to extra-

large microscope slides (2” x 3”) using a small paintbrush (Epelbaum et al., 2009b; 

Swalla, 2004). After 24 hours, slides containing settled juveniles were added to the 

appropriate temperature treatment. 

Temperature Gradient Set-up 

Temperature stress was tested over three ranges: 10-12℃ (control) – the natural 

temperatures of the sea table; 14-16℃ (medium) to mimic potential warming 

temperatures after extreme global change; and 18-20℃ (high) to mimic the temperatures 

to which B. violaceus is native (W. J. Lambert et al., 2018). All temperature treatments 

were housed in the same sea table within 15L plastic containers (16 3/4" L x 11 7/8" W x 

7" H), with the flow-through of incoming seawater acting as a coolant. As the water 

temperature of the sea table naturally fluctuates throughout the day, temperature 

treatments were maintained within a range of 2℃ rather than at one constant temperature, 

and ranges were chosen to allow daily fluctuations of water temperature in the harbor. 

The medium and high temperature conditions were heated using a 500W heater inside the 

plastic container and corresponding controller (Finnex), which kept the detected water 

temperature within ± 2 ℉ (± ~1.12 ℃) of the desired temperature. Manual water changes 

were performed approximately every 48 hours.  
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Larval Development   

Eleven B. violaceus oozooids were exposed to each of the three temperature 

conditions, 10-12℃ (control), 14-16℃ (medium), and 18-20℃ (high). Organisms were 

Figure 2. Anatomy of two example B. violaceus colonies under compound microscopy. Growth metrics 
are indicated by the following annotations: az (adult zooid) varies in length and is identified in the 
context of the larger colony; blue arrow (regressing zooid); orange arrow (primary bud); green arrow 
(secondary bud/budlet). The yellow arrow identifies one of the ampullae.  

Figure 3. Qualitative rubric for colony health based on condition of major aspects of B. violaceus anatomy. 
Top left – example of healthy system, all categories worth 2 points. Middle left – example of unhealthy 
system, all categories worth 1 point. Bottom left – example of dead/dying system, all categories worth +0 
points. 
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imaged daily and monitored over a period of 10 days for the following endpoints: number 

and size of zooids, buds (primary), and budlets (secondary) to approximate growth and 

blastogenesis, heart rate to approximate stress level, and overall health of the colony 

based on a qualitative rubric (Figure 2, 3; Brunetti et al., 1980; J. Dijkstra et al., 2008).  

Statistical Analyses 

A two-factor (temperature, time) analysis of variance (ANOVA) was performed 

on all endpoints using SPSS v. 28.0 (IBM). All metrics were analyzed for significance 

across time and temperature and pairwise comparisons were made between each of the 

temperature treatments. Data were evaluated for normality and homogeneity of variance 

using Levene and Shapiro-Wilk tests, respectively. If either test failed, a non-parametric 

equivalent (Kruskal-Wallis H test) was performed. Post-hoc multiple comparisons were 

performed using Tukey HSD. The significance threshold was set at α = 0.05. 

Results:  

Number of healthy zooids 

The number of healthy zooids significantly increased across both time (p < 0.001) 

and increase in temperature (p= 0.007), with the high temperature treatment resulting in 

the largest average number of healthy zooids (Figure 4a). Post-hoc pairwise comparisons 

of temperature showed significance between the high and control treatments (p = 0.002) 

and the high and medium treatments (p = 0.023), but not between the control and medium 

treatments (p = 0.376) (Figure 4a).  
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Number of regressing zooids 

The number of regressing zooids was found to be significant across time (p = 

0.021) but not across temperature (p = 0.638), and no significance was found between 

different temperatures after performing post-hoc analysis (Figure 4b).  

Number of primary buds 

The number of primary buds was found to be significant over time (p = 0.003) 

and temperature (p = 0.004), and post-hoc analysis revealed significance between the 

medium temperature and the other two treatments (pmedium-control = 0.010, pmedium-high = 

0.003), but not between the control and the high treatments (p = 0.692) (Figure 4c). 

Number of secondary buds 

The number of secondary buds per colony was not found to be significant across 

time or temperature, and post-hoc analysis showed no significance between temperatures. 

However, comparing the control and high temperature treatments, the number of 

secondary buds approached significance, with a p-value of 0.051 (Figure 4d).  

Colony heartbeat 

Average colony heartbeat was found to be significant across time (p = 0.011) and 

temperature (p < 0.001) with colonies in the high temperature treatment exhibited 

significantly lower heart rates than colonies in the other two treatments (Figure 4e).  

Qualitative observations 

After assessing colony health over time using a qualitative rubric (Figure 3), each 

temperature treatment had a distinct trend. Colonies in both the control and medium 
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temperature treatments tended to decrease in health over time. In contrast, colonies in the 

high temperature treatment tended to increase in health over time and showed less 

variability.  

