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ABSTRACT: Physiological tolerance is a trait that may increase the invasion potential of trans-
ported species. A review of current literature, in which most species tested were from temperate
or subtropical regions, shows that invasive ascidians can indeed tolerate a large range of salinities
and temperatures. In this study, we used 4 tropical ascidians from Caribbean Panama as models
to test survival of adults and their ability to maintain ionic gradients between blood and seawater
in different salinities (10 to 45 ppt) and temperatures (15 and 29°C); we also measured early devel-
opment success. We used these physiological data along with environmental information collected
from ports to estimate the colonization pressure of these species in ports with shipping connec-
tions to Panama. Adults were more tolerant than gametes to both increased and decreased salini-
ties; order of tolerance was Ascidia sydneiensis > A. curvata > Phallusia nigra > A. panamensis. All
species were able to regulate ions (Cl7, Na*, Mg**, K*) when tested at different salinities, indica-
ting a mechanism for tolerance to varying environmental conditions. Preliminary colonization
pressure analysis indicated that 31 % of the ports we evaluated are at risk of colonization by the 3
most tolerant species, with a high of 78 % risk by A. sydneiensis; only 22 % of the ports studied
were determined to be not at risk. We predict that A. sydneiensis will spread in the East Pacific
and the expansion of the Panama Canal will increase opportunities for A. curvata (high proba-
bility) and P. nigra (lower probability) to be transported to the Pacific coast of America.
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INTRODUCTION

Ascidians are considered ideal models for studying
biological invasions because under natural conditions
they have very limited dispersal due to their non-
feeding, very short-lived larvae (Zhan et al. 2015).
Many species have been transported far from their
presumed native regions by human-mediated vectors,
including primarily aquaculture, fouling of hulls and
sea chests on commercial and recreational vessels
and (to a much lesser extent) possibly ballast water
(Chu et al. 1997, Coutts & Dodgshun 2007, Simkanin
et al. 2016). Introduced ascidians can have detrimental
effects when they colonize new locations. Rapid growth
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of successful invaders can cause changes in benthic
communities by overgrowth of native species (Bullard
et al. 2007) and competition for food (Colarusso et al.
2016). Additionally, some colonial ascidians inhibit
recruitment of other benthic invertebrates (Dijkstra et
al. 2007, Valentine et al. 2007). Ascidians also cause
economic damage such as fouling of shellfish aqua-
culture (McKindsey et al. 2007, Sievers et al. 2013),
especially by introduced ascidian species. In the order
Phlebobranchia, Ciona is perhaps the most well-
known invasive genus, and at least 3 species are im-
portant pests of bivalve aquaculture (Ramsay et al.
2008). Many other phlebobranchs have also recently
invaded new regions (Corella eumyota: Lambert
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2004, Bishop et al. 2015; Ascidiella aspersa: Tatian et
al. 2010; Phallusia philippinensis: Vandepas et al.
2015). Estimation of the introduction debt (i.e. the
number of species likely to become introduced into a
region) helps prioritize which species to monitor for
risk assessment (Rouget et al. 2016) because success-
ful eradication is more likely if small and spatially re-
stricted populations are found (Wotton et al. 2004).
Risk analyses of aquatic species introductions have
focused on temperate regions and species (Ricciardi &
Rasmussen 1998, Locke 2009, Jofré Madariaga et al.
2014) with a few studies in the tropics (Glardon et al.
2008). The most common approach is to evaluate the
similarity between the donor and receptor environ-
ments for any potentially invasive species (Barry et al.
2008, David & Gollasch 2011, Keller et al. 2011). Toler-
ance limits of species are poorly studied, and donor
environmental conditions are often used as a proxy of
ideal environmental conditions for the species. The
larvae of Eudistoma olivaceum, E. hepaticum, and
Ecteinascidia turbinata, for example, metamorphose
more quickly in salinities similar to that of their nat-
ural habitat than otherwise (Vazquez & Young 2000).

