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Abstract. The colonial ascidian Botryllus schlosseri
should be considered cryptogenic (i.e., not definitively clas-
sified as either native or introduced) in the Northwest At-
lantic. Although all the evidence is quite circumstantial,
over the last 15 years most research groups have accepted
the scenario of human-mediated dispersal and classified B.
schlosseri as introduced; others have continued to consider
it native or cryptogenic. We address the invasion status of
this species by adding 174 sequences to the growing world-
wide database for the mitochondrial gene cytochrome c
oxidase subunit I (COI) and analyzing 1077 sequences to
compare genetic diversity of one clade of haplotypes in the
Northwest Atlantic with two hypothesized source regions
(the Northeast Atlantic and Mediterranean). Our results lead
us to reject the prevailing view of the directionality of
transport across the Atlantic. We argue that the genetic
diversity patterns at COI are far more consistent with the
existence of at least one haplotype clade in the Northwest
Atlantic (and possibly a second) that substantially pre-dates
human colonization from Europe, with this native North
American clade subsequently introduced to three sites in
Northeast Atlantic and Mediterranean waters. However, we
agree with past researchers that some sites in the Northwest
Atlantic have more recently been invaded by alien haplo-
types, so that some populations are currently composed of a
mixture of native and invader haplotypes.

Introduction

Many potentially invasive species are cryptogenic (i.e.,
not definitively classified as either native or introduced;
Carlton, 1996; Thomsen et al., 2010; Haydar, 2011), and the
existence of these cryptogenic taxa poses a serious problem
to studies of invasion ecology. Resolving the status of
potential invaders is critical for evaluating both the com-
munity impacts and the ecological properties of successful
invaders. Although substantial effort has focused on detect-
ing unrecognized invaders, correctly classifying true native
species is equally important (Wares et al., 2002; Hawkins
et al., 2007; Cunningham, 2008). If natives and invaders are
not accurately classified, then comparative ecological stud-
ies between putative natives and invaders risk drawing
erroneous conclusions. Invasion status is best assessed
through multiple lines of evidence (Chapman et al., 2008)
when possible, but molecular data are playing an increasing
role in assessing both the status and sources of introductions
(Holland, 2000; Geller et al., 2010; Teske et al., 2014).

Colonial ascidians (tunicates) are among the most inva-
sive marine invertebrates in shallow-water coastal commu-
nities (Lambert and Lambert, 1998; Dijykstra et al., 2007).
They generally grow quickly on a wide variety of different
substrates, and their colonial construction and sheet-like
morphology often lets them replace resident plants and
animals by overgrowth or smothering (Lengyel et al., 2009;
Wong and Vercaemer, 2012). They can also impact aqua-
culture and fishing industries by fouling nets, cages, pipes,
and other structures (Tyrell and Byers, 2007; Sephton et al.,
2011). Larval dispersal in these taxa tends to be extremely
philopatric (Jackson and Coates, 1986; Grosberg, 1987), so
while colonial ascidians appear to be unlikely candidates for
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long-distance dispersal (except by rafting on boats or on
natural or man-made debris), they can quickly colonize an
area once introduced. Colonies are hermaphrodites and tend
to have very long-lived sperm (Bishop, 1998; Johnson and
Yund, 2004) that can fertilize eggs at a considerable dis-
tance (hundreds of meters; Yund et al., 2007); some species
can store sperm (Bishop and Ryland, 1991). This combina-
tion of traits enhances reproductive success under the very
low population density that is typical of the early stages of
an invasion.

The colonial ascidian Botryllus schlosseri (Pallas, 1766)
possesses life-history traits that are typical of this group
(though sperm storage is absent; Stewart-Savage et al.,
2001), and its invasion history is relatively well understood
in some regions (e.g., the Pacific coast of North America)
where introductions probably occurred during recorded his-
tory (Cohen and Carlton, 1995; Lambert and Lambert,
1998). However, it should be considered cryptogenic in
other areas, especially the Atlantic coast of North America.
B. schlosseri was described by Pallas in 1766 from a type
locality in Falmouth Harbour (England). In the mid-19th
century it was present in the United States from Long
Island, New York, to at least as far north as Salem, Mas-
sachusetts (initially labeled B. gouldii by Verrill, 1871, but
subsequently synonymized with B. schlosseri by Berrill,
1950). The first ascidian taxonomists to work in North
America speculated that B. schlosseri might have been
introduced (Van Name, 1945) by colonial era shipping
traffic (Berrill, 1950), presumably from Europe, though
neither author developed a rationale for his reasoning. The
question of geographical origins then lay dormant for 50
years, with virtually every author who used B. schlosseri as
a model system for ecological, evolutionary, and develop-
mental questions implicitly accepting that it was native
(e.g., Grosberg, 1987, 1988; Yund and McCartney, 1994;
Yund, 1998; Osman and Whitlach, 1998; Stewart-Savage
et al., 1999). That situation changed around 2000 with the
publication of Ruiz et al. (2000), which listed B. schlosseri
as an invader. In the last 15 years, most ecological studies
have applied the invader label as if it were definitive (e.g.,
Steneck and Carlton, 2001; Dijykstra et al., 2007, 2008,
2011; Haydar, 2011; Lejeusne et al., 2011; McNaught and
Norden, 2011; Sephton et al., 2011; Karlson and Osman,
2012). However, during the same time period, other authors
have either continued to label this species as native (Sta-
chowicz et al., 1999, 2002; Altman and Whitlatch, 2007) or
used a more neutral term like “resident” to express uncer-
tainty about its invasion status (e.g., Stachowicz and
Byrnes, 2006). The absence of a clear invasion status has
resulted in a problematic situation in which B. schlosseri
may be classified as either a native or an invader in the
Northwest Atlantic, depending on which research group is
conducting the project.

In the last decade, both microsatellite (Ben-Shlomo et al.,
2001, 2006, 2010; Stoner et al., 2002; Bock et al., 2012;
Lacoursière-Roussel et al., 2012) and mitochondrial DNA
data (López-Legentil et al., 2006; Lejeusne et al., 2011;
Bock et al., 2012; Lacoursière-Roussel et al., 2012) have
provided evidence of dispersal connections among B.
schlosseri populations occupying distant geographical re-
gions. Some have viewed the sharing of alleles or haplo-
types between populations simply as evidence that dispersal
or transport has occurred and have not attempted to infer
directionality to the movement (López-Legentil et al.,
2006). Others have interpreted shared haplotypes as evi-
dence of exchange in the transport direction suggested by
the conventional wisdom on introductions (Europe to North
America; Lejeusne et al., 2011; Lacoursière-Roussel et al.,
2012). Only one study appears to have compared genetic
diversity between potential source and sink populations
before reaching a conclusion about the directionality of
transport (Ben-Shlomo et al., 2001). Confounding all of
these genetic efforts are the likely existence of multiple
cryptic species (Bock et al., 2012), leading one group (Boyd
et al., 1990) to perform mating experiments to establish that
populations in different water bodies are reproductively
compatible.

We add 174 sequences to the growing body of data on the
mitochondrial gene cytochrome c oxidase subunit I (COI) in
B. schlosseri and analyze 1077 sequences to assess geo-
graphic patterns of haplotype diversity within multiple
clades. The majority of our sampling was focused on the
Northwest Atlantic (108 sequences), especially the Gulf of
Maine and Narragansett Bay, with additional reference sam-
ples from Ireland, the Netherlands, Italy, California, Japan,
and New Zealand. While our additional haplotypes are
consistent with the previously postulated directionality of
some past introduction events (e.g., the Pacific coast of
North America from Asia; Stoner et al., 2002), we reject the
prevailing view of the directionality of transport across the
Atlantic. We show that the cosmopolitan Clade A (Bock
et al., 2012) comprises four to five sub-clades, at least one
of which is native to the Northwest Atlantic (Bs2 and
closely related haplotypes; Bock et al., 2012). These results
lead us to suggest that B. schlosseri is native to the Atlantic
coast of North America, in the sense that it arrived long
before European colonization, without human assistance,
and that it has a substantial evolutionary history on this
coast.

