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Abstract: SSpecies introductions have increased dramatically in number, rate, and magnitude of
impact in recent decades. In marine systems, invertebrates are the largest and most
diverse component of coastal invasions throughout the world. Ascidians are
conspicuous and well-studied members of this group, however, much of what is known
about their invasion history is limited to particular species or locations. Here, we
provide a large-scale assessment of invasions, using an extensive literature review
and standardized field surveys, to characterize the invasion dynamics of non-native
ascidians in the continental United States and Alaska. Twenty-six non-native ascidian
species have established documented populations on the Pacific, Atlantic and Gulf
coasts (spanning 25°N to 57°N). Invader species richness is greatest for the Pacific
coast (19 spp.), followed by the Atlantic (14 spp.) and Gulf (6 spp.) coasts, and
decreases towards higher latitudes.  Most species (97%) expanded their range after
initial introduction, although the direction and latitudinal extent of secondary spread
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varied. Temporal analyses, based on literature reported first records and repeated field
surveys, show an increase in recorded non-native ascidians at continental, regional,
and local scales.  Our results underscore that non-native species continue to establish
and spread, and the transfer of biofouling organisms on underwater surfaces of
vessels is an active and potent vector that remains largely unmanaged. More broadly,
we suggest that ascidians provide a tractable and important indicator group for
evaluating invasion dynamics and management strategies.
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Abstract 45 

Species introductions have increased dramatically in number, rate, and magnitude of impact in 46 

recent decades. In marine systems, invertebrates are the largest and most diverse component 47 

of coastal invasions throughout the world. Ascidians are conspicuous and well-studied 48 

members of this group, however, much of what is known about their invasion history is limited 49 

to particular species or locations. Here, we provide a large-scale assessment of invasions, using 50 

an extensive literature review and standardized field surveys, to characterize the invasion 51 

dynamics of non-native ascidians in the continental United States and Alaska. Twenty-six non-52 

native ascidian species have established documented populations on the Pacific, Atlantic and 53 

Gulf coasts (spanning 25°N to 57°N). Invader species richness is greatest for the Pacific coast (19 54 

spp.), followed by the Atlantic (14 spp.) and Gulf (6 spp.) coasts, and decreases towards higher 55 

latitudes.  Most species (97%) expanded their range after initial introduction, although the 56 

direction and latitudinal extent of secondary spread varied. Temporal analyses, based on 57 

literature reported first records and repeated field surveys, show an increase in recorded non-58 

native ascidians at continental, regional, and local scales.  Our results underscore that non-59 

native species continue to establish and spread, and the transfer of biofouling organisms on 60 

underwater surfaces of vessels is an active and potent vector that remains largely unmanaged. 61 

More broadly, we suggest that ascidians provide a tractable and important indicator group for 62 

evaluating invasion dynamics and management strategies.   63 
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Introduction 68 

In coastal environments, the observed rate of invasions has increased steadily in the past 69 

century, largely due to a range of human-mediated vectors including commercial shipping, 70 

aquaculture transfers, recreational boating and intentional release (Cohen and Carlton 1998; 71 

Ruiz et al. 2000; Wasson et al. 2001; Ruiz et al. 2015).  Although few aquatic ecosystems are 72 

free from invaders, not all regions and habitats are invaded to the same extent (Ruiz et al. 73 

1997).  Patterns of invasion vary over latitudinal and regional scales. For instance, polar habitats 74 

are less invaded than temperate ones (Ruiz and Hewitt 2009), and bays and estuaries are 75 

invaded more often than exposed open coasts (Wasson et al. 2005; Preisler et al. 2009; Ruiz et 76 

al. 2009). While there is some discussion of invasion patterns across regions and habitats, 77 

contemporary analyses of the spatial extent and temporal spread of marine invaders at large 78 

spatial scales are rare, especially when combining extensive field surveys and literature 79 

synthesis.   80 

Invertebrates represent the largest and most diverse component of marine invasions 81 

throughout the world (Molnar et al. 2008). They can be transported by multiple vectors, 82 

increasing the likelihood of successful introduction and establishment. For instance, many 83 

invertebrates can be carried as planktonic larvae in ballast water aboard commercial ships or as 84 

sessile adult stages attached to ships’ hulls and sea chests, recreational boats, or shellfish 85 

aquaculture stock.  Ascidians comprise one of the most conspicuous and well-documented 86 

groups of invertebrate invaders, making them a model for studying broad scale invasion 87 

patterns and dynamics (see Zhan et al. 2015 for review).  88 

Ascidians (Phylum Chordata, Sub-Phylum Tunicata, Class Ascidiacea) are diverse and abundant 89 

members of marine communities, with approximately 3000 described species worldwide 90 

(Shenkar and Swalla 2011).  They are hermaphroditic, sessile, filter feeders and are found in a 91 

variety of habitats from shallow water to the deep sea (Millar 1971; Monniot et al. 1991; 92 

Lambert 2005a).  They can be solitary or colonial in body form and their life history includes a 93 

short non-feeding larval phase and a sessile adult form (Svane and Young 1989). They settle on 94 

a wide variety of hard substrates including rocky benthos, coral reefs, mangroves, algal fronds, 95 
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bivalve shells, and man-made structures such as pilings, docks, seawalls, and boat hulls (Millar 96 

1971; Lambert 2005a; Davidson et al. 2010).  Given the short dispersal phase of ascidians 97 

(minutes to hours) and the numerous ascidian records from beyond their native range, analyses 98 

of this group can provide unique insight into the consequence of anthropogenic transport on 99 

global marine species distributions. 100 

Around the globe, there are 80 ascidian species that are known to be non-native in parts of 101 

their documented range (Shenkar and Swalla 2011; Zhan et al. 2015). Some of these species are 102 

invasive with increased concern about their potential economic and ecological impacts 103 

(Lambert 2007a; McKindsey et al. 2007). For instance, a number of non-native ascidians have 104 

been found to displace native species (Stachowicz et al. 2002; Castilla et al. 2004; Blum et al. 105 

2007), overgrow cultured bivalve molluscs (Ramsay et al. 2008; Rius et al. 2011), and alter 106 

benthic community structure (Castilla et al. 2004; Valentine et al. 2007). Many of these impacts 107 

are reported from anthropogenic habitats, such as marinas, docks, pilings, and aquaculture 108 

gear, where these species often flourish (Lambert and Lambert 1998; Lutzen 1999; Lambert 109 

2002; Simkanin et al. 2012).  However, some species have invaded natural benthic habitats, 110 

where they can compete with native species for space and resources (Castilla et al. 2004; 111 

Pereyra et al. 2015).  112 

In this study, we provide an overview and contemporary analysis of non-native ascidian 113 

biogeography in the United States and North America more broadly. Our goal is to contribute 114 

insight into the invasion dynamics of a globally widespread group of invaders, which have wide-115 

ranging economic and ecological impacts.  Specifically, we characterize spatial and temporal 116 

patterns of ascidian introductions by assessing region of origin, introduction dates, arrival 117 

locations, transport vectors, and subsequent spread. We focus particular attention on large-118 

scale patterns across coasts, species, and bays.  119 

Materials and Methods 120 

To generate a full record of ascidian invaders, we compiled species lists using two separate and 121 

complementary methods: an extensive literature review and standardized field surveys. We 122 

focused our search on established species that are known to be non-native in the continental 123 
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United States and Alaska (hereafter referred to as the U.S.). We excluded cryptogenic species 124 

(i.e. native/non-native status unknown; see Supplementary Table 1) from analyses and utilized 125 

the most recent biogeographical data available to collate species lists. A species was classified 126 

as established when: (1) there were multiple records over multiple years for a location, (2) local 127 

populations were reportedly numerous and successfully reproducing, or (3) the species was 128 

reported as established in the literature or through personal communication (see Ruiz et al. 129 

2000 for greater detail).  130 

Literature review  131 

Non-native ascidian records were compiled through an extensive literature review and 132 

synthesis of marine invaders in North America (Table 1). The resulting information is contained 133 

within the National Marine and Estuarine Species Information System (NEMESIS), a Smithsonian 134 

Institution database created over the past 15 years. NEMESIS is an ongoing effort that includes 135 

biogeographical data for more than 400 introduced marine and estuarine species.  Data 136 

collated and reviewed within the database come from a wide range of sources, including: 137 

published papers, unpublished reports and theses, records from long-term monitoring efforts, 138 

museum specimens, and communications with marine taxonomists to verify collected 139 

information.  For each non-native ascidian species we assembled information on: native region, 140 

dates of first record per coast and per bay, subsequent occurrence records with dates and 141 

locations, and potential vectors of introduction. This synthesis includes data and information 142 

from over 7000 Ascidiacea references, worldwide. Information gathered during this extensive 143 

review is publicly available at http://invasions.si.edu/nemesis/databases.html. Detailed 144 

occurrence records for California are also publicly available as part of the California Non-native 145 