Discussion 

Many of the results from these temperature challenge experiments aligned with 

our expectations for the temperature tolerance and preferences of B. violaceus. Colonies 

Figure 4. Graphed averages of growth and stress metrics. All error bars represent standard error. 

a) Mean number of healthy zooids graphed over temperature and time. b) Mean number of 

regressing zooids graphed over time and temperature. c) Mean number of primary buds graphed 

over time and temperature. d) Mean number of secondary buds graphed over time and 

temperature. e) Average colony heartbeat graphed over time and temperature. 
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in higher temperatures produced more healthy zooids than colonies in lower 

temperatures. These results agree with our qualitative observations that colonies in the 

higher temperature treatment were generally healthier over time than those in the other 

treatments, and supports B. violaceus being more successful at temperatures closer to its 

native range. Rising temperatures are predicted to positively impact reproductive rate of 

this species and promote growth and colony proliferation, as the length of the blastogenic 

cycle in botryllid ascidians is inversely correlated with seawater temperature (Dijkstra et 

al., 2017; Grosberg, 1988; Westerman et al., 2009). Our results for production of primary 

buds, while significant, demonstrated a different trend than expected. Instead of 

increasing linearly with temperature, the medium temperature treatment showed 

significantly fewer buds produced than either the control or the high, resulting in a U-

shape response curve.  

Neither the number of regressing zooids nor the number of secondary buds was 

found to be significant across temperatures. Due to the nature of asexual growth, the 

number of individuals in B. violaceus colonies increases exponentially, but the acute 

nature of this experiment only allowed time for a small number of blastogenic cycles 

(Berrill, 1947; Nourizadeh et al., 2021). As such, the average juvenile colony contained 

fewer than 3 healthy zooids and 4 secondary buds until the very last day of observation 

(Day 10) (Figure 4a). The average number of regressing zooids never surpassed 4 zooids 

(Figure 4b). For both these parameters, the sample size may have resulted in low 

statistical power. This indicates that counting these regressing zooids and secondary buds 

requires a longer period of observation before a trend appears, and they may be better 

parameters in a more chronic experiment.  
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These results have implications for benthic, and more specifically ascidian, 

biodiversity in the Salish Sea as climate change progresses. B. violaceus shows 

significant increase in growth in response to rising temperatures, indicating that it will 

proliferate more rapidly as the environment warms, potentially allowing this species to 

expand into new habitat. Ascidians are some of the most successful invaders, having 

made their way to nearly every continent using both natural and anthropogenic forms of 

dispersal (Bock et al., 2011; Zhan et al., 2015). 

Depending on the severity of the invasion, introduced ascidians may alter 

community structure by outcompeting and overgrowing other benthic organisms (Tracy 

& Reyns, 2014). Both B. violaceus and its close relative Botryllus schlosseri have been 

observed to overgrow oysters and other bivalves, occasionally increasing mortality 

through local food depletion and physical smothering (Carver et al., 2006). Dense mats of 

Didemnum vexillium can prevent benthic-pelagic species interactions by inhibiting 

planktonic predators foraging efficiency in benthic and fouling communities, and 

functioning as physical barriers to geochemical cycling of nutrients (Mercer et al., 2009; 

Tracy & Reyns, 2014; Zhan et al., 2015). Increased proliferation of an organism like B. 

violaceus may improve water clarity due to increased particle removal, however, this 

could jeopardize food resources for other resident filter feeders, such as bivalves and 

zooplankton (Carver et al., 2006). Based on the trends observed in this study, rising 

temperatures in the Salish Sea may allow for increased growth and proliferation of B. 

violaceus, potentially threatening not only native ascidians, but native species of other 

taxa that compete for space and resources within benthic communities.  
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To better determine the impact of climate change on ascidian species distribution 

in the Salish Sea, it is necessary to conduct similar temperature challenge experiments 

with native ascidians that cohabitate with B. violaceus such as Distaplia occidentalis, 

Aplidium solidum, or Displosoma listerianum. Given what is known about the immediacy 

of climate change and its expected impacts on ocean temperatures in the Salish Sea 

region of the Pacific Northwest, species distributions will likely change as the region 

warms to favor tunicates both invasive and native (Dijkstra et al., 2011; Khangaonkar et 

al., 2019). Future work will also need to consider competition, and the availability of 

different substrates, as B. violaceus is known to prefer artificial over natural surfaces 

(Tyrrell & Byers, 2007). This could threaten regional biodiversity by displacing native 

species, and increasing competition for resources – most notably the already limited 

space on natural and artificial substrates that is vital for the formation of benthic 

communities (Carver et al., 2006; Mercer et al., 2009).   
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