Materials and Methods

Sampling

We sequenced a 524-base-pair (bp) fragment of the mi-
tochondrial cytochrome oxidase I (COI) gene from 159
specimens, collected either by scuba or by hand from float-
ing docks from 13 populations in the Northwest Atlantic,
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four populations in the Northeast Atlantic, one population in
the Mediterranean, one population in the Northwest Pacific,
and one population in the Northeast Pacific (Fig. 1). Our
main goal was to expand sampling southward in North
America and improve coverage in the northeastern United
States. Sampling in other water bodies was mostly oppor-
tunistic, with samples collected incidental to travel for other
purposes or sent to us by colleagues. However, we did make

a deliberate effort to obtain an additional sample from the
type locality, Falmouth Harbour, England (previously sam-
pled by Bock et al., 2012), because the genetic composition
of this population is particularly relevant to interpreting
haplotype distributions in the context of the historical de-
velopment of invasion hypotheses.

Samples were frozen immediately, preserved in 96%
ethanol, or stored in a cell lysis buffer (Puregene, Qiagen

Figure 1. Sampling locations in (A) the Pacific, (B) the Northeast Atlantic and Mediterranean, and (C) the
Northwest Atlantic, identified by 3–4-character acronyms. See Table 1 for additional site information. New sites
sampled in this study are underlined, while sites that were resampled are indicated with an asterisk. Base maps
are available at d-maps (2015).
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Table 1

Location information and sample sizes (n, number of colonies sampled) for the populations of Botryllus schlosseri included in our analyses

ID Location n Grouping Study

ADM Arenys de Mar, Spain 37 MED 2
ALI Alicante, Spain 28 MED 2
BLA Blanes, Spain 24, 1 MED 2, 5
CDQ Cadeques, Spain 25 MED 5
CER Canet, France 36, 15 MED 2, 5
CUB Cubelles, France 14 MED 5
EST Estartit, Spain 16 MED 5
ETQ Estaque, France 1, 11 MED 2, 4
NAP Naples, Italy 7 MED 2
PAL Palavas, France 19 MED 2
PLM Palamos, Spain 1 MED 5
ROS Roses, Spain 11 MED 5
SET Sete, France 6 MED 2
SMLM Ste Marie La Mer, France 1 MED 5
VEN Venice, Italy 28 MED 2
VEN2 Venice, Italy 8 MED 1
BRE Brest, France 37 NEA 2
BRI Brixham, England 21 NEA 2
FAL Falmouth Harbour, England 43 NEA 2
FAL2 Falmouth Harbour, England 9 NEA 1
FOR Fornelos, Spain 18 NEA 5
GRA Grana, Spain 25 NEA 5
HEL Helgoland, Germany 19 NEA 2
IRL Cobh, Ireland 8 NEA 1
LAR La Rochelle, France 18 NEA 5
NET Port of Breskens, Netherlands 7 NEA 1
PEN Port Pendennis, England 18 NEA 2
PLY Plymouth, England 34 NEA 2
RCF Roscoff, France 1, 35 NEA 5, 2
TOR Torquay, England 4 NEA 2
VIL Vilanova, Spain 2 NEA 5
BR Bagaduce River, Penobscot Bay, ME, USA 10 NWA 1
CI Carlisle Island, Damariscotta River, ME, USA 10 NWA 1
CT New Haven Harbor, CT, USA 10 NWA 1
DGB Digby, NS, Canada 6 NWA 2
GL Glidden Ledge, Damariscotta River, ME, USA 10 NWA 1
IGM Ingomar, NS, Canada 8 NWA 2
LSB Louisbourg, NS, Canada 2 NWA 2
M3 Mahone Bay, NS, Canada 34 NWA 3
MB Muscongas Bay, ME, USA 6 NWA 1
MHB Mt. Hope Bay, RI, USA 10 NWA 1
NAH Nahant, MA, USA 9 NWA 1
OP Ocean Point, ME, USA 10 NWA 1
P1 Yarmouth, NS, Canada 29 NWA 3
P2 Shelburne, NS, Canada 9 NWA 3
P3 Point Tupper, Port Hawksbury and Mulgrave, NS, Canada 18 NWA 3
P4 Little Narrows, NS, Canada 63 NWA 3
P5 Sydney, NS, Canada 30 NWA 3
PEI St. Peters Bay, PEI, Canada 5 NWA 1
PLT Port La Tour, NS, Canada 11 NWA 2
PP Prentice Point, Damariscotta River, ME, USA 4 NWA 1
SAL Salem, MA, USA 10 NWA 2
SB Wood Island, Saco Bay, ME, USA 10 NWA 1
SMB St. Margaret’s Bay, Nova Scotia, Canada 10 NWA 1
STP St Peter, NS, Canada 5 NWA 2
WDH Woods Hole, MA, USA 10, 3, 13 NWA 1, 5, 2
BBY Bodega, CA, USA 36 PAC 2
BRN Brinnon, WA, USA 11 PAC 2

(Continued)
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Inc). Genomic DNA was extracted using the PureGene
purification kit (Qiagen, protocol #00690). Polymerase
chain reaction (PCR) mixes contained Perkin-Elmer 10�
Buffer II at 1� concentration, 1.5 mmol l�1 MgCl2, 0.2
mmol l–1 of each deoxynucleotide-triphosphate (dNTPs),
0.5 mmol l–1 of each forward and reverse primer (universal
primers: HCO2198 and LCO1490; Folmer et al., 1994), 0.2
U Taq DNA Polymerase (New England Biolabs), 1–50 ng
of template DNA, and were adjusted to 20 �l total reaction
volumes. PCR amplifications were performed on an Eppen-
dorf Mastercycle Gradient thermalcycler as follows: 94 °C
for 4 min; 25 cycles of 94 °C for 1 min, 45 °C for 1 min,
72 °C for 1 min 30 s, and a final extension of 72 °C for 7
min. Amplified PCR products were purified using a Qiagen
PCR clean-up kit. The purified products were sequenced on
an ABI 3100 using BigDye terminator chemistry at the
University of Maine’s DNA Sequencing Facility. For our
analyses, the Cawthron Institute gifted us sequence data for
15 individuals from a population in New Zealand (Table 1).
We also included 903 sequences from published studies
(Table 1 and Fig. 1; López-Legentil et al., 2006; Lejeusne
et al., 2011; Bock et al., 2012; Lacoursière-Roussel et al.,
2012), giving us a total of 1077 individual ‘Botryllus’ se-
quences. All 59 published B. schlosseri haplotype se-
quences were downloaded from GenBank, and location-
specific occurrence frequencies of haplotypes were obtained
from published papers or directly from the authors. The
study by Lacoursière-Roussel et al. (2012) included rela-
tively (compared to the other studies) high spatial resolution
sampling of clusters of marinas, in addition to five major
ports. They detected substantial small-scale genetic struc-
ture, with neighboring marinas characterized by similar
haplotype distributions (Lacoursière-Roussel et al., 2012).
To maintain similar sample sizes among the Northwest
Atlantic, Northeast Atlantic, and Mediterranean, and to
avoid issues associated with smaller spatial scale genetic
structure, we included only their five port samples and
excluded the majority of their marina samples, with the
exception of the Mahone Bay Classic Boat Marina (34

colonies). This site was included to help fill an otherwise
sizable sampling gap in the middle of Nova Scotia (Fig. 1).
The exclusion of the majority of the marina samples did not
change the regional haplotype diversity patterns, because all
haplotypes in the excluded populations were also sampled
in other Northwest Atlantic populations.