Estuarine and Marine Organisms (Cal-NEMO) database at 146 

http://invasions.si.edu/nemesis/calnemo/intro.html. 147 

Field surveys  148 

Standardized surveys were conducted in twenty-two bays in the U.S., spanning 24°N to 57°N on 149 

the Pacific, Atlantic and Gulf coasts. Sites were surveyed for subtidal fouling species over a 14 150 

year time period (2000-2014), with most bays (17) sampled once during this time, and five bays 151 

http://invasions.si.edu/nemesis/databases.html
http://invasions.si.edu/nemesis/calnemo/intro.html
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sampled repeatedly over a number of years (see Table 2). In each bay, at least 100 PVC 152 

settlement plates, 14 x 14 cm in size, were deployed and examined to determine the presence 153 

of fouling organisms, including ascidian species (except in Portsmouth, New Hampshire where 154 

16, 10 x 10 cm plates  were deployed, see Dijkstra and Harris 2009; Dijkstra et al. 2011). Each 155 

plate was sanded on one side. Plates were suspended from man-made structures (e.g. docks, 156 

marinas, buoys, bridges, piers) in bays and harbors in a horizontal, downward position (using a 157 

brick weight), sanded side facing the benthos. All plates were deployed in late spring or early 158 

summer, during the usual peak of larval recruitment (colonization), and remained in the field 159 

for three months to allow sufficient community development. Once retrieved, plates were 160 

processed to identify the full suite of fouling organisms, including both sessile and mobile 161 

invertebrates. Processing involved recording easily identifiable species in the field, while 162 

unidentifiable or questionable species were collected and preserved for subsequent 163 

identification in the laboratory.  If a species was especially unusual or difficult to identify, 164 

voucher specimens were sent to a taxonomic expert for identification.  165 

Data Analyses  166 

Data from the extensive literature review and field surveys were collated and analyzed to 167 

examine invasion patterns across coasts and bays.  Dates of first record were assigned based on 168 

the first date of collection or documented introduction of an established population.  Dates and 169 

locations of first record are valid for the full North American range (Mexico, the U.S. and 170 

Canada) of non-native ascidians. If these were not reported, dates of written documents or 171 

publications were used.  These dates are the best known information that is currently available, 172 

but we recognize that dates may be affected by the timing of sampling, taxonomic expertise of 173 

the sampler, and lags in publication times. 174 

We examined the latitudinal extent of species’ current continuous non-native ranges on the 175 

Pacific and Atlantic/Gulf coasts of North America – including distributions spanning Mexico, the 176 

U.S., and Canada.  These data were acquired using occurrence records reported throughout the 177 

literature review and synthesis.  Atlantic and Gulf coasts were combined in this analysis 178 

because the coastlines are continuous and species ranges generally extended across both 179 
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coasts. If a section of a species range was considered cryptogenic or there was a large gap in 180 

known occurrences (i.e. greater than a marine ecoregion, as in Spalding et al. 2007), we 181 

considered the last confirmed and continuous introduction record to be the range limit (see 182 

reported north and south range edges in Supplementary Table 2). This is a conservative 183 

estimate and further research in under sampled regions (e.g. sections of Central America and 184 

Mexico) may expand the latitudinal extent for some species. 185 

For each non-native ascidian species, we characterized the vector(s) associated with the initial 186 

invasion record per bay sampled. Vectors were assigned per species based on life history 187 

characteristics (i.e. larval duration and adult settlement patterns), historical vector activity 188 

within bays, and date of first record relative to human activities. For some non-native ascidian 189 

species, multiple vectors were considered possible.  Vectors in our analysis included (1) Ballast 190 

water – the ballast tanks (water, sediments and surfaces) of ships; (2) Vessel biofouling – the 191 

hulls and underwater surfaces, including sea chests, of vessels; (3) Oyster accidental – 192 

accidental transfers with Oyster transplants or equipment; and (4) Fisheries accidental – 193 

accidental transfers with aquaculture species or equipment that are not oyster related. For the 194 

vessel biofouling vector, we could not easily distinguish the roles of commercial or recreational 195 

vessels as sources of introduction in some bays; thus, our analysis treats them as one group. All 196 

statistical analyses were conducted in Sigma Plot version 12.3 (Systat Software Inc., San Jose, 197 

CA, USA) and PRIMER version 7 (PRIMER-E Ltd, Plymouth, UK).  198 

Results 199 

Literature review: invasion patterns across coasts  200 

We recorded 26 non-native ascidian species established in the U.S. (Table 1). In total, half of 201 

these species (13 spp.) were colonial and half were solitary species. A majority (12 spp.) were in 202 

the order Stolidobranchia, while eight were Phlebobranchia, and six were Aplousobranchia. 203 

Geographically, non-native ascidian richness was highest on the Pacific Coast (19 spp.), followed 204 

by the Atlantic (14 spp.) and Gulf (6 spp.) coasts. Most species were reported from only one 205 

coast (16 spp.), but ten species were found on multiple coasts. Species native to the Western 206 

Pacific and Indo-Pacific dominated non-native ascidian assemblages on all three coasts, 207 
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comprising 68% of non-native ascidians on the Pacific coast, and 50% on both the Atlantic and 208 

Gulf coasts (Figure 1).  209 

Few non-native ascidians were reported from North American waters earlier than 1900 (7 spp.) 210 

and most of these were discovered in historical shipping centers at lower-latitudes (25 - 35 °N) 211 

on the Atlantic and Gulf coasts (Figure 2a,b). The rate of discovery was relatively low until 212 

around 1950, when a steady increase began that continues to the present.  A large part of this 213 

increase coincides with several targeted sampling efforts which have been initiated in recent 214 

decades (Figure 2b).  215 

On the Pacific coast, southern California (San Diego to Santa Barbara) was the region of first 216 

occurrence for 13 of 19 non-native ascidians (Figure 3a), whereas on the Atlantic coast, half of 217 

the documented non-native ascidians (7 of 14 spp.) were first reported from New England 218 

(Connecticut to Maine; Figure 3b).  Overall, 100% of the ascidian species introduced on the 219 

Pacific coast and 93% on the Atlantic/Gulf coast spread beyond initial introduction locations. 220 

The ranges of most species expanded in both a north and south direction (11 spp. Pacific and 9 221 

spp. Atlantic/Gulf coasts), with fewer species expanding in one direction only (8 spp. Pacific and 222 

4 spp. Atlantic/Gulf) and only one species not being reported beyond its initial introduction site 223 

(on the Atlantic/Gulf) (Figure 3a,b). The most widespread non-native ascidians on the Pacific 224 

coast of North America are B. violaceus (spanning 41° of latitude), Botryllus schlosseri (spanning 225 

31°), and D. vexillum (spanning 26°) (Figure 3a). On the Atlantic and Gulf coasts, the most 226 

widespread species are S. canopus (spanning 33°), S. plicata (spanning 26°), and Didemnum 227 

psammatodes (spanning 24°) (Figure 3b).  228 

Field survey: invasion patterns across bays 229 

A total of 118 occurrence records for 24 non-native ascidian species were reported during 230 

fouling plate surveys conducted in 22 bays across the continental U.S. and Alaska (Table 2). At 231 

least 14 of these occurrences represent ‘first records’ for the bay or region being sampled. Two 232 

additional non-native species are known from U.S. waters, but were not recorded during plate 233 

surveys, Molgula citrina (Pacific coast) and Clavelina lepadiformis (Atlantic coast). Both species 234 
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are recent invaders, with dates of introduction in the U.S. being 2008 and 2009, respectively, 235 

and were detected after field surveys were conducted.  236 

Multivariate analyses of non-native ascidian richness per bay show a clear distinction between 237 

established community assemblages across coasts (ANOSIM, Global R = 0.469, P < 0.001; Figure 238 

4).  Specifically, species assemblages on the Pacific coast were significantly different from those 239 

on the Atlantic (ANOSIM, R = 0.483; P <0.002) and Gulf coasts (ANOSIM, R = 0.8; P < 0.005); 240 

however, there was little distinction between non-native ascidian communities present on the 241 

Gulf and Atlantic coasts (specifically sites from South Carolina south; ANOSIM, R = -0.177, P = 242 

0.848; Figure 4).  SIMPER analysis indicates that Styela plicata, Styela canopus and Didemnum 243 

vexillum contributed most to differences between Pacific and Atlantic coasts; while Botrylloides 244 

violaceus, S. canopus and D. vexillum contributed most to differences between Pacific and Gulf 245 

coasts.  246 

In bays on the Pacific Coast, richness patterns indicated a latitudinal trend of decreasing 247 

ascidian invasions with increasing latitude (f = 29.88 + -0.496*x; r2 = 0.751), which was not the 248 

case on the Atlantic coast, where there was no trend (f = 3.817 + 0.005*x; r2 = 0.003; Figure 5). 249 

On the Pacific coast, San Diego Bay (California) had the greatest non-native ascidian richness 250 

with 17 species, followed by nearby Mission Bay with 15 species, and San Francisco Bay with 14 251 

species (Table 2; Figure 5). On the Atlantic coast, three sites: Biscayne Bay (Florida), Indian River 252 