Measuring species’ tolerances and performance
over a gradient of conditions allows predictions of
biological invasions (Osovitz & Hofmann 2007, Rius
et al. 2014). A physiological approach can improve
our understanding of the relationship between spe-
cies and habitats (Osovitz & Hofmann 2007, Groner
et al. 2011), yet most physiological studies have
examined terrestrial, rather than marine, systems
(reviewed in Gaston 2003).

In marine environments, salinity and temperature
are the most influential factors affecting the distribu-
tion of species (Dybern 1969, Barry et al. 2008).
Greater physiological tolerance is believed to confer
a greater potential to survive transport and colonize
new sites (Epelbaum et al. 2009, Groner et al. 2011).
The widespread invasive species Didemnum vexil-
lum, for example, can tolerate temperatures from
below 0 to above 24°C and salinities of 10 to 34 ppt
(Bullard et al. 2007, Valentine et al. 2007, Bullard &
Whitlatch 2009). Studies of other invasive species,
such as Botryllus schlosseri, Botrylloides violaceus
(Dijkstra et al. 2008) and Ciona savignyi (Nomaguchi
et al. 1997) have found large salinity and tempera-
ture tolerances relative to most tunicates, which tend
to have low tolerance for fluctuating environmental
conditions (Sims 1984, see Table S2 in Supplement 1
at www.int-res.com/articles/suppl/m577p105_supp1.
pdf). However, most studies have focused on temper-
ate or warm-temperate species (but see Dijkstra &
Simkanin 2016 for a tropical example).

Panama is recognized as one of the Caribbean
hotspots of diversity for ascidian fauna (Rocha et al.
2005), and the presence of the Panama Canal linking
the Atlantic and Pacific oceans raises the opportunity for
anthropogenic transport between them (Carman et
al. 2011), including the exportation of species native to
Panama to other regions. Marine species along the Car-
ibbean coast of Panama experience a relatively constant
environment (Paton 2015), so they might have a small
range of tolerance which may limit their invasive ability.

In this study, we tested tolerances of 4 tropical phle-
bobranch ascidians to answer the following questions:
(1) What are the physiological tolerance limits of these
tropical ascidians? (2) Which species have the poten-
tial to invade other ports currently connected by ship-
ping with Panamanian ports? (3) Are species that
have a wide geographical range more tolerant than
native and also geographically limited species?

MATERIALS AND METHODS
Species

Experiments were conducted using 4 tropical species
(Fig. 1). Ascidia sydneiensis Stimpson, 1855 and Phal-
lusia nigra Savigny, 1816 are widely distributed (Locke
2009), while A. curvata (Traustedt, 1882) and A. pana-
mensis Bonnet & Rocha, 2011 are both native to the
Caribbean Sea. A. sydneiensis occurs between latitudes
43°N and 40°S, and there are several introduction
records for this species in various regions of the world,
including the Caribbean (Bonnet & Rocha 2011a, Car-
man et al. 2011). P. nigra is widespread in the West
Atlantic, and its distribution also includes the Mediter-
ranean Sea, the Red Sea, and the Indian Ocean. Recent
evidence indicates that Pacific records for this species
were misidentifications and current distribution pat-
terns favor the hypothesis of an Atlantic origin (Vande-
pas et al. 2015). A. curvata has the same latitudinal
range in the West Atlantic as P. nigra, but the species is
very rare on the Brazilian coast and has probably been
introduced into southeastern Brazil (Dias et al. 2013). In
contrast, A. panamensis occurs only in Panama on the
Caribbean side (Bonnet & Rocha 2011a).