Data analysis

Sequences were aligned using MEGA ver. 5.2.2 and
collapsed into unique haplotypes using FaBox (Villeson,
2007). The most appropriate model of evolution, as deter-
mined by jMODELTEST (Posada, 2008) under the Akaike
Information Criterion corrected (AICc) and Bayesian Infor-
mation Criterion (BIC), was TrN�G (AICc � 4845.6905;
BIC � 5296.4213; lnLik � 2259.9981). A Bayesian tree
was estimated by BEAST ver. 1.8 (Drummond et al., 2012)
using a coalescent-constant size tree prior and strict molec-
ular clock in two independent runs. The Markov chain
Monte Carlo (MCMC) analysis was run for 20,000,000
generations, sampling every 1000th generation and discard-
ing 25% as burn-in. Convergence diagnostics of Bayesian
analyses were explored using Tracer ver. 1.6 (Rambaut et
al., 2007) and FigTree ver. 1.4 (Rambaut, 2009). The COI
data were not partitioned, and default prior distributions
were used for all remaining model parameters. As in Bock
et al. (2012), we used the most closely related member
within the Styelidae family for which COI sequence data
were available, Botryllus tyreus, as an outgroup (GenBank
Accession DQ365851).

Haplotype and nucleotide diversities were computed for
each new sampling location using DNASP ver. 5 (Librado
and Rozas, 2009). An analysis of molecular variance was
used to test for genetic differentiation among four major
water bodies: Northwest Atlantic (n � 299 samples), North-
east Atlantic (n � 355 samples), Mediterranean (n � 289
samples), and Pacific (n � 134 samples), using ARLEQUIN
ver. 3.5.1.2 (Excoffier and Lischer, 2010). To assess geo-
graphical diversity patterns within the Clade A haplotypes

Table 1 (Continued)

ID Location n Grouping Study

DPB Deep Bay, BC, Canada 9 PAC 2
FRC French Creek, BC, Canada 23 PAC 2
JPN Shimoda Bay, Japan 11, 3 PAC 1, 4
LSM Ladysmith, BC, Canada 15 PAC 2
NZN Nelson, New Zealand 15 PAC 1
PLA Port Lincoln, Australia 3 PAC 4
SFB San Francisco Bay, CA, USA 2 PAC 1
SQM Sequim, WA, USA 6 PAC 2

Populations are grouped according to ocean region: Mediterranean (MED), Northeast Atlantic (NEA), Northwest Atlantic (NWA), and Pacific (PAC).
Study codes are (1) this study, (2) Bock et al., 2012, (3) Lacoursière-Roussel et al., 2012, (4) Lejeusne et al., 2011, (5) Lopez-Legentil et al., 2006. If a
location was sampled more than once, sample sizes and studies are listed in corresponding sequence.
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(856 sequences), a median joining network was created
using PopART (2015).

To infer the phylogeographic history of sub-clades within
Clade A, we performed a Bayesian discrete phylogeographic
analysis (DPA; Lemey et al., 2009), using the Clade A COI
dataset. An appropriate nucleotide substitution model was de-
termined by jMODELTEST (Posada, 2008) to be HKY�I.
Each individual Clade A sequence was assigned to one of the
four major water bodies included in this study. The DPA was
run with the same parameters as the earlier BEAST analysis,
with the exception of an uncorrelated, lognormal relaxed mo-
lecular clock. Convergence was assessed with Tracer ver. 1.6,
and sampled trees were summarized after discarding initial
“burn-in” states using TreeAnnotator, a component of the
BEAST package (Drummond et al., 2012).

Results

The COI alignment was 524 bp long and contained 162
polymorphic sites, of which 153 were parsimony informa-
tive (29.2%). Within 1077 sequences, we identified 61 hap-

lotypes: two new (Bs37 and Bs38; GenBank accessions:
KJ680129, KJ680130) and 59 previously reported (López-
Legentil et al., 2006; Lejeusne et al., 2011; Bock et al.,
2012; Lacoursière-Roussel et al., 2012; Table 1). We retain
the original labeling conventions for previously reported
haplotypes, while labels for the two new haplotypes
conform to the labeling conventions of Lejeusne et al.
(2011) and Bock et al. (2012) and extend their numbered
series.

In agreement with a previous study (Bock et al., 2012),
the COI phylogenetic reconstruction recovered five strongly
supported monophyletic clades (Clades A–E, Fig. 2), with
high interclade sequence divergence (12.4%–18.66%). By
contrast, intraclade distances ranged from 0.78% to 4.04%.
Considerable genetic structure was detected within Clade A
(Fig. 3). Sequences of populations in the Northwest Atlantic
revealed 15 haplotypes, differing from one another by
0.19%–5.8%.

As reported in previous studies (Lejeusne et al., 2011;
Bock et al., 2012), Clade A was geographically widespread.

Figure 2. Bayesian tree based on 524 bp of mitochondrial cytochrome c oxidase I (COI) Botryllus schlosseri
haplotypes. Numbers at phylogenetic nodes indicate posterior probabilities. Botryllus tyreus is included as an
out-group. The solid circle encloses the Bs2 sub-clade, while the dashed circle encloses the HO sub-clade.
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It included all of the individuals from the Northwest Atlan-
tic and the Pacific, 94% of the Mediterranean samples, and
32% of the Northeast Atlantic samples. According to Bock
et al. (2012), Clades B and C have been sampled only in two
Northeast Atlantic locations on the coast of Spain (Fornelos
and Vilanova; Table 1, Fig. 1), while Clade D was recov-
ered at two sites (Fornelos, Spain and Roscoff, France;
Table 1), and Clade E was mainly recovered in six popula-
tions concentrated in the Northeast Atlantic, with 18 indi-
viduals sampled outside this region (Table 1). One of the
new haplotypes (Bs38) we detected fell within Clade E (Fig.
2) and was sampled in Ireland.

The AMOVA analysis revealed that 43% of the genetic
variation was found among groups (i.e., between Northeast
Atlantic, Northwest Atlantic, Pacific, and Mediterranean),
whereas approximately 28% variation was found both among
populations within groups and within populations (Table 2).
Thus, genetic partitioning can be inferred from different global
groups. Haplotype and nucleotide diversities in all sampled
populations were highest within the Northeast Atlantic and
Mediterranean and lowest in the Pacific and Northwest Atlan-
tic (Table 3; Northeast Atlantic Hd � 0.898, Pi � 0.078;
Mediterranean Hd � 0.728, Pi � 0.031; Pacific Hd � 0.516,
Pi � 0.013; Northwest Atlantic Hd � 0.507, Pi � 0.014).

Figure 3. Median-joining network of Botryllus schlosseri cytochrome c oxidase subunit I (COI) haplotypes
within Clade A. Circle size is proportional to haplotype frequency. Sequences are color-coded according to the
oceanic region of collection. Small black circles between haplotypes indicate unsampled haplotypes inferred
from the data. Numbers along the paths indicate multiple mutational steps between haplotypes. The solid and
dashed circles enclose the Bs2 and HO sub-clades, respectively, from Fig. 2.