(Florida) and Narragansett Bay (Rhode Island) had the highest richness of non-native ascidians, 253 

with 6 species each.   254 

In the 22 sampled bays, ascidian species were introduced through a number of human-255 

mediated vectors including ballast water, vessel biofouling (ships and boats) and as hitchhikers 256 

with aquaculture species (Figure 6). By far, the most frequent mechanism for introduction was 257 

through transport as biofouling on the hulls and sea chests of transiting vessels and boats. On 258 

the Pacific coast, accidental introductions with imported commercial Japanese oysters and 259 

movement of aquaculture equipment (i.e. Oyster accidental) also appeared to be important 260 

potential vectors for non-native ascidians (Figure 6).  Some species have the potential to arrive 261 
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through multiple vectors, such as with both imported oysters and on vessel hulls (see Ruiz et al. 262 

2011 for further discussion). 263 

Temporal comparisons from two repeated, standardized plate surveys at five bays – two on the 264 

Pacific Coast, two on the Atlantic Coast, and one on the Gulf Coast – showed an increase in the 265 

number of detected non-native ascidians within four of the five bays over 12-13 years (Figure 266 

7). The exception was Chesapeake Bay, where detected ascidian richness declined from two 267 

species to one over 13 years from 2000 to 2013.   268 

 269 

Discussion 270 

Combining an extensive literature review and broad scale field surveys we provide insight into 271 

the invasion dynamics of 26 non-native ascidian species established in the U.S. and North 272 

America more broadly. Although our study provides an accurate and comprehensive 273 

assessment based on current knowledge, this also represents a conservative minimum estimate 274 

of total non-native ascidian richness and distribution, for a number of reasons. First, the 275 

taxonomic resolution and biogeographic information for many ascidian species is still advancing 276 

and new records are likely to be added simply as a result of new taxonomic and genetic 277 

information being acquired (e.g. Brunetti et al. 2015; Vandepas et al. 2015; Yund et al. 2015).  278 

Second, although marine non-native species are relatively well studied in the U.S. (Ruiz et al. 279 

2000; Ruiz et al. 2015), there are some areas where systematic surveys for coastal invaders 280 

have not been conducted on a large scale. For instance, there is limited information on invaders 281 

in Delaware Bay and New York Harbor, which are areas with high commercial shipping activity. 282 

This limited knowledge is particularly true of tropical regions, such as sections of the Gulf of 283 

Mexico and Central America, which have not been as extensively studied as further north.  As a 284 

result, the southern (low latitude) range extents for some non-native ascidians are likely 285 

underestimated. Thus, increased surveys in these underrepresented locations will likely lead to 286 

new records and greater understanding of invasion patterns.  287 

Non-native ascidian richness is greatest on the U.S. Pacific coast, mirroring previous large scale 288 

analyses across all groups of introduced marine taxa (Ruiz et al. 2000; Ruiz et al. 2015).  More 289 



11 
 

specifically, southern California is a hotspot for ascidian invasions (e.g. Tracy and Reyns 2014). 290 

Interestingly, non-native ascidian richness is inversely correlated to latitude on the Pacific coast, 291 

but not on the Atlantic.  However, sites further north than Portsmouth, New Hampshire at 43°N 292 

were not sampled during this study.  Sites in New England (Rhode Island – Maine) and Atlantic 293 

Canada have been extensively surveyed for non-native ascidians (LeGresley et al. 2008; Sephton 294 

et al. 2011; Massachusetts Office of Coastal Zone Managment 2013; Moore et al. 2014).  295 

Newfoundland at 46-51°N is reported to have three non-native ascidians – reflecting invasion 296 

levels similar to sites from high latitudes on the Pacific coast (Ketchikan, Alaska (AK) has two 297 

non-native ascidians and Sitka, AK has three).  The three non-native ascidian species established 298 

in Newfoundland are Botryllus schlosseri, Botrylloides violaceus, and Ciona intestinalis (Callahan 299 

et al. 2010; Ma et al. 2011; Sargent et al. 2013).  However, the invasion history of two of these 300 

species, B. schlosseri and C. intestinalis, is unresolved and in some cases they have been 301 

considered cryptogenic in this region (Zhan et al. 2010; Yund et al. 2015; this study - see 302 

Supplementary Table 1 ).  Cooler water temperatures and shorter reproductive seasons at 303 

northern latitudes may limit the spread of invasions in these environments, but current 304 

northern range limits may also reflect relatively low historical propagule supply by vessels and 305 

aquaculture activities (de Rivera et al. 2011; Ruiz et al. 2011). The relative contribution of these 306 

factors to the northern distribution of non-native invertebrates is not presently clear.  307 

The rate of discovery for non-native ascidians in the U.S. has accelerated since 1950.  This trend 308 

matches the discovery rate of ascidians on a global scale, regardless of native or non-native 309 

population status, suggesting that a rise in taxonomic expertise may contribute strongly to the 310 

observed temporal patterns (Shenkar and Swalla 2011). The survey and identification work of 311 

Charles and Gretchen Lambert – termed here as the Lambert effect – has been instrumental in 312 

increasing ascidian knowledge throughout the U.S. Their research greatly increased the number 313 

of non-native ascidian records for southern California (Lambert and Lambert 1998; Lambert and 314 

Lambert 2003) and the Gulf Coast (Lambert et al. 2005); undoubtedly influencing large scale 315 

temporal patterns (see Figure 2). However, new introductions and sustained coastwise spread 316 

also contribute to the increasing discovery rate.  New records of ascidian invaders continue to 317 

accumulate (e.g. Lambert 2007b; Lambert 2009; Lambert et al. 2010; Cohen et al. 2011) and 318 
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repeated replicate plate surveys show increased non-native ascidian occurrences in the last 319 

decade, all evidence that non-native species are continuing to establish and spread in North 320 

America. Further, a large scale assessment across taxonomic groups documented a 16-25% 321 

increase in total marine invasions from 1999 to 2010 (Ruiz et al. 2015). Some of this is likely 322 

increased detection and expertise, but some is clearly the continued arrival of newly introduced 323 

species.  Disentangling these two drivers is difficult, but repeated systematic surveys at the 324 

same locations (such as the plate surveys conducted here) can begin to tease these 325 

mechanisms apart.   326 

Most non-native ascidians in the U.S. (on all three coasts) are native to the Western Pacific, 327 

which is also a global biodiversity hotspot for ascidian species (Shenkar and Swalla 2011).  High 328 

non-native ascidian richness in California may stem from direct and extensive trade links with 329 

Asia, especially Japan, including shipping and historical oyster imports, which transfer marine 330 

biota.  A large number of commercial ships traverse the Pacific Ocean exchanging goods 331 

between the two continents (Carlton and Geller 1993; Verling et al. 2005), increasing the 332 

opportunity for hitchhiking species to be introduced. Further, historical oyster imports from 333 

Asia introduced a number of species to the Pacific Coast (specifically in and around San 334 

Francisco Bay) prior to 50 years ago, when the vector mostly ceased (Carlton 1979; Ruiz et al. 335 

2013; Grosholz et al. 2015). Once established, the likelihood that these species spread to other 336 

locations substantially increases. Non-native ascidian species have been reported on varied 337 

introduction vectors including commercial ships’ hulls in niche areas such as sea-chests 338 

(Fofonoff et al. 2003; Coutts and Dodgshun 2007; Frey et al. 2014), recreational boat hulls 339 

(Davidson et al. 2010; Clarke Murray et al. 2011), and aquaculture stock and infrastructure 340 

(Carver et al. 2003; McKindsey et al. 2007).   341 

Most non-native ascidian species (97% overall) spread coastwise following their initial 342 

introduction and establishment. However, species non-native ranges may illustrate multiple 343 

primary introductions from the native range, rather than secondary spread from the first/initial 344 

introduction site. Advances from population genetics show that this is the case for a number of 345 

species (Roman and Darling 2007), including the ascidian S. clava on the Pacific Coast (Goldstien 346 

et al. 2011; Darling et al. 2012).  This interplay between multiple primary introduction sites vs. 347 
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secondary spread from initial introduction points, complicates coast-wide spread estimates. 348 

Analyses combining population genetics and detailed occurrence records will lead to more 349 

accuracy when assessing the invasion history of some species (e.g. Stefaniak et al. 2009), 350 

providing greater insight into vector dynamics and species post-establishment spread.  For 351 

instance, a recent genetic analysis comparing populations of B. violaceus in North America 352 

illustrates differing colonization processes between Pacific and Atlantic coasts (Bock et al. 353 