Physiological experiments

Salinity tolerance: adults

We tested survival under laboratory conditions of
diluted seawater or increased salinity at ambient sea-
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Fig. 1. Ascidian species included in this study: (a) Ascidia sydneiensis, (b) Phallusia nigra, (c) A. curvata and (d) A. pana-
mensis. Scale bars: (a-c) =1 cm; (d) =5 cm

water temperature (around 29°C). Salinities were
chosen within the gradient expected in the receiving
ports, that are frequently located in estuaries or in
closed embayments where low salinities are common
after heavy rain. Thus, we focused the tests on salinity
dilution challenges. Salinities as high as 45 ppt are
uncommon but do occur in the Gulf of Suez (Keller et
al. 2011) and the Persian Gulf (Russell 2013). Also,
survival in increased salinity is seldom a problem

from the point of view of marine invasions, and in the
source ports associated with Panamanian ports as
destinations (see ‘Materials and methods: Colonization
pressure assessment in ports linked to Panama' be-
low) only 2 out of 208 had mean salinity above 37 ppt.

Ascidians were collected in the field by snorkeling
in Bocas del Toro region, on the Atlantic coast of
Panama. Individuals were collected purposely from
different locations in different years, so results would
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not be due to a specific population. Animals were
maintained along with their substrates whenever
possible and placed in floating plastic colanders for
up to 3 d in outdoor tanks (1000 1) with running, unfil-
tered seawater under environmental salinity and
temperature conditions (~34 ppt, 27 to 29°C) before
trials. This ensured that the animals used in the
experiments were not damaged during collection.
Previous experience showed that healthy solitary
ascidians can survive for many days under these con-
ditions; any damaged animals soon died and were
removed.

Two to 4 individuals, one of each species, were
placed in 4 different salinity treatments (10, 15, 20
and 45 ppt) in 10 1 aquaria. Replicate measurements
for each species within a treatment were taken from
different tanks to avoid pseudoreplication. Due to
availability of samples, experiments were carried out
several times, with a few individuals each time, to
attempt to balance the experimental design to
include all species at all concentrations, with some
replication (see Table 2 for final sample sizes).

To test osmotic limits of each species, we exposed
them to salinities between 10 and 45 ppt for 4 and
8 h. Eight hours approximates a tidal cycle (during
which low salinities are most likely to occur in an
estuary), and is also the duration of typical transit
through the Panama Canal (www.pancanal.com).
Survival after recovery was tested in a different treat-
ment, in which ascidians were exposed to 20 ppt
for 6 h and then returned to full-strength seawater
(34 ppt) for 2 h, as a simulation of high tide return in
a tidal cycle. Pilot experiments showed that most
individuals of the 4 studied species would not survive
many hours in low salinity (10 ppt), therefore we
usually exposed them for 2 h at that level. A. curvata
survived well, and was the only species exposed to
10 ppt for 8 h. At least 5 individuals of each species
were tested in each of the low salinities (10, 15, 20)
summing over time intervals, except A. panamensis
in 10 ppt (n = 2). Three individuals of each of the 4
species were tested at 45 ppt. After immersion for the
assigned time periods, each animal was rapidly dis-
sected by a cut along the ventral margin of the tunic,
slightly displaced to the right side of the animal. The
tunic was opened to check for the heartbeat, then
the body wall was opened. Approximately 1 cm? of
the pharynx tissue was mounted on a glass slide in a
drop of the seawater with a coverslip and placed
under an optical microscope to observe cilia beating.
Individuals were assigned scores of normal, weak or
dead. A normal score indicated the cilia were beating
rapidly. A weak score indicated the cilia were beat-

ing slowly or only a small portion of the cilia around
stigmata was beating. Individuals whose cilia were
not beating (or the only cilia beating were the small
ones on primary papillae) were considered dead.
One individual of each species remained in 34 ppt
(control) to ensure that under typical seawater condi-
tions the heart contracted and reversed the direction
of blood flow, and the cilia continued beating for
some minutes on the glass slide after the dissecting
procedure, to show that this procedure worked cor-
rectly. All animals treated this way were found to be
in the mormal’ category. All experimental animals
damaged during dissection were discarded.

Ionic gradients: adults

To test if species could osmoregulate using ions
(Na*, CI7, Mg** and K") found in their blood, we used
a limited range of salinity and exposure time that
would ensure survival of all or most individuals
based on preliminary studies. Animals were exposed
to combined conditions of salinity (15, 25, 34 and
38 ppt) and temperature (15 and 29°C) for 2 hin 31
containers (1 animal container™).