Table 2

Analysis of molecular variance for 524 bp of the cytochrome c oxidase subunit I (COI) sequences of Botryllus schlosseri populations

Source of variation df
Sum of
squares

Variance
components

Percentage of
variation Fixation index

Among groups 3 6,435 7.72 43.56 FCT: 0.436
Among populations within groups 62 5,190 5.00 28.24 FSC: 0.500
Within populations 1,011 5,050 4.99 28.19 FST: 0.718
Total 1,076 16,675 17.72

Analyses are presented for all populations without grouping and assigning population among four population groupings (Northwest Atlantic, Northeast
Atlantic, Mediterranean, Pacific). FCT, FSC, FST are the corresponding F-statistics. All values were significant (P � 0.05).
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Clade A contained several strongly supported nodes (Fig.
2) that lead us to explore the geographical associations of
four major sub-clades. The median-joining network (Fig. 3)
revealed a hierarchical structure that was consistent with the
Bayesian tree (Fig. 2), though the topology differs slightly.
For the purpose of this discussion, we refer to the four
sub-clades within Clade A by the most abundant and cen-
trally located haplotype within each clade (Fig. 3). The Bs2
sub-clade consists of the 12 closely related haplotypes that
form a strongly supported monophyletic clade (Bs2, Bs4–8,
Bs14–16, Bs37, HR, and HS, as identified by the solid
circle in Fig. 2). One of these haplotypes (Bs37) was new in
our study, but the other 11 had previously been reported
(Lejeusne et al., 2011; Bock et al., 2012; Lacoursière-
Roussel et al., 2012). Members of the Bs2 sub-clade were
the most common haplotypes (66% of samples) and present
in every Northwest Atlantic site except for Mount Hope
Bay, Rhode Island, and Yarmouth, Nova Scotia (Fig. 4).
The Bs2 sub-clade was very rare outside of the Northwest

Atlantic, with representatives present at a single site in the
Pacific (LSM), two sites in the Northeast Atlantic (NET,
HEL), and one site in the Mediterranean (ALI; Table 1).
Thus, 91% of Bs2 sub-clade haplotypes were found within
the Northwest Atlantic. Of the 11 associated haplotypes in
this sub-clade (Fig. 3), 8 were not found anywhere outside
of the Northwest Atlantic. Bs15 and Bs16 are the most
distant haplotypes within the group, but the next haplo-
type outside the sub-clade is five mutational steps away
(i.e., Bs15 to HB; Fig. 3). Overall, this sub-clade is
composed of samples from four regions (Northeast At-
lantic, Mediterranean, Pacific, and Northwest Atlantic)
and the Northwest Atlantic samples account for 72% of
the samples.

The HO sub-clade (dashed circles in Figs. 1 and 2) was
the next most common group of haplotypes in the North-
west Atlantic (26% of samples), present in all but 7 popu-
lations (Table 2; Fig. 4). The HO sub-clade was also found
in the Northeast Atlantic (7.9% of HO samples) and the

Table 3

Location information and sample sizes (n) for the Northwest Atlantic populations of Botryllus schlosseri included in analyses and additional
populations sampled for this study (gray shading)

ID n Nh Haplotypes Hd Pi

BR 10 2 HO(2), Bs2(8) 0.356 0.012
CI 10 4 HO(5), Bs2(3), Bs8(1), Bs14(1) 0.711 0.019
CT 10 3 HO(1), Bs2(8), Bs8(1) 0.378 0.007
DGB 6 1 Bs2(6) 0.000 0.000
GL 10 4 HO(3), Bs2(4), Bs8(2), Bs14(1) 0.778 0.017
IGM 8 2 HO(2), Bs2(6) 0.429 0.015
LSB 2 1 Bs2(2) 0.000 0.000
M3 34 4 HO(6), Bs2(24), Bs8(1), Bs14(3) 0.466 0.010
MB 6 4 HO(1), Bs2(3), Bs8(1), Bs37(1) 0.800 0.013
MHB 10 2 HO(5), Bs2(5) 0.556 0.014
NAH 9 4 HA(2), HO(5), Bs2(1), Bs8(1) 0.694 0.025
OP 10 2 HO(5), Bs2(5) 0.556 0.019
P1 29 3 HB(2), HO(7), Bs2(20) 0.478 0.014
P2 9 2 HO(2), Bs2(7) 0.389 0.013
P3 18 4 HO(6), Bs2(10), Bs13(1), Bs15(1) 0.608 0.018
P4 63 1 Bs2(63) 0.000 0.000
P5 30 4 HO(19), Bs2(9), Bs4(1), Bs16(1) 0.524 0.016
PEI 5 2 HO(2), Bs2(3) 0.600 0.021
PLT 11 6 HA(1), HO(4), Bs2(3), Bs4(1), Bs6(1), Bs7(1) 0.836 0.027
PP 4 1 Bs2(4) 0.000 0.000
SAL 10 2 HO(8), Bs2(2) 0.356 0.012
SB 10 1 Bs2(10) 0.000 0.000
SMB 10 2 HO(5), Bs2(5) 0.556 0.019
STP 5 1 Bs2(5) 0.000 0.000
WDH 26 5 HO(1), HQ(1), HR(1), HS(1), Bs2(22) 0.289 0.005
FAL2 9 4 HB(1), Bs18(6), Bs34(1), Bs38(1) 0.583 0.032
JPN 14 4 HB(1), Bs1(6), Bs10(6), Bs36(1) 0.67 0.015
NET 7 2 HB(5), Bs2(2) 0.476 0.006
NZN 15 2 Bs1(13), Bs10(2) 0.248 0.007
SFB 2 1 Bs1(2) 0 0
VEN2 8 3 HA(3), HO(4), Bs25(1) 0.679 0.023

Diversity measures are included: the number of haplotypes (Nh), haplotype diversity (Hd), and nucleotide diversity (Pi). ID codes are defined in Table 1.
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Mediterranean (19.8% of HO samples). Of the six haplo-
types in this sub-clade, three were endemic to the Mediter-
ranean and two were endemic to the Northwest Atlantic,
with the sixth and most abundant haplotype present in all
water bodies except for the Northeast Atlantic. The HA
sub-clade (consisting of HA and 11 closely associated hap-
lotypes; not circled in Figs. 1 and 2) was rare in both the
Northwest (1.3% of samples) and Northeast Atlantic (12.8%
of samples), but very abundant in the Mediterranean (72%
of HA sub-clade samples). Of the 12 haplotypes in this
sub-clade, 8 were endemic to the Mediterranean (Fig. 3).
The HB sub-clade (consisting of Bs1 and 3 other closely
associated haplotypes) was also rare in the Northwest At-
lantic (0.02%) and Northeast Atlantic (11.7%), more abun-
dant in the Mediterranean (21%), and very abundant in the
Pacific (68%).