2011).  Non-native populations in Washington and British Columbia were established by 354 

multiple primary introduction events from the species native range in Asia; whereas 355 

populations in Eastern Canada appear to have spread by contiguous stepping-stone movements 356 

through secondary introduction vectors (Bock et al. 2011).  357 

In order for an invading species to spread beyond its initial introduction location, it needs to 358 

overcome barriers to dispersal (Blackburn et al. 2011).  Because ascidians have short larval 359 

durations, their ability to naturally disperse quickly and over large distances is limited (Peterson 360 

and Svane 1995; Lambert 2005a; Fletcher et al. 2012). However, many non-native ascidian 361 

species have quickly expanded their ranges along the coast of North America illustrating their 362 

capacity for transfer by human-mediated vectors.  Initial introduction locations for the 26 363 

ascidian species are centered around historical shipping centers – San Diego and LA/Long Beach 364 

on the Pacific Coast, and Boston and New England on the Atlantic coast.  Prior to the 1900’s, 365 

many ocean going vessels were wooden hulled and carried solid ballast which was dumped 366 

before loading cargo, providing ample hard substrate for the settlement of marine 367 

invertebrates, such as ascidians (Carlton 1989; Carlton and Hodder 1995). In more recent times, 368 

recreational boats have become an important vector for the spread of non-native ascidians. 369 

Several recent assessments of the fouling communities attached to recreational boat hulls show 370 

that non-native ascidians are present (Davidson et al. 2010; Clarke Murray et al. 2011; Zabin et 371 

al. 2014). Many of the bays sampled during our surveys lack commercial shipping ports, but 372 

have large marinas and transient boating communities.  This vector links larger bays and 373 

harbors to smaller, perhaps less invaded, ones, thereby increasing the non-native range of 374 

invaders (Davidson et al. 2010; Zabin et al. 2014) and possibly aiding the spread of ecologically 375 

impactful ascidians, such as D. vexillum (Bullard et al. 2007; McCann et al. 2013).  376 
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The expansion of aquaculture provides an additional vector for the local transport of invaders, 377 

as well as, a major new habitat for colonization by ascidian species (Carlton 1989; McKindsey et 378 

al. 2007; Rocha et al. 2009).  In floating aquaculture habitats, widespread ascidian invaders, 379 

such as B. violaceus, D. vexillum and S. clava, are known to proliferate, reaching high densities 380 

and inflicting economic damage by fouling farmed shellfish stock (LeBlanc et al. 2003; 381 

McKindsey et al. 2007; Carman et al. 2010).  Many states and provinces in North America have 382 

initiated restrictions and permitting requirements for shellfish aquaculture transfers, partly due 383 

to the large economic impacts caused by non-native species (e.g. Grosholz et al. 2015). 384 

Although, there is an indication that the strength of this vector has decreased through time 385 

(Ruiz et al. 2013), ascidians continue to have large impacts as nuisance species in aquaculture 386 

facilities (Ramsay et al. 2008; Carman et al. 2010; Adams et al. 2011) and control efforts are 387 

being developed to limit economic costs (Switzer et al. 2011).  388 

As non-native ascidians continue to establish and spread throughout North America, the 389 

likelihood of having negative economic or ecological impacts on a new area increases.  As 390 

species spread, they encounter novel environmental and biotic conditions which may spur 391 

impacts to occur (Simberloff et al. 2012).  Moreover, the cumulative impact of a species is 392 

affected by the total area occupied, which often expands beyond the initial introduction point, 393 

as seen with ascidians. Thus both areal extent and per-capita effects are important dimensions 394 

in estimating impacts and targeting management efforts (Parker et al. 1999).   395 

On a global scale, ships’ ballast water is the only vector with explicit large-scale invasion 396 

management practices in place to reduce the rate of new coastal invasions (Davidson and 397 

Simkanin 2012; Ruiz et al. 2015).  As mentioned previously, the life history characteristics of 398 

ascidians (e.g. short non-feeding larval stage, sessile adult phase) suggest that they are unlikely 399 

to survive long-distance voyages within a ship’s ballast tank. Although, ascidian larvae may 400 

survive shorter coastal transits (< 24hrs in duration, e.g. Simkanin et al. 2009) and Ciona larvae 401 

have been found in ballast water samples (Ruiz et al. unpublished). Vessel biofouling (on both 402 

commercial and recreational boats) and fouling on imported or transferred aquaculture stock 403 

and equipment are more potent and successful vectors for ascidian introductions (Williams et 404 

al. 2013). These vectors are not broadly regulated or managed to reduce species introduction 405 
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and spread, though there is some management at regional scales (e.g. California State Lands 406 

Commission 2015; Grosholz et al. 2015) and emerging vessel biofouling regulations at national 407 

scales (Davidson et al. 2016).  Ascidians, as conspicuous and well-studied invaders, are 408 

increasingly important indicator organisms in vector assessments (Aldred and Clare 2014) and 409 

can act as model organisms for studying the efficacy of current management regulations and as 410 

indicators for future policies and practices to reduce invasive species spread.  411 

Man-made habitats, such as docks, marinas and aquaculture sites, are focal areas for invasions 412 

and therefore provide important monitoring sites for detecting new species arrivals (Glasby et 413 

al. 2007; Ruiz et al. 2009).  Little is known about the extent to which non-native ascidians are 414 

spreading from man-made structures into natural ecosystems, and what impacts they may be 415 

having on native marine communities.  Many non-native marine invertebrates, including 416 

ascidians, appear to have limited ability to spread into nearby natural benthic habitats 417 

(Simkanin et al. 2012; Airoldi et al. 2015).  Native predators or reduced propagule supply may 418 

limit non-native ascidian abundance in benthic habitats (Dumont et al. 2011; Forrest et al. 419 

2013; Simkanin et al. 2013; Rogers et al. 2016).  Importantly, the ascidian D. vexillum is an 420 

exception in such habitat restriction, and serves as an example of expansive colonization of 421 

natural habitat in many global regions (Bullard et al. 2007; Valentine et al. 2007; Carman and 422 

Grunden 2010).  Further research is needed to understand what factors limit non-native species 423 

establishment in natural habitats and whether colonization patterns may change in response to 424 

human activities or other forcing factors.  425 

 Conclusion 426 

Our analysis of ascidian invasions provides important insight into the large-scale invasion 427 

dynamics of an economically and ecologically impactful group of species. First, the Pacific coast, 428 

particularly southern California, is a hotspot for ascidian invasions and new invaders continue 429 

to be reported from this area.  Second, across the continent, the number of ascidian invasions 430 

continues to increase despite widespread implementation of management protocols (i.e. 431 

shellfish transfer restrictions and ballast water exchange/treatment). Biofouling on commercial 432 

ships and recreational boats, considered the primary vector for coastwise spread of non-native 433 
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ascidians, is currently unregulated.  As species continue to establish and spread, the potential 434 

for negative ecological or economic impacts increases. Third, additional field surveys and 435 

taxonomic expertise are needed to fill in distribution gaps for under sampled regions, including 436 

portions of Mexico and Central America.  Finally, fouling plate surveys provide an inexpensive, 437 

useful tool to detect new arrivals and evaluate range expansions of non-native marine 438 

invertebrates. Within this context, ascidians are particularly useful indicators for evaluating the 439 

spatial extent and temporal spread of invaders and testing the efficacy of management 440 

strategies used to minimize initial invasions, subsequent secondary spread, and potential 441 

impacts.   442 

  443 



17 
 

Bibliography 444 

Adams CM, Shumway SE, Whitlatch RB, Getchis T (2011) Biofouling in marine molluscan shellfish 445 
aquaculture: A survey assessing the buisness and economic implications of mitigation. J World 446 
Aquacult Soc 42: 242-252  447 

Airoldi L, Turon X, Perkol-Finkel S, Rius M (2015) Corridors for aliens but not for natives: effects of 448 
marine urban sprawl at a regional scale. Divers Distrib 21: 755-768  449 

Aldred N, Clare AS (2014) Mini-review: Impact and dynamics of surface fouling by solitary and 450 
compound ascidians. Biofouling 30: 259-270  451 

Berman J, Harris L, Lambert W, Buttrick M, Dufresne M (1992) Recent invasions of the Gulf of Maine: 452 
Three contrasting ecological histories. Conserv Biol 6: 435-441  453 

Bingham BL (1992) Life histories in an epifaunal community: Coupling of adult and larval processes. 454 
Ecology 73: 2244-2259  455 

Blackburn TM, Pysek P, Bacher S, Carlton JT, Duncan RP, Jarosik V, Wilson JR, Richardson DM (2011) A 456 
proposed unified framework for biological invasions. Trends Ecol Evol 26: 333-339  457 

Blum JC, Chang AL, Liljesthröm M, Schenk ME, K. SM, Ruiz GM (2007) The non-native solitary ascidian 458 
Ciona intestinalis depresses species richness. J Exp Mar Biol Ecol 342: 5-14  459 

Bock DG, Zhan A, Lejeusne CL, MacIsaac HJ, Cristescu ME (2011) Looking at both sides of the invasion: 460 
patterns of colonization in the violet tunicate Botrylloides violaceus. Mol Ecol 20: 503-516  461 

Brunetti R, Gissi R, Pennati R, Caicci F, Gasparini F, Manni L (2015) Morphological evidence that the 462 
molecularly determined Ciona intestinalis type A and type B are different species: Ciona robusta 463 
and Ciona intestinalis. J Zool Syst Evol Res 53: 186-193  464 