All individuals tested were similar in size (~ 3 to
4 cm long), and most had mature gonads (at least the
male gonad). At the end of each treatment, blood
(100 to 200 pl) was taken from each animal (4 to 6 of
each species for each condition) by piercing through
the tunic into the heart with a hypodermic syringe.
Blood samples were stored at —20°C. Na* and K*
assays were performed by flame photometry (CELM-
160), in samples diluted in deionized water. Cl~
and Mg** measurements were made using com-
mercial colorimetric kits (Labtest). Absorbance was
read with a spectrophotometer (Ultrospec 2100 PRO;
Amersham Pharmacia Biotech). A. panamensis was
not tested at 15°C because too few animals were
available.

We calculated the difference between the ionic
concentration in the blood and that in the surround-
ing water at each of the salinities tested. If the ion
concentration in the blood was equal or proportional
to that in the seawater at all salinities, then there was
no ion regulation. In other words, in a regression of
ion concentration differences by salinity, a slope of
zero indicates no regulation. A negative slope, on the
other hand, indicates regulation. Regressions were
carried out in R (version 3.3.2, 2016) and figures in
CoPlot (version 6.3). Results are shown as the ob-
served values of ion concentration both in blood and
seawater for clarity.
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Salinity tolerance: fertilization and embryogenesis

The 4 species used in this study release gametes
into the water, that then have to cope with local
environmental conditions to become established.
Gametes tend to be less tolerant of environmental
conditions than adults (Pineda et al. 2012), and we
tested them in the same range of salinities used for
ionic gradients (15, 25, 34 [control] and 38 ppt).

Gametes were obtained by standard procedures of
puncturing the gonadal ducts of animals that had
been removed from the tunic. Oocytes were collected
first to ensure that they were not self-fertilized before
the sperm duct was punctured. Gametes were col-
lected from 4 individuals of each species, except A.
panamensis, for which only 2 individuals for each
treatment were available. Oocytes from each replicate
were stored in separate 50 ml beakers. Sperm from all
individuals of one species were mixed together to in-
crease the chance of fertilization. Male and female
gametes were exposed separately to the salinity treat-
ment for 30 min. The water in the oocyte beakers was
then replaced with seawater (34 ppt). For sperm, after
the 30 min exposure, 1 ml of the sperm solution was
added to the water with oocytes at time zero of the
fertilization trial. Thus, fertilization was allowed to oc-
cur in normal seawater (34 ppt), which simulated an
incoming tide. The influence of salinity on gamete
viability was measured by counting the percentage of
eggs in the most advanced stage after 1 and 2 h, con-
sidering at least 30 eggs in each replicate.

Literature review

To compare our results with current understanding
of ascidian tolerance to temperature and salinity vari-
ation, we comprehensively reviewed studies that
experimentally tested the effects of temperature or
salinity variation on survival, growth, metabolism or
reproduction. We also compiled studies that reported
the presence of healthy animals under extreme con-
ditions of either salinity or temperature in the field,
especially Phlebobranchia since all 4 species in this
study belong to this order.

Articles were initially compiled from personal data-
bases of references by R. M. Rocha and G. Lambert.
We also searched Google Scholar using the following
keywords: Ascidian salinity, tunicate salinity, ascidian
temperature, tunicate temperature, ascidian physiol-
ogy, tunicate physiology and ascidian tunicate toler-
ance, and considered results of the first 20 pages.
After selecting an article based on its relevance (infor-

mation on either temperature or salinity tolerance
limits observed in experiments or in the field) we also
checked its list of references for additional articles.

Colonization pressure assessment in ports linked to
Panama

Ports with connections to Atlantic Panamanian
ports were determined following Keller et al. (2011).
We used the number of voyages between ports in
2007 and 2008 to classify the connection between
ports as high (=50 voyages), medium (10 to 50), low
(5 to 10) or very low (<95).