The phylogeny for Clade A produced by the discrete
phylogeographic analysis (DPA) was identical to the orig-
inal Bayesian phylogeny with respect to overall topology
and relationships among sub-clades, though the structure of
some of the terminal branches differed (Fig. 2 vs. Appendix
Fig. A1). Location probabilities for each of the four water

bodies were assigned to each branch in the phylogeny.
Because location assignments for the two major divisions
within the HA sub-clade (Figs. 2 and Appendix Fig. A1)
varied widely, we treat these independently for this analysis
and refer to them as the HK and HA sub-clades. Location
probabilities for the five major branches largely corre-
sponded to expectations based on genetic diversity and
abundance patterns. The DPA supported the Northwest At-
lantic as by far the most likely geographic origin for the Bs2
sub-clade (Fig. 5), with a location probability of �70%.
Similarly, the DPA strongly supported a Mediterranean
origin for the HA sub-clade (Fig. 5). The HK sub-clade
(consisting of HK and two associated haplotypes; Fig. 2 and
Appendix Fig. A1) was entirely composed of individuals
from the Mediterranean. Nevertheless, a Mediterranean or-
igin for the HK sub-clade was only weakly supported by the
DPA (Fig. 5), likely because of uncertainty in assigning a
geographic origin to the ancestral state. The HB sub-clade
exhibited the weakest geographic association, and assign-
ment probabilities for all four water bodies were corre-
spondingly low (Fig. 5). The DPA provided stronger than
expected support for a Northwest Atlantic origin for the HO

Figure 4. Locations of sampling and relative haplotype frequencies for Botryllus schlosseri populations in the
Northwest Atlantic. Shaded segments of each pie indicate the proportion of each sample represented by
individual haplotypes.
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sub-clade, with a probability �60% (in contrast to a 10%
probability for the Mediterranean). This high assignment
probability appears to be driven by a combination of two
factors. First, the HO sub-clade is more abundant in the
Northwest Atlantic than in the Mediterranean (Fig. 3). Sec-
ond, the Northwest Atlantic haplotypes are basal within the
sub-clade, while all the non-Northwest Atlantic haplotypes
are more derived (Figs. 2 and 3).

Discussion

COI Clades

The relationships we report for the five major clades (Fig.
2) are completely congruent with those reported by Bock et
al. (2012). This result is not surprising, given that the vast
majority of the haplotypes we sampled fell within Clade A;
we had little new data to change the topology among the
major clades. As in Bock et al. (2012), our haplotype
network failed to connect Clade A to the other four clades.
The level of divergence among these clades is probably
sufficient to merit separate species or at least sub-species
status (Bock et al., 2012).

Our additional sampling in the Northwest Atlantic de-
tected multiple strongly supported sub-clades within the
widely distributed Clade A (Fig. 2). Not all of the relevant
nodes were supported with posterior probabilities �0.95.
However, the median-joining network (Fig. 3) recovered the
same major groupings (albeit with slightly different topol-
ogy), thus providing further support for the groupings, and
these same groups are also evident in an earlier neighbor-
joining analysis (compare Fig. 2 with fig. 2 of Bock et al.,
2012). The remainder of our discussion focuses on the
geographical associations and likely region of origins for
the four sub-clades within Clade A that are separated from
one another by multiple mutational steps (Fig. 3).

Two of these sub-clades had strong geographical associ-

ations (Fig. 3). The HA sub-clade is highly associated with
the Mediterranean (12 out of 14 haplotypes occur in that
water body, with 10 haplotypes endemic) and appears likely
to have originated in that region. The discrete phylogeo-
graphic analysis (DPA) provided strong support for a Med-
iterranean origin for this sub-clade when the three most
divergent haplotypes (representing a fifth potential sub-
clade, HK) were excluded (Fig. 5). This result is unlikely to
be contentious, as B. schlosseri is widely assumed to be
native to the Mediterranean (Lejeusne et al., 2011; Lacour-
sière-Roussel et al., 2012), and Clades B–E (which are basal
to Clade A) are endemic to either the Northeast Atlantic or
Mediterranean. The sub-clade that is centrally located
within the network, though not basal in the tree (HB and
associated haplotypes; Figs. 1 and 2), lacked a strong geo-
graphical association and is not considered in further detail,
other than as a sister clade to the Bs2 sub-clade. The
remainder of our discussion focuses on the geographical
associations of the Bs2 and HO sub-clades (Fig. 3), which
are central to resolving the invasion status of B. schlosseri
in the Northwest Atlantic.

Evidence that the Bs2 sub-clade is native to the
Northwest Atlantic

The Bs2 sub-clade is strongly associated with the North-
west Atlantic (Fig. 3). Our argument for the native status of
the Bs2 sub-clade in this region revolves around five inter-
related points:

1. The Bs2 sub-clade is far more genetically diverse in
the Northwest Atlantic than in any other water body
where it has been detected. Eleven of the 12 Bs2
haplotypes (every haplotype except for Bs5) are pres-
ent in the Northwest Atlantic (Fig. 3). Nine of these
can be considered endemic (or “unique” sensu Wares
et al., 2002) and have not been found in any other
water body (Fig. 3). By contrast, only two haplotypes
(Bs2 and Bs8) are present in the Pacific, only one
haplotype has been detected in the Northeast Atlantic
(Bs2), and only one in the Mediterranean (Bs5). Be-
cause introduction events usually create founder ef-
fects, genetic diversity is generally much higher in
source populations than within introduced popula-
tions (Holland, 2000; Uller and Leimu, 2011; but see
also Roman and Darling, 2007). The most parsimo-
nious explanation for the genetic diversity patterns is
that the Bs2 sub-clade diversified within the North-
west Atlantic and representatives of that sub-clade
were subsequently introduced to other regions by
human activity. It is particularly striking that no rep-
resentative of the Bs2 sub-clade has been detected in
the type locality (Falmouth Harbour, England), even
though that location has been sampled twice (once in
this study and once by Bock et al., 2012). Note that it

Figure 5. Location probabilities for each of the four water bodies for the
five sub-clades in Clade A, as assigned by the discrete phylogeographic
analysis. See Fig. 2 or Appendix Fig. A1 for the relevant branches.
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appears safe to exclude an introduction from Pacific
to Northwest Atlantic because B. schlosseri is
thought to have become established in the Northwest
Atlantic before it was recorded in the Northeast Pa-
cific (Van Name, 1945; Berrill, 1950; Cohen and
Carlton, 1995; Lambert and Lambert, 1998). Further-
more, the derived position of Clade A within the
broader set of Atlantic-endemic clades (Fig. 2) means
that a human introduction of the Bs2 sub-clade from
the Pacific would require that B. schlosseri have
managed to enter the Pacific prior to human-mediated
transport and diversify within that water body, with a
subsequent human-mediated introduction bringing it
back to the Atlantic. We view this sequence of events
as unlikely, given that we currently lack evidence of
COI diversifying in the Pacific. Although haplotypes
of three of the four sub-clades are now present in the
Pacific, that distribution mostly appears consistent
with recent introductions from other water bodies
(Fig. 3; with the possible exception of the abundant
haplotype Bs1). The diversity of sub-clades repre-
sented among the Pacific haplotypes argues against
an endemic sub-clade in the current dataset, though
many of the actual haplotypes do appear to be en-
demic. Interpretation of the Pacific data is particularly
hampered because most of the sampled locations are
in the Northeast Pacific, where B. schlosseri is
thought to be introduced, rather than in Asia, where it
might have a longer evolutionary history (Fig. 1).
Hence these Northeast Pacific populations might be
derived from as yet un-identified Asian populations,
or from Atlantic/Mediterranean populations. A pop-
ulation from the Northeast Pacific is known to be
reproductively compatible with an Atlantic popula-
tion (Boyd et al., 1990).

2. Diversification of the Bs2 sub-clade within the North-
west Atlantic following a human-mediated introduc-
tion from another water body is not consistent with
known evolutionary rates at COI. Divergence be-
tween the Bs2 sub-clade and the closest sister sub-
clade (HB and associated haplotypes HG, Bs1, HJ,
and Bs26; Fig. 2) averages 2.0%. Estimates of the
rates of evolution at COI vary (Martin and Palumbi,
1993, vs. Hickerson et al., 2003, 2006), but using
both the slowest and fastest evolutionary rates brack-
ets this divergence as occurring 0.7–2.0 Mya. Even
the very earliest postulated human contact between
North America and northern Europe (circa 1 Kya;
Ogilvie et al., 2000) falls more than 2 orders of
magnitude outside of the lower estimate.