Bullard SG, Lambert G, Carman MR, Byrnes J, Whitlatch RB, Ruiz G, Miller RJ, Harris L, Valentine PC, 465 
Collie JS, Pederson J, McNaught DC, Cohen AN, Asch RG, Dijkstra J, Heinonen K (2007) The 466 
colonial ascidian Didemnum sp. A: Current distribution, basic biology and potential threat to 467 
marine communities of the northeast and west coasts of North America. J Exp Mar Biol Ecol 342: 468 
99-108  469 

California State Lands Commission (2015) Biofouling management to minimize the transfer of 470 
nonindigenous species from vessels operating in California waters. Proposed Regulatory Notice, 471 
July 31, 2015. In: Division CSLCMF (ed) Article 4.8, Sacramento, California, pp 15 472 

Callahan AG, Deibel D, McKenzie CH, Hall JR, Rise ML (2010) Survey of harbours in Newfoundland for 473 
indigenous and non-indigenous ascidians and an analysis of their cytochrome c oxidase I gene 474 
sequences. Aquat Invasions 5: 31-39  475 

Carlton JT (1979) History, biogeography, and ecology of the introduced marine and estuarine 476 
invertebrates of the Pacific Coast of North America., University of California, Davis 477 

Carlton JT (1989) Man's role in changing the face of the ocean: biological invasions and implications for 478 
conservation of near-shore environments. Conserv Biol 3: 265-273  479 

Carlton JT, Geller JB (1993) Ecological roulette: the global transport of nonindigenous marine organisms. 480 
Science 261: 78-82  481 

Carlton JT, Hodder J (1995) Biogeography and dispersal of coastal marine organisms: Experimental 482 
studies of a replica of a 16th-century sailing vessel. Mar Biol 121: 721-730  483 

Carman MR, Grunden DW (2010) First occurrence of the invasive tunicate Didemnum vexillum in 484 
eelgrass habitat. Aquatic Invasions 5: 23-29 doi 10.3391/ai.2010.5.1.4 485 

Carman MR, Morris JA, Karney RC, Grunden DW (2010) An initial assessment of native and invasive 486 
tunicates in shellfish aquaculture of the North American east coast. J Appl Ichthyol 26: 8-11  487 

Carver CE, Chisholm A, Mallet AL (2003) Strategies to mitigate the impacts of Ciona intestinalis 488 
biofouling on shellfish production. J Shellfish Res 22: 521-631  489 



18 
 

Castilla JC, Guinez R, Caro AU, Ortiz V (2004) Invasion of a rocky intertidal shore by the tunicate Pyura 490 
praeputialis in the Bay of Antofagasta, Chile. Proc Nat Acad Sc USA 101: 8517-8524  491 

Clarke Murray C, Pakhomov EA, Therriault TW (2011) Recreational boating: a large unregulated vector 492 
transporting marine invasive species. Divers Distrib 17: 1161-1172  493 

Cohen AN (2005) Guide to the Exotic Species of San Francisco, http://www.exoticsguide.org/ 494 
Cohen AN, Carlton JT (1998) Accelerating invasion rate in a highly invaded estuary. Science 279: 555-558  495 
Cohen CS, McCann L, Davis T, Shaw L, Ruiz G (2011) Discovery and significance of the colonial tunicate 496 

Didemnum vexillum in Alaska. Aquat Invasions 6: 263-271  497 
Coutts ADM, Dodgshun TJ (2007) The nature and extent of organisms in vessel sea-chests: A protected 498 

mechanism for marine bioinvasions. Mar Pollut Bull 54: 875-886  499 
Culbertson J, Harper D (2000) Settlement of a colonial ascidian on an artificial reef in the Gulf of Mexico. 500 

In: Mckay M, Nides J, Vigil D (eds) Proc. Gulf of Mexico fish and fisheries: Bringing together new 501 
and recent research. OCS Reports, US Minerals Management Service, no 2002-2004, New 502 
Orleans, LA, pp 614-630 503 

Dalby JEJ, Young CM (1992) Role of early post-settlement mortality in setting the upper depth limit of 504 
ascidians in Florida epifaunal communities. Mar Ecol Prog Ser 80: 221-228,  505 

Darling JA, Herborg L-M, Davidson IC (2012) Intracoastal shipping drives patterns of regional population 506 
expansion by an invasive marine invertebrate. Ecol Evol 2: 2552-2561  507 

Davidson I, Scianni C, Hewitt C, Everett R, Holm E, Tamburri M, Ruiz G (2016) Mini-review: Assessing the 508 
drivers of ship biofouling management - aligning industry and biosecurity goals. Biofouling 32: 509 
411-428  510 

Davidson IC, Simkanin C (2012) The biology of ballast water 25 years later. Biol Invasions 14: 9-13  511 
Davidson IC, Zabin CJ, Chang AL, Brown CW, Sytsma MD, Ruiz GM (2010) Recreational boats as potential 512 

vectors of marine organisms at an invasion hotspot. Aquatic Biology 11: 179–191  513 
de Rivera CE, Steves BD, Fofonoff PW, Hines AH, Ruiz GM (2011) Potential for high-latitude marine 514 

invasions along western North America. Divers Distrib 17: 1198-1209  515 
Dijkstra JA, Harris LG (2009) Maintenance of diversity altered by a shift in dominant species: implications 516 

for species coexistence. Mar Ecol Prog Ser 387: 71-80  517 
Dijkstra JA, Nolan R (2011) Potential of the invasive colonial ascidian, Didemnum vexillum, to limit 518 

escape response of the sea scallop, Placopecten magellanicus. Aquat Invasions 6: 451-456  519 
Dijkstra JA, Westerman EL, Harris LG (2011) The effects of climate change on species composition, 520 

succession and phenology: a case study. Global Change Biol 17: 2360-2369  521 
Dumont CP, Gaymer CF, Thiel MT (2011) Predation contributes to invasion resistance of benthic 522 

communities against the non-indigenous tunicate Ciona intestinalis. Biol Invasions 13: 2023–523 
2034  524 

Eldredge LG (1966) A taxonomic review of Indo-Pacific didemnid ascidians and descriptions of twenty-525 
three central Pacific species. Micronesica 2: 161-161  526 

Fletcher LM, Forrest BM, Bell JJ (2012) Natural dispersal mechanisms and dispersal potential of the 527 
invasive ascidian Didemnum vexillum. Biol Invasions 15: 627-643  528 

Fofonoff PW, Ruiz GM, Steves B, Carlton JT (2003) In ships or on ships? Mechanisms of transfer and 529 
invasion for nonnative species to the coasts of North America. In: Ruiz GM, Carlton JT (eds) 530 
Invasive Species: Vector and Management Strategies. Island Press, Washington, D.C., pp 152-531 
182 532 

Forrest BM, Fletcher LM, Atalah J, Piola RF, Hopkins GA (2013) Predation Limits Spread of Didemnum 533 
vexillum into Natural Habitats from Refuges on Anthropogenic Structures. PLoS ONE 8: e82229  534 

Frey MA, Simard N, Robichaud DD, Martin JL, Therriault TW (2014) Fouling around: vessel sea-chests as 535 
a vector for the introduction and spread of aquatic invasive species. Manag Biol Invasions 5: 21-536 
30  537 

http://www.exoticsguide.org/


19 
 

Glasby TM, Connell SD, Holloway MG, Chad LH (2007) Nonindigenous biota on artificial structures: could 538 
habitat creation facilitate biological invasions? Mar Biol 151: 887-895  539 

Goldstien SJ, Dupont L, Viard F, Hallas PJ, Nishikawa T, Schiel DR, Gemmell NJ, Bishop JD (2011) Global 540 
phylogeography of the widely introduced North West Pacific ascidian Styela clava. PLoS One 6: 541 
e16755  542 

Grosholz ED, Crafton RE, Fontana RE, Pasari JR, Williams SL, Zabin CJ (2015) Aquaculture as a vector for 543 
marine invasions in California. Biol Invasions 17: 1471-1484  544 

Lambert CC, Lambert G (1998) Non-indigenous ascidians in southern California harbors and marinas. 545 
Mar Biol 130: 675-688  546 

Lambert CC, Lambert G (2003) Persistence and differential distribution of nonindigenous ascidians in 547 
harbors of the Southern California Bight. Mar Ecol Prog Ser 259: 145-161  548 

Lambert G (2002) Nonindigenous ascidians in tropical waters. Pac Sci 56: 191-298  549 
Lambert G (2005a) Ecology and natural history of the protochordates. Can J Zool 83: 34-50  550 
Lambert G (2005b) First North American record of the ascidian Perophora japonica. J Mar Biol Assoc UK 551 