The introduction of ascidians to new regions
depends on transport (usually of adults) by a suitable
vector. Nonetheless, establishment in the receiver
region depends on the survival of all life stages,
including gametes and larvae. Thus, we compared
the most restrictive combinations of temperature and
salinity suitable for both adults and early stages of
each of our 4 study species with environmental con-
ditions at receiving ports. A positive match indicated
potential invasion risk. Salinity tolerance was estab-
lished from our physiological experiments, and mini-
mum tolerable temperature was estimated using the
range limit of the species' current distribution: A. cur-
vata (17.1°C), A. panamensis (25°C), A. sydneiensis
(3.9°C), and P. nigra (16.9°C) (Table 1; www.seatem-
perature.org, accessed 14 Oct 2015). Environmental
conditions of ports in the database (Keller et al. 2011)
included average salinity (as for most ports, mini-
mum and maximum salinity data were not provided),
and the minimum temperature. The maximum tem-
perature was not used because the maximum tem-
perature of the ports is less than what the animals are
able to withstand; only 3 ports—Jebel Ali in the
United Arab Emirates, Jawaharlal Nehru in India
and Bangkok in Thailand —have maximum temper-
atures slightly over 30°C, which is also the maximum
experienced by ascidians in the Bocas del Toro
region (Collin et al. 2009, see Table S3 in Supple-
ment 2 at www.int-res.com/articles/suppl/m577p105_
supp2.xls). Ports were analyzed in groups by their
biogeographic realm (sensu Spalding et al. 2007).

Ports were classified in 4 risk categories of coloniza-
tion pressure (= number of species that can invade a
given region; Lockwood et al. 2009), which is one of
the components of the invasion debt (Rouget et al.
2016): high (port environmental conditions match 3 of
our 4 species tolerances); medium (port conditions
permit survival of A. sydneiensis and A. curvata, while
not favoring survival of the other 2 species); low (only
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Table 1. Global distribution, origin and sites of probable introduction of Ascidia curvata, A. panamensis, A. sydneiensis and
Phallusia nigra

A. panamensis
Bocas del Toro (Atlantic
Panama)

A. sydneiensis

Mediterranean, Red Sea, Gulf of
Aden, Persian Gulf, India, Singapore

Species Origin Sites of probable References

Distribution introduction

Ascidia curvata

Bermuda, Caribbean Sea, Tropical West  South Brazil Van Name (1945), Rocha &

Brazil Atlantic Kremer (2005), Bonnet & Rocha (2011a),

Bocas del Toro Not reported

Caribbean Sea, South Brazil, Possibly West  Atlantic, Van Name (1945), Kott & Goodbody

Cape Verde, Sierra Leon, South Pacific Australia (1982), Monniot (1983), Monniot &

Africa (Atlantic), Japan, Philippines, Monniot (1987), Abbott et al. (1997),

Australia, Hawaii, Guam, Palau, Lambert (2002), Rocha & Kremer

Polynesia, (Pacific), Indian Ocean (2005), Bonnet & Rocha (2011a,b),
Carman et al. (2011)

Phallusia nigra

Bermuda, Florida, Caribbean Possibly West  India, Persian Gulf, Van Name (1945), Péres (1958),

Sea, Brazil, Guinea, Angola, West Atlantic Singapore, possibly  Lambert (2003), Bonnet & Rocha (2011b),

the Red Sea

Carman et al. (2011)

Bonnet & Rocha (2011a)

Vandepas et al. (2015)

A. sydneiensis was likely to survive, while A. curvata
was unlikely to survive or the probability was very
low); and zero (environmental conditions beyond the
physiological tolerances of all 4 species).