3. The Bs2 sub-clade is far more abundant in the North-
west Atlantic than in any other water body where it
has been detected. Haplotypes from this sub-clade
constituted 72% of the haplotypes sampled in the

Northwest Atlantic but only 7% in the Northeast
Atlantic, 8.2% in the Northeast Pacific, and 0.34% in
the Mediterranean. In both of the previously postu-
lated source regions for a Northwest Atlantic intro-
duction (i.e., the Northeast Atlantic and Mediterra-
nean; Lejeusne et al., 2011; Lacoursière-Roussel et
al., 2012), members of the Bs2 sub-clade are quite
rare and have been detected only in very geographi-
cally restricted locations (Bs2—19 copies in Helgo-
land, Germany; two copies in Port of Breskens, Neth-
erlands; Bs5—one copy in Alicante, Spain). By
contrast, the Bs2 sub-clade is widespread in the
Northwest Atlantic (Figs. 3 and 4). Assuming that
human-mediated transport across the Atlantic has
been responsible for relocating Bs2 haplotypes, re-
gional abundance differences make a West to East
transfer much more likely than an East to West trans-
fer. We readily acknowledge that this argument
makes the untestable assumption that current abun-
dance patterns are representative of historical pat-
terns. However, we note that the prevailing counter-
assumption (that the current abundance pattern
represents an expansion of the Bs2 sub-clade in the
Northwest Atlantic after human introduction from
either the Northeast Atlantic or Mediterranean) is
equally untestable with current data. Because we ex-
cluded the majority of marina samples from Lacour-
sière-Roussel et al. (2012) to balance sample sizes
among water bodies and eliminate issues associated
with genetic similarity among neighboring marinas,
the Bs2 sub-clade is known to be even more abundant
in the Northwest Atlantic than reported here. Note,
however, that the excluded marina samples do not
include any unique haplotypes, so they do not alter
genetic diversity patterns (only abundance patterns).

4. The discrete phylogenetic analysis (DPA) assigns a
Northwest Atlantic origin to the Bs2 sub-clade with a
probability �70%—9 times the probability of a Med-
iterranean origin and 5 times the probability of a
Northeast Atlantic origin (Fig. 5). The probability of
this assignment is greater than that of any of the other
sub-clade location assignments (Fig. 5). Because the
DPA integrates genetic diversity, abundance, and
phylogenetic information, it is not independent of
points 1–3 above, but represents an alternative way of
quantifying the information.

5. The arrival of B. schlosseri in the Northwest Atlantic
prior to human-mediated exchange with Europe and
the Mediterranean is consistent with other recent ad-
vances in our understanding of global phylogenetic
patterns in this taxon. Our geographical analysis has
been confined to haplotypes within a single wide-
spread major clade (Clade A). However, two to four

211CRYPTOGENIC ASCIDIAN IS NATIVE



other highly differentiated clades exist and may con-
stitute previously unrecognized sibling species; two
of these clades are also supported by data from nu-
clear loci (Bock et al., 2012). All clades except Clade
A tend to be geographically localized within the
Atlantic Ocean, and divergence estimates among
these clades range from 4.3 to 11.0 Myr (Bock et al.,
2012). Thus there is very strong evidence that B.
schlosseri (sensu lato) dispersed among different lo-
cations within the Atlantic and underwent allopatric
divergence long before humans provided dispersal
assistance. Given that pattern, the sole circumstantial
evidence of a human-mediated introduction to the
Northwest Atlantic (i.e., that the presence of B.
schlosseri in North America appeared inconsistent
with its dispersal capabilities) seems considerably
less compelling than it did 15–55 years ago, when the
invasion hypothesis was advanced and accepted. We
have frequently observed B. schlosseri colonies at-
tached to floating Ascophyllum nodosum plants. This
alga regularly forms huge floating mats in eastern
Maine (POY, pers. obs.) and is present throughout the
Atlantic. It seems likely that this or a similar rafting
mechanism has moved B. schlosseri colonies around
the Atlantic multiple times during its evolutionary
history.

Like any good phylogenetic inference, the proposed na-
tive Northwest Atlantic status of the Bs2 haplotype sub-
clade is a working hypothesis, and we simply argue that it
is far more consistent with the currently available data than
is the alternative of a human-mediated introduction from
Europe. Although unlikely, it is possible that this hypothesis
could be refuted as additional data accumulate. Because
genetic diversity patterns are relative, continued sampling in
other parts of B. schlosseri’s range might reveal an area with
even greater Bs2 sub-clade diversity than the Northwest
Atlantic. Although most of the likely historical areas of
occupation have already been heavily sampled at the re-
gional level (Table 1 and Fig. 1), sampling at the sub-
regional level is perhaps less homogeneous along the Med-
iterranean and Northeastern Atlantic shores than in the
Northwest Atlantic (i.e., larger sampling gaps exist). Evi-
dence from additional loci, especially nuclear loci, might
aid in further evaluating the patterns reported here. Com-
parisons of microsatellite data among B. schlosseri popula-
tions from other regions have been very informative (Ben-
Shlomo et al., 2001, 2006, 2010; Stoner et al., 2002; Bock
et al., 2012; Lacoursière-Roussel et al., 2012), and we have
substantial published (Johnson and Yund, 2007, 2008,
2009) and unpublished microsatellite data for Northwest
Atlantic populations. However, microsatellite data are lack-
ing for many of the crucial populations, including the very
spatially restricted populations in Port of Breskens, Helgo-

land, and Alicante where haplotypes from the Bs2 sub-clade
have been detected. While additional loci would undoubt-
edly contribute to the story, COI is heavily utilized in
phylogenetic studies precisely because it exhibits interpre-
table variation across a broad range of divergence levels
(Hebert et al., 2003). In addition, the considerable COI data
set available for B. schlosseri is unlikely to be rivaled at
other loci anytime in the near future.

Comparison with the Littorina littorea introduction
controversy

It is perhaps inevitable that our genetic argument in favor
of native status for B. schlosseri will be compared with the
controversy over a possible pre-human introduction to
North America for the gastropod Littorina littorea (as ini-
tiated by Wares et al., 2002). As in the L. littorea case, we
are arguing native status based on a pattern of relative
genetic diversity that, like any relative pattern, may change
with future additional sampling (Chapman et al., 2007).
However, all three of the pertinent water bodies in our study
(Northwest and Northeast Atlantic and Mediterranean) have
been quite well sampled at the regional scale, with only
minor discrepancies in sample sizes (Table 1; Northwest
Atlantic, 355 haplotypes; Northeast Atlantic, 299 haplo-
types; Mediterranean, 288 haplotypes). In comparison, sam-
ple sizes for L. littorea are 57 Northwest Atlantic and 60
European haplotypes in Wares et al. (2002), subsequently
increased to 68 and 64 haplotypes, respectively, in Cun-
ningham (2008). Our results appear considerably less likely
to be affected by either small sample sizes or overall dif-
ferences in sampling intensity among the Northwest and
Northeast Atlantic and Mediterranean. However, inferences
involving Pacific populations are currently limited by the
relative paucity of data (only 134 haplotypes) for this much
larger water body and an over-emphasis on likely non-
native populations in the Northeast Pacific (Fig. 1). A full
understanding of global COI diversity patterns in B. schlos-
seri would greatly benefit from expanded sampling in the
Pacific.