85: 1011-1012  552 
Lambert G (2007a) Invasive sea squirts: A growing global problem. J Exp Mar Biol Ecol 342: 3-4  553 
Lambert G (2007b) The nonindigenous ascidian Molgula ficus in California. Cah Biol Mar 48: 95-102  554 
Lambert G (2009) Adventures of a sea squirt sleuth: unraveling the identity of Didemnum vexillum, a 555 

global ascidian invader. Aquat Invasions 4: 5-28  556 
Lambert G, Faulkes Z, Lambert CC, Scofield VL (2005) Ascidians of South Padre Island, Texas, with a key 557 

to species. Tex J Sci 57: 251-262  558 
Lambert G, Shenkar N, Swalla BJ (2010) First Pacific record of the north Atlantic ascidian Molgula citrina 559 

– bioinvasion or circumpolar distribution? Aquat Invasions 5: 369-378  560 
LeBlanc AR, Landry T, Miron G (2003) Fouling organisms of the blue mussel Mytilus edulis: their effect on 561 

nutrient uptake and release. J Shellfish Res 22: 633-638  562 
LeGresley MM, Martin JL, McCurdy P, Thorpe B, Chang BD (2008) Nonindigenous tunicate species in the 563 

Bay of Fundy, eastern Canada. ICES J Mar Sci 65: 770-774  564 
Lutzen J (1999) Styela clava Herdman (Urochordata, Ascidiacea), a successful immigrant to North West 565 

Europe: ecology, propagation and chronolgy of spread. Helgo Wiss Meeres 52: 383-391  566 
Ma K, Deibel D, McKenzie CH (2011) Indigenous and non-indigenous ascidian tunicates of Newfoundland 567 

and Labrador. AAC Advance Spec Publ 17: 58-63  568 
MacGinitie GE, MacGinitie N (1968) Natural history of marine animals. McGraw-Hill, New York, NY 569 
Massachusetts Office of Coastal Zone Managment C (2013) Report on the 2010 Rapid Assessment 570 

Survey of Marine Species at New England Floating Docks and Rocky Shores. Executive Office of 571 
Energy and Environmental Affairs, Office of Coasatal Zone Management, Boston, Massachusetts 572 

McCann LD, Holzer KK, Davidson IC, Ashton GV, Chapman MD, Ruiz  GM (2013) Promoting invasive 573 
species control and eradication in the sea: Options for managing the tunicate invader Didemnum 574 
vexillum in Sitka, Alaska. Mar Pollut Bull 77: 165-171  575 

McKindsey CW, Landry T, O'Beirn FX, Davies IM (2007) Bivalve aquaculture and exotic species: a review 576 
of ecological considerations and management issues. J Shellfish Res 26: 281-294  577 

Millar RH (1971) The biology of ascidians. Adv Mar Biol 9: 1-100  578 
Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008) Assessing the global threat of invasive species to 579 

marine biodiversity. Front Ecol Environ 6: 485-492  580 
Monniot C, Monniot F, Laboute P (1991) Coral Reef Ascidians of New Caledonia. Orstom, Paris, pp 247 581 
Moore AM, Vercaemer B, DiBacco C, Sephton D, Ma KCK (2014) Invading Nova Scotia: first records of 582 

Didemnum vexillum Kott, 2002 and four more non-indigenous invertebrates in 2012 and 2013. 583 
BioInvasions Records 3: 225–234  584 



20 
 

Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM, Williamson MH, von Holle B, 585 
Moyle PB, Byers JE, Goldwasser L (1999) Impact: toward a framework for understanding the 586 
ecological effects of invaders. Biol Invasions 1: 3-19  587 

Pereyra PJ, Narvarte M, Tatián M, González R (2015) The simultaneous introduction of the tunicate 588 
Styela clava (Herdman, 1881) and the macroalga Undaria pinnatifida (Harvey) Suringar, 1873, in 589 
northern Patagonia. BioInvasions Records 4: 179-184  590 

Peterson JK, Svane I (1995) Larval dispersal in the ascidian Ciona intestinalis (L.). Evidence for a closed 591 
population. J Exp Mar Biol Ecol 186: 89-102  592 

Preisler RK, Wasson K, Wolff WJ, Tyrrell MC (2009) Invasions of estuaries vs the adjacent open coast: a 593 
global perspective. In: Rilov G, Crooks JA (eds) Biological Invasions in Marine Ecosystems. 594 
Springer-Verlag, Berlin Heidelberg, pp 587-617 595 

Ramsay A, Davidson J, Landry T, Arsenault G (2008) Process of invasiveness among exotic tunicates in 596 
Prince Edward Island, Canada. Biol Invasions 10: 1311-1316  597 

Reinhardt JF, Stefaniak LM, Hudson DM, Mangiafico J, Gladych R, Whitlatch RB (2010) First record of the 598 
non-native light bulb tunicate Clavelina lepadiformis (Müller, 1776) in the northwest Atlantic. 599 
Aquat Invasions 5: 185-190  600 

Ritter WE, Forsyth RA (1917) Ascidians of the littoral zone of southern California. University of California 601 
Rius M, Heasman KG, McQuaid CD (2011) Long-term coexistence of non-indigenous species in 602 

aquaculture facilities. Mar Pollut Bull 62: 2395-2403  603 
Rocha R, Kremer LP, Baptista MS, Metri R (2009) Bivalve cultures provide habitat for exotic tunicates in 604 

southern Brazil. Aquat Invasions 4: 195-205  605 
Rogers TL, Byrnes JE, Stachowicz JJ (2016) Native predators limit invasion of benthic invertebrate 606 

communities in Bodega Harbor, California, USA. Mar Ecol Prog Ser 545: 161-173  607 
Roman J, Darling JA (2007) Paradox lost: genetic diversity and the success of aquatic invasions. Trends 608 

Ecol Evol 22: 455-464  609 
Ruiz GM, Carlton JT, Grosholz ED, Hines AH (1997) Global invasions of marine and estuarine habitats by 610 

non-indigenous species: mechanisms, extent, and consequences. Am Zool 37: 621-632  611 
Ruiz GM, Fofonoff PW, Ashton G, Minton MS, Miller AW, Kingsley-Smith PR, Kellogg ML (2013) 612 

Geographic variation in marine invasions among large estuaries: effects of ships and time. Ecol 613 
Appl 23: 311–320  614 

Ruiz GM, Fofonoff PW, Carlton JT, Wonham MJ, Hines AH (2000) Invasion of coastal marine communities 615 
in North America: Apparent patterns, processes, and biases. Annu Rev Ecol Syst 31: 481-531  616 

Ruiz GM, Fofonoff PW, Steves B, Foss SF, Shiba SN (2011) Marine invasion history and vector analysis of 617 
California: a hotspot for western North America. Divers Distrib 17: 362–373  618 

Ruiz GM, Fofonoff PW, Steves BP, Carlton JT (2015) Invasion history and vector dynamics in coastal 619 
marine ecosystems: A North American perspective. Aquat Ecosyst Health Manage 18: 299-311  620 

Ruiz GM, Freestone AL, Fofonoff PW, Simkanin C (2009) Habitat distribution and heterogeneity in 621 
marine Invasion dynamics: the importance of hard substrate and artificial structure. In: Wahl M 622 
(ed) Marine Hard Bottom Communities,. Springer-Verlag, Berlin Heidelberg, pp 321-332 623 

Ruiz GM, Hewitt CL (2009) Latitudinal patterns of biological invasions in marine ecosystems: A polar 624 
perspective. In: Krupnik I, Lang MA, Miller SE (eds) Smithsonian at the poles : contributions to 625 
International Polar Year science. Smithsonian Institution Scholarly Press, Washington DC, pp 626 
347-358 627 

Sargent PS, Wells T, Matheson K, McKenzie CH, Deibel D (2013) First record of vase tunicate, Ciona 628 
intestinalis (Linnaeus, 1767) in coastal Newfoundland waters. BioInvasions Records 2: 89-98  629 

Sephton D, Vercaemer B, Nicolas JM, Keays J (2011) Monitoring for invasive tunicates in Nova Scotia, 630 
Canada (2006-2009). Aquat Invasions 6: 391-403  631 

Shenkar N, Swalla BJ (2011) Global diversity of Ascidiacea. PLOS One 6: e20657  632 



21 
 

Simberloff D, Martin J-L, Genovesi P, Maris V, Wardle DA, Aronson J, Courchamp F, Galil B, Garcıa-633 
Berthou E, Pascal M, Pysek P, Sousa R, Tabacchi E, Vila M (2012) Impacts of biological invasions: 634 
what’s what and the way forward. Trends Ecol Evol 28: 58-66  635 

Simkanin C, Davidson I, Falkner M, Sytsma M, Ruiz G (2009) Intra-coastal ballast water flux and the 636 
potential for secondary spread of non-native species on the US West Coast. Mar Pollut Bull 58: 637 
366–374  638 

Simkanin C, Davidson IC, Dower JF, Jamieson G, Therriault TW (2012) Anthropogenic structures and the 639 
infiltration of natural benthos by invasive ascidians. Mar Ecol 499: 499-511  640 

Simkanin C, Dower JF, Filip N, Jamieson G, Therriault TW (2013) Biotic resistance to the infiltration of 641 
natural benthic habitats: Examining the role of predation in the distribution of the invasive 642 
ascidian Botrylloides violaceus. J Exp Mar Biol Ecol 439: 76-83  643 