RESULTS
Physiological experiments
Salinity tolerance: adults

Most animals were either weak or dead after 2 h in
very low salinity (10 ppt) and after 4 h in 15 ppt,
except for Ascidia curvata (2 individuals survived 8 h
in 10 ppt; Table 2). Some individuals of all species
survived 4 h at 20 ppt, but surviving A. panamensis
and Phallusia nigra had very weak cilia beats indica-
ting strong stress. Only a few individuals of A. cur-
vata were still normal after 8 h at 20 ppt. P. nigra was
the most sensitive species; it was weak or dead
within 4 h of immersion in 20 ppt or lower salinity,
and did not recover even after 2 h at 34 ppt. In high
salinity (45 ppt), again P. nigra was the most sensi-
tive, with one dead after 4 h of exposure. The other
species survived, but only A. curvata and A. syd-
neiensis maintained normal cilia beats.

lonic gradients: adults

While the lower salinity treatments resulted in lower
ionic concentrations in the blood than at standard
salinity, the reduction was often much less than that
expected under osmoconformality, both at 15 and
29°C (A. sydneiensis: Fig. 2, other species: Figs. S1-S3,
Table S1 in Supplement 1 at www.int-res.com/articles/
suppl/m577p105_suppl.pdf). Negative regression slo-
pes demonstrate that at low salinity, animals main-
tain a higher ion concentration in the blood, and at
high salinity, a lower blood ion concentration com-
pared to seawater. Thus, osmotic regulation is car-
ried out in these ascidians.

In addition, at ambient water temperature (29°C),
all species maintained gradients between the blood
and seawater for sodium, magnesium and potas-
sium with the exception of A. panamensis, which
was unable to maintain the gradient for potassium.
Only A. sydneiensis was able to maintain gradients
for chloride at that temperature. Under temperature
stress (15°C), most gradients were steeper and
tighter (greater r? values) than at 29°C, except
for potassium (Fig. 2, S1-S3, Table S1 in Supple-
ment 1). A. curvata also maintained a potassium
gradient and steeper gradients of all ions compared
to the other species.
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Table 2. Survival of ascidian adults exposed to different salinities. Each cell contains the number of animals in each category of
response: normal: heart and pharyngeal cilia clearly beating; weak: heart and cilia very slowly beating or few cilia moving;
dead: static (not moving) heart and cilia

Salinity Duration Ascidia sydneiensis Ascidia curvata Phallusia nigra Ascidia panamensis
(ppt) (h) Normal Weak Dead Normal Weak Dead Normal Weak Dead Normal Weak Dead
10 2 1 0 4 4 2 0 0 2 3 0 1 1
10 8 - - - 2 1 0 - - - - - -
15 4 0 1 2 0 4 0 0 1 3 1 2 0
15 8 0 0 2 1 2 1 0 0 2 0 2 3
20 4 2 1 1 3 2 0 0 3 2 0 3 0
20 8 0 0 2 1 3 0 0 0 4 0 4 1
20 6 + 2% 2 0 0 0 2 0 0 2 2 1 1 0
34P 8 1 0 0 1 0 0 1 0 0 1 0 0
45 4 2 1 0 1 2 0 0 2 1 0 3 0
“In this treatment, animals stayed for 6 h in 20 ppt and 2 h for recovery in environment salinity (34 ppt), with the exception
of A. sydneiensis which was tested for 4 h in 20 ppt and 2 h in 34 ppt; Pcontrol salinity

Salinity tolerance: fertilization and
embryogenesis

Fertilization and development over a period of
2 h were compared between control (34 ppt) and
each experimental salinity (15, 25 and 38 ppt).
Salinity of 15 ppt was the most detrimental to
initial development for all species, but especially
for A. curvata and A. panamensis (Table 3). In A.
curvata, fertilization and cleavage were also
hindered in 25 ppt salinity but were normal in
38 ppt. In A. panamensis and P. nigra, fertiliza-
tion and cleavage were depressed in all experi-
mental salinities, but were normal in A. sydneien-
sis at 25 and 38 ppt (Fig. S4 in Supplement 1 at
www.int-res.com/articles/suppl/m577p105_suppl.
pdf). Thus, the most euryhaline (i.e. tolerant of
salinity change) gametes were of A. sydneiensis,
and the most stenohaline (i.e. intolerant of sali-
nity change) were of A. panamensis and P. nigra.