The difference between the pairs of divergence times
under consideration is also much greater in our study. Wares
et al. (2002) were attempting to distinguish between a
human-mediated and post-glacial introduction, for which
the expected dates differ by circa 10,000 years. By contrast,
our data support a divergence time for the Bs2 clade on the
order of 0.7—2.0 Myr, while a human-mediated introduc-
tion would have occurred on a time scale of a few hundred
to circa 1000 years. The level of precision in the divergence
estimate required to make this distinction is much lower
than in Wares et al. (2002). Furthermore, there does not
appear to be any fossil or sub-fossil evidence available to
either augment or contradict our genetic data. Given the low
probability of preservation of this soft-bodied organism, we
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would be very surprised if relevant specimens exist. Genetic
approaches appear to be the most feasible way to address
the invasion status of this species.

The L. littorea introduction controversy was finally re-
solved when haplotype networks based on an expanded
sample of mitochondrial haplotypes for both L. littorea and
its trematode parasite (Cryptocotyle lingua) showed that
North American haplotypes were less genetically diverse,
nested within European clades, and gave divergence esti-
mates of circa 500 years for both the gastropod and its
parasite (Blakeslee et al., 2008). A similar approach using a
parasite might be applied to B. schlosseri, which can be
infected by parasitic copepods in the genus Botryllophilus
(Ooshi, 1999). However, at least in the portions of the Gulf
of Maine where we have regularly collected ascidian colo-
nies for mating system studies, Botryllophilus spp. infesta-
tions appear to be extremely rare. We have observed only
one event in 15 years of field collection and laboratory
culture.

Status of the HO clade

Like the Bs2 sub-clade, the HO sub-clade shows some
signs of an evolutionary history in the Northwest Atlantic
that might predate a human introduction. Three of the six
haplotypes in this sub-clade (HO, HQ, and Bs13) have been
detected in the Northwest Atlantic, and two of those (HQ
and Bs13) are endemic (Fig. 3). In addition, the HO sub-
clade is extremely abundant and geographically widespread
in the Northwest Atlantic (Fig. 4). By comparison, four of
the six haplotypes (HO and Bs22–24) have been detected in
the Mediterranean, and three of those (Bs22–24) appear to
be endemic (Fig. 3). Only the most common haplotype
(HO) has been detected in the Northeast Atlantic (Fig. 3).
The DPA assigns the HO sub-clade to the Northwest At-
lantic with a probability �65%, and this is the second
highest assignment probability of any of the sub-clades
(Fig. 5; the Mediterranean sub-clade HA ranks third),
though that assignment appears to be heavily influenced by
the basal position of the Northwest Atlantic haplotypes
within the sub-clade (Figs. 2 and 3).

The Northeast Atlantic can probably be excluded as a
point of origin for the HO sub-clade on the grounds of
having the lowest genetic diversity. Based on genetic diver-
sity patterns alone, it would be slightly more parsimonious
to infer native status for the Mediterranean than for the
Northwest Atlantic, but the abundance patterns and DPA
results point in the opposite direction. Consequently, we are
hesitant to draw any strong conclusion. If the HO sub-clade
is native to the Northwest Atlantic, then its presence likely
reflects a different vicariance event than the one that
brought the Bs2 sub-clade to North American shores. Be-
cause the HO sub-clade is basal to the split between the Bs2
and HB sub-clades, such an event is likely to have occurred

earlier in time. However, one might expect an earlier arrival
to be associated with greater genetic diversity, yet the HO
sub-clade is less diverse than the Bs2 sub-clade. Because of
the conflicting evidence, we leave this as an interesting
problem for future research. However, we note that because
of its widespread distribution in the Northwest Atlantic
(Fig. 4), the status of the HO sub-clade is rather critical for
those interested in the extent to which specific populations
are composed of native vs. introduced colonies.

Implications for future studies

While the existing genetic evidence indicates native sta-
tus for the Bs2 sub-clade of B. schlosseri COI haplotypes,
we concur that some of the other clade A haplotypes (e.g.,
haplotypes HA and HB; Fig. 3) are clearly introduced to the
Northwest Atlantic (Lejeusne et al., 2011; Lacoursière-
Roussel et al., 2012), while the status of the HO sub-clade
remains uncertain. Even without resolving the issue of the
HO sub-clade, it appears that some populations may be
composed entirely of native haplotypes (Fig. 4; SB, PP,
DGB, STB, LSB, and P4), while some are entirely intro-
duced (P1), and others contain a mix of native and intro-
duced haplotypes (NH and PLT). The status of marina
populations not included in this study can be inferred by
comparing results from Lacoursière-Roussel et al. (2012)
with our data. These geographic patterns are likely to appear
even more complex if assessed with larger sample sizes and
diagnostic nuclear loci that are bi-parentally inherited. Nev-
ertheless, the existence of this genetic mosaic offers some
interesting opportunities for exploring the genetic bases of
ecological characteristics. Do native genotypes have differ-
ent ecological attributes than invading genotypes? With
genomic approaches, it might be possible to map any iden-
tified differences to specific loci. We hope that rather than
suppressing future work on the invasion biology and ecol-
ogy of B. schlosseri, our results lead to new avenues for
productive inquiry.
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Bock, and Anaı̈s Lacoursière-Roussel for sharing published
sequence data sets with us; Mike McCartney, Ron Etter, and

213CRYPTOGENIC ASCIDIAN IS NATIVE



Jim Carlton for advice on data analyses and interpretation;
and Scott Morello for comments on earlier versions of the
manuscript.

Literature Cited

Altman, S., and R. B. Whitlatch. 2007. Effects of small-scale distur-
bance on invasion success in marine communities. J. Exp. Mar. Biol.
Ecol. 342: 15–29.

Ben-Shlomo, R., J. Douek, and B. Rinkevich. 2001. Heterozygote
deficiency and chimerism in remote populations of a colonial ascidian
from New Zealand. Mar. Ecol. Prog. Ser. 209: 109–117.

Ben-Shlomo, R., G. Paz, and B. Rinkevich. 2006. Postglacial-period
and recent invasions shape the population genetics of botryllid ascid-
ians along European Atlantic coasts Ecosystems 9: 1118–1127.

Ben-Shlomo, R., E. Reem, J. Douek, and B. Rinkevich. 2010. Popu-
lation genetics of the invasive ascidian Botryllus schlosseri from South
American coasts. Mar. Ecol. Prog. Ser. 412: 85–92.

Berrill, N. J. 1950. The Tunicata. Ray Society, London.
Bishop, J. D. D. 1998. Fertilization in the sea: are the hazards of

broadcast spawning avoided when free-spawned sperm fertilize re-
tained eggs? Proc. R. Soc. Lond. B Biol. Sci. 265: 725–731.

Bishop, J. D. D., and J. S. Ryland. 1991. Storage of exogenous sperm
by the compound ascidian Diplosoma listerianum. Mar. Biol. 108:
111–118.

Blakeslee, A. M. H., J. E. Byers, and M. P. Lesser. 2008. Solving
cryptogenic histories using host and parasite molecular genetics: the
resolution of Littorina littorea’s North American origin. Mol. Ecol. 17:
3684–3696.

Bock, D. G., H. J. MacIsaac, and M. E. Cristescu. 2012. Multilocus
genetic analyses differentiate between widespread and spatially re-
stricted cryptic species in a model ascidian. Proc. R. Soc. Lond. B Biol.
Sci. 279: 2377–2385.

Boyd, H. C., I. L. Weissman, and Y. Saito. 1990. Morphologic and
genetic verification that Monterey Botryllus and Woods Hole Botryllus
are the same species. Biol. Bull. 178: 239–250.

Carlton, J. T. 1996. Biological invasions and cryptogenic species.
Ecology 77: 1653–1655.