Spalding MD, Fox HE, Allen GR, Davidson N, Ferdana ZA, Finlayson M, Halpern BS, Jorge MA, Lombana A, 644 
Lourie SA, Martin KD, McManus E, Molnar J, Recchia CA, Robertson J (2007) Marine ecoregions 645 
of the world: A bioregionalization of coastal and shelf areas. Bioscience 57: 573-583  646 

Stachowicz JJ, Fried H, Osman RW, Whitlach RB (2002) Biodiversity, invasion resistance, and marine 647 
ecosystem function: reconciling pattern and process. Ecology 83: 2575-2590  648 

Stefaniak L, Lambert G, Gittenberger A, Zhang H, Lin S, Whitlach RB (2009) Genetic conspecificity of the 649 
worldwide populations of Didemnum vexillum Kott, 2002. Aquat Invasions 4: 29-44  650 

Stimpson W (1852) Several new ascidians from the coast of the United States. Proceedings of the Boston 651 
Society of Natural History 4: 228-238  652 

Svane I, Young CM (1989) The ecology and behaviour of ascidian larvae. Oceanogr Mar Biol Annu Rev 27: 653 
45-90  654 

Switzer SE, Therriault TW, Dunham A, Pearce CM (2011) Assessing potential control options for the 655 
invasive tunicate Didemnum vexillum in shellfish aquaculture. Aquaculture 318: 145-153  656 

Tracy B, Reyns N (2014) Spatial and temporal patterns of native and invasive ascidian assemblages in a 657 
Southern California embayment. Aquat Invasions 9: 441-455  658 

Valentine PC, Collie JS, Reid RN, Asch RG, Guida VG, Blackwood DS (2007) The occurrence of the colonial 659 
ascidian Didemnum sp. on Georges Bank gravel habitat:Ecological observations and potential 660 
effects on groundfish and scallop fisheries. J Exp Mar Biol Ecol 342: 179-181  661 

Van Name WG (1921) Ascidians of the West Indian region and southeastern United States. Bull Am Mus 662 
Nat Hist N Y 44: 283-494  663 

Vandepas LE, Oliveira LM, Lee SSC, Hirose E, Rocha RM, Swalla BJ (2015) Biogeography of Phallusia 664 
nigra: Is it really black and white? Biol Bull 228: 52-64  665 

Verling E, Ruiz GM, Smith D, Galil B, Miller AW, Murphy KR (2005) Supply-side invasion ecology: 666 
characterizing propagule pressure in coastal ecosystems. Proc R Soc Lond, Ser B: Biol Sci 272: 667 
1249-1257  668 

Wasson K, Fenn K, Pearse JS (2005) Habitat differences in marine invasions of central California. Biol 669 
Invasions 7: 935-946  670 

Wasson K, Zabin CJ, Bedinger L, Diaz MC, Pearse JS (2001) Biological invasions of estuaries without 671 
international shipping: the importance of intraregional transport. Biol Conserv 102: 143-153  672 

Whitlatch RB, Osman RW (2000) Geographical distributions and organism-habitat associations of 673 
shallow-water introduced marine fauna in New England. In: Pederson J (ed). National 674 
Conference on Marine Bioinvasions, January 24-27, 1999., pp 61-65 675 

Williams SL, Davidson IC, Pasari JR, Ashton GV, Carlton  JT, Crafton RE, Fontana RE, Grosholz ED, Miller 676 
AW, Ruiz  GM, Zabin CJ (2013) Managing multiple vectors for marine invasions in an increasingly 677 
connected world. Bioscience 63: 952-966  678 

Yund PO, Collins C, Johnson SL (2015) Evidence of a native northwest Atlantic COI haplotype clade in the 679 
cryptogenic colonial ascidian Botryllus schlosseri. Biol Bull 216: 201-216  680 



22 
 

Zabin CJ, Ashton GV, Brown CW, Davidson IC, Sytsma MD, Ruiz GM (2014) Small boats provide 681 
connectivity for nonindigenous marine species between a highly invaded international port and 682 
nearby coastal harbors. Manag Biol Invasions 5: 97-112  683 

Zhan A, Briski E, Bock DG, Ghabooli S, MacIsaac HJ (2015) Ascidians as models for studying invasion 684 
success. Mar Biol 162: 2449-2470  685 

Zhan A, MacIsaac HJ, Cristescu ME (2010) Invasion genetics of the Ciona intestinalis species complex: 686 
from regional endemism to global homogeneity. Mol Ecol 19: 4678-4694  687 

  688 



23 
 

Table 1: Taxonomic and biogeographic information for the 26 ascidian species introduced and 689 

established in the U.S. Order is represented as ‘A’ for Aplousobranchia, ‘P’ for Phlebobranchia and ‘S’ for 690 

Stolidobranchia. Body form is represented as ‘S’ for solitary and ‘C’ for colonial. Introduced coast is 691 

represented by ‘P’ for Pacific, ‘A’ for Atlantic, and ‘G’ for Gulf. Dates and locations of first record are 692 

valid for the full North American range (Mexico, the U.S. and Canada) of non-native ascidians. 693 

Species Order 
Body 

form 

Native 

Range 

Introd-

uced 

coast 

Date of 

first 

record 

Location of first record Citation for first record 

Ascidia sydneiensis P S 
Indo-

Pacific 
A 1898 Santa Marta, Columbia Van Name (1921) 

Ascidia zara P S 
NW 

Pacific 
P 1984 LA/Long Beach, CA Lambert and Lambert (1998) 

Ascidiella aspersa P S 
NE 

Atlantic 
A 1983 Cape Cod Canal, MA James T. Carlton pers comm. 

Botrylloides giganteum S C 
SW 

Pacific 
P 1997 San Diego, CA Lambert and Lambert (1998) 

Botrylloides violaceus S C 
NW 

Pacific 
P,A 

P: 1966 
A: 1980  

P: Santa Barbara, CA    
A: Groton, CT  

P: Lambert and Lambert (1998)     
A: Whitlatch and Osman (2000) 

Botryllus schlosseri S C 
NE 

Atlantic 
P 1947 San Francisco, CA Carlton (1979) 

Ciona robusta  P S 
NW 

Pacific 
P 1897 San Diego, CA Carlton (1979) 

Ciona savignyi P S 
NW 

Pacific 
P 1985 LA/Long Beach, CA Lambert and Lambert (1998) 

Clavelina lepadiformis A C 
NE 

Atlantic 
A 2009 New London, CT Reinhardt et al. (2010) 

Corella inflata P S 
NE 

Pacific 
P 2003 Coos Bay, OR Ruiz et al. unpublished 

Didemnum perlucidum A C 
Indo-

Pacific 
A,G 

A: 2004 

G: 1999  

A: Miami, FL;              

G: Stetson Bank, TX  

A: Ruiz et al. unpublished            

G: Culbertson and Harper (2000) 

Didemnum 
psammatodes 

A C 
Indo-

Pacific 
A,G 

A: 1988 
G: 2004  

A: Indian River, FL      
G: South Padre Is, TX 

A: Bingham (1992)                         
G: Lambert et al. (2005) 

Didemnum vexillum A C 
NW 

Pacific 
P,A 

P: 1993 

A: 1982  

P: San Francisco, CA   

A: Damariscotta, ME  

P: Cohen (2005)                               

A: Dijkstra and Nolan (2011) 

Diplosoma listerianum A C unknown P,A 
P: 1899 
A: 1975  

P: San Diego, CA         
A: Groton, CT  

P: Eldredge (1966)                          
A:James T. Carlton pers comm.  

Diplosoma sp. aff. 
spongiforme 

A C 
NE 

Atlantic 
A,G 

A: 2002 
G: 2002  

A: Indian River, FL      
G: Tampa Bay, FL  

A: Ruiz et al. unpublished            
G: Ruiz et al. unpublished  

Ecteinascidia turbinata P C unknown A 1961 Wachapreague, VA 
US National Museum of Natural 

History  

Microcosmus squamiger S S 
Indo-

Pacific 
P 1986 LA/Long Beach, CA Lambert and Lambert (1998) 

Molgula citrina S S 
Arctic 
Boreal 

P 2008 Kachemak Bay, AK Lambert et al. (2010) 

Molgula ficus S S 
Indo-

Pacific 
P 1994 San Diego, CA Lambert (2007b) 

Molgula manhattensis S S 
Western 

Atlantic 
P 1949 Tomales Bay, CA Carlton (1979) 

Perophora japonica P C 
NW 

Pacific 
P 2003 Humboldt Bay, CA Lambert (2005b) 

Polyandrocarpa 

zorritensis 
S C unknown P,A,G 

P: 1994 

A: 1986 
G: 2002  

P: Oceanside, CA         

A: Indian River, FL      
G: Clearwater, FL 

P: Lambert and Lambert (1998)      

A: Dalby and Young (1992)           
G: Lambert et al. (2005)  

Styela canopus S S 
Indo-

Pacific 
P,A,G 

P: 1972 
A: 1852 

G: 1879  

P: San Diego, CA         
A: Boston, MA             

G: 'off Southern FL’ 