Literature review
Our literature review found that of 41 species

evaluated, 23 had a history of introduction, 9
of which are invasive (Ciona intestinalis, C. ro-

Fig. 2. Regression of ion concentration in Ascidia syd-
neiensis blood (solid line) and seawater (hatched line)
against salinity challenges (15, 25 and 38; control:
34 ppt) in 15 and 29°C, after 2 h of immersion. Each
dot represents a different individual. Test results for
significance in Table S1. For these data for the other 3
species, please refer to Figs. S1-S3, Table S1 in Supple-
ment 1 at www.int-res.com/articles/suppl/m577p105_
suppl.pdf
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Table 3. Fertilization and initial development of embryos, in which gametes were subject to salinity challenge for 30 min. Reports for the
most advanced stage in any of the replicates in each time frame, considering at least 30 oocytes in each replicate

Species (no.) Time after Salinities
fertilization 15 ppt 25 ppt 34 ppt (control) 38 ppt
(h)
Ascidia
sydneiensis (4) 1 12 % 2-cell stage 95 % 2-cell or 4-cell stage 100 % 2-cell or 4-cell stage 98 % 2-cell or 4-cell stage
2 15 % many-cells stage 98 % many-cells stage 100 % many-cells stage 98 % many-cells stage
Ascidia
curvata (4) 1 No fertilization 65 % 2-cell stage 80 % 4-cell stage 80 % 4-cell stage
2 No fertilization 50 % many-cells stage 80 % many-cells stage 90 % many-cels stage
Phallusia
nigra (4) 1 Fertilization Fertilization 10% 2-cell or 4-cell stage  10% 2-cell stage
2 Fertilization 30 % many-cells stage 40 % many-cells stage 17 % many-cells stage
Ascidia
panamensis (2) 1 No fertilization No fertilization 10 % many-cells stage No fertilization in the
only cross tested
2 No fertilization 9% many-cells stage 100 % many-cells stage 40 % many-cells stage

busta, Styela clava, S. plicata, Botryllus schlosseri,
Botrylloides violaceus, Microcosmus squamiger,
Didemnum perlucidum, D. vexillum; Tables 4, S2 in
Supplement 1). Five species are able to tolerate dilu-
tion as low as 15 ppt (C. intestinalis, B. violaceus, B
schlosseri, M. manhattensis and D. vexillum), at least
for a short period of time. Species with the greatest
range in temperature tolerance (25°C or higher) com-
prised 5 with histories of introductions, 3 of which are
known to be invasive (B. violaceus, B. schlosseri and
D. vexillum). Among those 23 introduced species
only 8 have tropical populations. Surprisingly, 11 of
the 41 species have a salinity tolerance range greater
than 20 ppt, and 10 have a temperature tolerance
range of 220°C.

Colonization pressure assessment

Data compilation (Keller et al. 2011) indicated 7
ports on the Atlantic coast of Panama that are con-
nected by ship routes to 208 ports in 59 different
countries in 10 biogeographic realms (sensu Spald-
ing et al. 2007). Most of these ports (132) were con-
nected by <5 voyages in 2007 and 2008, while 19
ports were connected by 5 to 10 voyages, 37 ports by
10 to 50 voyages and 19 ports by >50 voyages (see
Fig. 4A, Table S3 in Supplement 2).

Our experiments determined the combination of
temperatures and salinities that allowed survival and
reproduction of 4 species; A. sydneiensis was most
tolerant to variable conditions while A. panamensis
was the least tolerant (Fig. 3). Based on these results,
we determined the number of species likely to sur-

vive and reproduce in each combination of salinity
and temperature, and matched port environmental
conditions to determine their risk of being invaded
by those species (Fig. 4B, Table S3 in Supplement 2).
Ports with salinities between 30 and 35 ppt and tem-
peratures between 15 and 30°C may be invaded by 3
or 4 of the species we tested, and were considered to
have high colonization risk. Ports with salinities 25 to
30 or 35 to 40 ppt, and temperatures of 15 to 30°C
were considered at medium colonization risk. The
combination of salinities between 15 to 40 ppt and
temperatures between 5 and 15°C or salinities below
15 or above 40 ppt were considered of low risk. Ports
with no risk had salinities below 15 ppt or tempera-
tures below 5°C (Fig. S5 in Supplement 1).