Chapman, J. W., J. T. Carlton, M. R. Bellinger, and A. M. H.
Blakeslee. 2007. Premature refutation of a human-mediated marine
species introduction: the case history of the marine snail Littorina
littorea in the Northwest Atlantic. Biol. Invasions 9: 995–1008.

Chapman, J. W., A. M. H. Blakeslee, J. T. Carlton, and M. R. Bell-
inger. 2008. Parsimony dictates a human introduction: on the use of
genetic and other data to distinguish between the natural and human-
mediated invasion of the European snail Littorina littorea in North
America. Biol. Invasions 10: 131–133.

Cohen, A. N., and J. T. Carlton. 1995. Nonindigenous Aquatic Species
in a United States Estuary: A Case Study of the Biological Invasions of
the San Francisco Bay and Delta. U. S. Fish and Wildlife Service and
National Sea Grant College Program, Washington, DC.

Cunningham, C. W. 2008. How to use genetic data to distinguish
between natural and human invasions. Biol. Invasions 10: 1–6.

Dijkstra, J., L. G. Harris, and E. Westerman. 2007. Distribution and
long-term temporal patterns of four invasive colonial ascidians in the
Gulf of Maine. J. Exp. Mar. Biol. Ecol. 342: 61–68.

Dijkstra, J., A. Dutton, E. Westerman, and L. Harris. 2008. Heart rate
reflects osmostic stress levels in two introduced colonial ascidians
Botryllus schlosseri and Botrylloides violaceus. Mar. Biol. 154: 805–
811.

Dijkstra, J. A., E. L. Westerman, and L. G. Harris. 2011. The effects
of climate change on species composition, succession and phenology:
a case study. Glob. Change Biol. 17: 2360–2369.

d-maps. 2015. Free maps. [Online]. Available: http://d-maps.com/

carte.php?num_car�3259&lang�en, http://d-maps.com/carte.php?
num_car�2225&lang�en, http://d-maps.com/carte.php?num_car�
1815&lang�en, and http://d-maps.com/carte.php?num_car�23331
&lang�en. [2015, April 23].

Drummond, A. J., M. A. Suchard, D. Xie, and A. Rambaut. 2012.
Bayesian phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol.
Evol. 29: 1969–1973.

Excoffier, L., and H. E. L. Lischer. 2010. Arlequin suite ver 3.5: a new
series of programs to perform population genetic analyses under Linux
and Windows. Mol. Ecol. Res. 10: 564–567.

Folmer, O., M. Black, W. Hoeh, R. Lutz, and R. Vrijenhoek. 1994.
DNA primers for amplification of mitochondrial cytochrome c oxidase
subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Bio-
technol. 3: 294–299.

Geller, J. B., J. A. Darling, and J. T. Carlton. 2010. Genetic perspec-
tives on marine biological invasions. Annu. Rev. Mar. Sci. 2: 367–393.

Grosberg, R. K. 1987. Limited dispersal and proximity-dependent mat-
ing success in the colonial ascidian Botryllus schlosseri. Evolution 41:

Grosberg, R. K. 1988. Life-history variation within a population of the
colonial ascidian Botryllus schlosseri. I. The genetic and environmental
control of seasonal variation. Evolution 42: 900–920.

Hawkins, J. A., N. Boutaoui, K. Y. Cheung, R. D. van Klinken, and
C. E. Hughes. 2007. Intercontinental dispersal prior to human trans-
location revealed in a cryptogenic invasive tree. New Phytol. 175:
575–587.

Haydar, D. 2011. What is natural? The scale of cyptogenesis in the
North Atlantic Ocean. Divers. Distrib. 18: 101–110.

Hebert, P. D. N., A. Cywinska, S. L. Ball, and J. R. deWaard. 2003.
Biological identifications through DNA barcodes. Proc. R. Soc. Lond.
B Biol. Sci. 270: 313–321.

Hickerson, M. J., M. A. Gilchrist, and N. Takebayashi. 2003. Cali-
brating a molecular clock from phylogeographic data: moments and
likelihood estimators. Evolution 57: 2216–2225.

Hickerson, M. J., E. A. Stahl, and H. A. Lessios. 2006. Test for
simultaneous divergence using approximate Bayesian computation.
Evolution 60: 2435–2453.

Holland, B. S. 2000. Genetics of marine bioinvasions. Hydrobiologia
420: 63–71.

Jackson, J. B. C., and A. G. Coates. 1986. Life cycles and evolution of
clonal (modular) animals. Philos. Trans. R. Soc. Lond. B 313: 7–22.

Johnson, S. L., and P. O. Yund. 2004. Remarkable longevity of dilute
sperm in a free-spawning colonial ascidian. Biol. Bull. 206: 144–151.

Johnson, S. L., and P. O. Yund. 2007. Variation in multiple paternity in
natural populations of a free-spawning marine invertebrate. Mol. Ecol.
16: 3253–3262.

Johnson, S. L., and P. O. Yund. 2008. Multiple paternity and subse-
quent fusion/rejection interactions in a kin-structured population. Mar.
Ecol. Prog. Ser. 364: 129–134.

Johnson, S. L., and P. O. Yund. 2009. Effect of fertilization distance on
male gain curves in a free-spawning marine invertebrate: a combined
empirical and theoretical approach. Evolution 63: 3114–3123.

Karlson, R. H., and R. W. Osman. 2012. Species composition and
geographic distribution of invertebrates in fouling communities along
the east coast of the USA: a regional perspective. Mar. Ecol. Prog. Ser.
458: 255–268.

Lacoursière-Roussel, A., D. G. Bock, M. E. Cristescu, F. Guichard, P.
Girard, P. Legendre, and C. W. McKindsey. 2012. Disentangling
invasion processes in a dynamic shipping-boating network. Mol. Ecol.
21: 4227–4241.

Lambert, C. C., and G. Lambert. 1998. Non-indigenous ascidians in
southern California harbors and marinas. Mar. Biol. 130: 675–688.

Lejeusne, C., D. G. Bock, T. W. Therriault, H. J. MacIsaac, and M. E.

214 P. O. YUND ET AL.

http://d-maps.com/carte.php?num_car=3259&lang=en
http://d-maps.com/carte.php?num_car=3259&lang=en
http://d-maps.com/carte.php?num_car=2225&lang=en
http://d-maps.com/carte.php?num_car=2225&lang=en
http://d-maps.com/carte.php?num_car=1815&lang=en
http://d-maps.com/carte.php?num_car=1815&lang=en
http://d-maps.com/carte.php?num_car=23331&lang=en
http://d-maps.com/carte.php?num_car=23331&lang=en


Cristescu. 2011. Comparative phylogeography of two colonial as-
cidians reveals contrasting invasion histories in North America. Biol.
Invasions 13: 635–650.

Lemey, P., A. Rambaut, A. J. Drummond, and M. A. Suchard. 2009.
Bayesian phylogeography finds its roots. PLoS One 5: e1000520.

Lengyel, N. L., J. S. Collie, and P. C. Valentine. 2009. The invasive
colonial ascidian Didemnum vexillum on Georges Bank—ecological
effects and genetic identification. Aquat. Invasions 4: 143–152.

Librado, P., and J. Rozas. 2009. DnaSP v5: a software for comprehen-
sive analysis of DNA polymorphism data. Bioinformatics 25: 1451–
1452.
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Appendix

Figure A1. Bayesian tree produced by the discrete phylogeographic analysis (DPA) of Clade A haplotypes.
Labels at right delineate the five sub-clades, while the corresponding five branches for which location
probabilities are presented in Fig. 5 are labeled with stars.
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