P: Lambert and Lambert (1998)     

A: Stimpson (1852)                        

G: US National Museum of 
Natural History  

Styela clava S S 
NW 

Pacific 
P,A 

P: 1933 
A: 1970  

P: Newport Beach, CA 
A: Beverly, MA 

P: MacGinitie and MacGinitie 
(1968), A: Berman et al. (1992) 

Styela plicata S S unknown P,A,G 

P: 1915 

A: 1880 

G: 1877  

P: San Diego, CA         

A: Charleston, SC        

G: Cedar Key, FL  

P: Ritter and Forsyth (1917)       

A/G: U.S. National Museum of 

Natural History (East and Gulf) 
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Symplegma reptans S C 
NW 

Pacific 
P 1991 Los Angeles, CA Lambert and Lambert (2003) 

Table 2: List of the 22 bays in the U.S. where fouling plate surveys were carried out, including years 694 
sampled and the number and identity of the non-native ascidian species recorded.  Species marked with a 695 
* are first records for that bay. Additional established species, known from the extensive literature review 696 
and unpublished records, are also noted. In many cases, these species were introduced after plate 697 
sampling was conducted.   698 

Coast Site Name 

Latitude 

(°N) 

Year(s) 

sampled 

# of 

species 

recorded Species recorded on fouling plates 

Additional 

established 

species 

Total 

species  

                
West 

San Diego Bay, CA       
(SD, CA) 

32.73 2000, 2013 15 

A. zara, B. violaceus, B. schlosseri, C. 
robusta, C. savignyi, D. vexillum, D. 

listerianum, M. squamiger, M. ficus, M. 
manhattensis, P. zorritensis, S. canopus, S. 

clava, S. plicata, S. reptans 

B. giganteum, 
P. japonica 

17 

  
   Mission Bay, CA       

(MI, CA) 
32.78 2013 13 

A. zara, B. violaceus, B. schlosseri, C. 

robusta, C. savignyi, D. vexillum, D. 
listerianum, M. squamiger, M. ficus, P. 

zorritensis, S. clava, S. plicata, S. reptans.  

B. giganteum, 
S. canopus 

15 

  
   Long Beach, CA         

(LB, CA) 
33.77 2003 13 

A. zara, *B. giganteum, B. violaceus, B. 

schlosseri, C. robusta, C. savignyi, D. 
listerianum, M. squamiger, M. ficus, M. 

manhattensis, P. zorritensis, S. clava, S. 

plicata 

S. canopus 14 

  
  Morro Bay, CA         

(MB, CA) 
35.37 2013 4 

B. violaceus, B. schlosseri, D. vexillum, D. 

listerianum 

C. robusta, M. 

manhattensis 
6 

  
San Francisco Bay, 

CA  (SF, CA) 
37.62 

2000, 2001, 
2011, 2012, 

2013 

10 
*A. zara, B. violaceus, B. schlosseri, C. 

robusta, C. savignyi, C. inflata, D. vexillum, 

D. listerianum, M. manhattensis, S. clava 

P. zorritensis 11 

  
  Bodega Bay, CA       

(BB, CA) 
38.33 2012 8 

A. zara, B. violaceus, B. schlosseri, C. 
robusta, D. vexillum, D. listerianum, M. 

manhattensis, *P. japonica 

C. savignyi,   

S. clava 
10 

  
Humboldt Bay, CA   

(HB, CA) 
40.72 2003 6 

B. violaceus, B. schlosseri, C. savignyi, D. 
listerianum, M. manhattensis, P. japonica 

C. robusta,   
C. inflata,     

D. vexillum, 

M. citrina,     
S. canopus 

11 

  
Coos Bay, OR           

(CB, OR) 
43.37 2000 4 

B. violaceus, B. schlosseri, D. listerianum, 
M. manhattensis 

C. inflata, D. 

vexillum, M. 
citrina, S. 

clava 

8 

  
 Puget Sound, WA     

(PS, WA) 
47.72 2000 6 

B. violaceus, B. schlosseri, C. savignyi, *D. 

listerianum, M. manhattensis, S. clava 
D. vexillum 7 

  
    Ketchikan, AK     

(KT, AK) 
55.34 2003 1 B. violaceus  B. schlosseri  2 

  
 Sitka, AK                             

(ST, AK) 
57.05 2001 2 B. violaceus, *B. schlosseri  D. vexillum 3 

                

 

Biscayne Bay, FL       
(BB, FL) 

25.57 2004 5 
*A. sydneiensis, D. perlucidum, *D. sp. aff. 

spongiforme, *S. canopus, S. plicata 
D. 

psammatodes 
6 
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Coast Site Name 

Latitude 

(°N) 

Year(s) 

sampled 

# of 

species 

recorded Species recorded on fouling plates 

Additional 

established 

species 

Total 

species  

East  
 Indian River, FL       

(IR, FL) 
28.06 2005 5 

*D. perlucidum, D. psammatodes, *P. 

zorritensis, S. canopus, S. plicata 

D. sp. aff. 

spongiforme 
6 

 
  Jacksonville, FL         

(JX, FL) 
30.33 2001 2 S. canopus, S. plicata   2 

   
Pensacola Bay, FL         

(PB, FL) 
30.42 2002 3 D. perlucidum,  S. canopus, S. plicata  3 

  
Charleston Harbor, 

SC   (CH, SC) 
32.74 2002 2 *S. canopus, S. plicata   2 

  
Chesapeake Bay, 
VA   (CB, VA) 

37.58 
2000, 2001, 

2014 
1 S. plicata B. violaceus 2 

  
Narragansett Bay, RI   

(NB, RI) 
41.47 2001 5 

A. aspersa, B. violaceus, D. listerianum, S. 
canopus, S. clava 

D. vexillum  6 

  
 Portsmouth, NH        

(PT, NH) 
43.07 2001, 2013 3 B. violaceus, D. vexillum, D. listerianum 

A. aspersa, S. 

clava 
5 

                

Gulf 
   Tampa Bay, FL    

(TB, FL) 
27.75 

2002, 2012, 

2014 
3 D. perlucidum, *S. canopus, S. plicata 

D. sp. aff. 

spongiforme  
4 

  
Corpus Christi, TX   

(CC, TX)   
27.80 2002 2 *S. canopus, S. plicata   2 

  
Galveston Bay, TX   

(GB, TX) 
28.47 2002 1  *S. canopus   1 

 699 

  700 
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Figure 1: The native range of ascidians introduced to the Pacific, Atlantic and Gulf coasts of the U.S. 701 
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Figure 2: Ascidian invasions through time shown as: (a) the cumulative number of species reported on 707 
each coast since 1840 and (b) the latitude of first occurrence for each species record per coast. Dotted 708 
circles represent research which lead to increases in non-native species discovery. References for first 709 
records include: 1Berman et al. 1992, 2Whitlatch and Osman 2000, 3James T. Carlton personal 710 
communication, 4Lambert and Lambert 1998, 5Lambert and Lambert 2003, 6Lambert et al. 2005. 711 
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Figure 3: The current North American range of ascidians introduced and established in the U.S. The 719 
latitude and location of first record for each coast: (a) Pacific and (b) Atlantic/Gulf is shown as symbols. 720 
Error bars represent the full latitudinal extent (°N) of species’ continuous known non-native ranges. 721 
Atlantic and Gulf coasts are combined because the coastlines are continuous and species generally 722 
extended across both coasts. The total number of species with first records in each bay is shown in 723 
parentheses after the location name. Shaded areas represent continuous U.S. territory on each coastline. 724 
Species marked with * are introduced on the Pacific and Atlantic/Gulf coasts.  725 

 726 

 727 

  728 



29 
 

Figure 4: A non-metric multidimensional scaling (nMDS) plot of non-native ascidian communities across 729 
bays in the U.S. (including species occurrences reported from fouling plate surveys and the extensive 730 
literature review). We included the full presence/absence dataset for species which are native or 731 
cryptogenic to one portion of the U. S., but introduced to another (e.g. Botryllus schlosseri, Corella 732 
inflata, Molgula citrina, and Molgula manhattensis). Location abbreviations match those listed in Table 733 
2.  734 
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Figure 5: The number of non-native ascidians across latitudes where field surveys were conducted within 738 
bays on the Pacific, Atlantic, and Gulf coasts of the U.S.  739 
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Figure 6: The number of non-native ascidian species attributed to each invasion vector within the 22 bays 751 
where field surveys were conducted on the Pacific, Atlantic and Gulf coasts of the U.S. Some species may 752 
have been transported by multiple vectors and were therefore counted multiple times.  753 
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Figure 7: The number of non-native ascidians recorded during repeated surveys at five sites in the U.S. 758 
Survey sites included two bays on the Pacific: San Diego and San Francisco, California (CA); two on the 759 
Atlantic: Chesapeake Bay, Virginia (VA) and Portsmouth, New Hampshire (NH); and one on the Gulf: 760 
Tampa Bay, Florida (FL).  761 
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