Risk analysis indicated that around half of the ports
evaluated are at risk of being invaded by at least 2 of
the species— A. sydneiensis and A. curvata (ports
with high and medium risk) —and another 21 % are
at risk of being invaded by at least A. sydneiensis
(low risk; Table 5). Less than one-third of the ports
are not at risk of being invaded by any of these spe-
cies. Most of the ports analyzed are in the Tropical
Atlantic (87), 13% of which are at high risk of es-
tablishment of any of the 4 ascidians, but 82 % are at
risk of being invaded by A. sydneiensis or A. curvata.
In other tropical realms (Tropical Eastern Pacific: 18
ports; Central IndoPacific: 12 ports) 78 and 67 % of
the ports were at high risk of establishment of any
of the 4 species, while ~83% of the ports may be
invaded by A. sydneiensis or A. curvata. Temperate
provinces (88 ports) included 10 that were warm
enough to be invaded by 3 of the species studied, and
52 may be invaded by A. sydneiensis.
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Table 4. Summary of the literature survey of salinity (S) and temperature (T') tolerances of ascidians. Results include informa-

tion from both physiological tolerance experiments and natural environments of known geographical distributions. Zones: A:

Arctic; Te: temperate; ST: subtropical; Tr: tropical. ‘x" indicates species with reports of introduction. See text for method details
and Table S2 in Supplement 1 at www.int-res.com/articles/suppl/m577p105_suppl.pdf for references

Species Zone I S min.® S max. S range T min. T max. Trange
Phlebobranchia

Ascidia callosa A, Te 30

Ascidia ceratodes Te, ST 30 35 5 11 24.5 13.5
Ascidia conchilega Te 30

Ascidia mentula Te 20

Ascidia virginea Te 20

Ascidia zara Te, ST X 30 35 5 11 23 12
Ascidiella aspersa Te X 18 15 25 20
Ascidiella scabra Te 18

Phallusia mamillata ST 7 25 18
Ciona intestinalis Te X 10 37 27 -0.6 20.5 20
Ciona robusta Te, ST X 5 45 40 10 25 15
Ciona robusta (larva) Te, ST 32 15 25 10
Ciona savignyi (larva) Te X 12 25 13
Corella parallelogramma Te 18

Ecteinascidia turbinata (larva) Tr X 22

Stolidobranchia

Styela clava Te X 17.5 38.5 21

Styela montereyensis Te 17.5 38.5 21

Styela plicata Tr, ST X 17.5 38.5 21

Styela plicata (larva) Tr, ST 30 18 30 12
Styela rustica (larva) A, Te X 16

Dendrodoa grossularia A, Te 7-8

Polyandrocarpa zorritensis Tr, ST, Te X 26

Botrylloides leachi Te 16 38 22 3 28 25
Botrylloides nigrum Tr, ST X 24 35 11

Botryllus planus Tr, ST 20 35 15

Botrylloides violaceus Te X 15 38 23 5 34 29
Botryllus schlosseri Te, ST X 14 44 30 3 29 26
Halocynthia roretzi Te 11 5 25 20
Halocynthia aurantium A, Te 25 34 9 8 20 12
Microcosmus exasperatus Te, ST, Tr X 33 45 12 12 32 20
Microcosmus squamiger Te, ST X 20 25 5
Pyura dalbyi Te 23.5 33.4 10

Pyura herdmani ST, Tr X 20 20 0
Pyura stolonifera Te, ST X 20 20 0
Molgula manhattensis Te X 9 40 31

Molgula socialis Te, ST X 15 45 30 5 30 25
Aplousobranchia

Clavelina lepadiformis Te X 14

Clavelina huntsmani ST 28 37.6 9.6 4 22.5 18.5
Eudistoma hepaticum (larva) Tr 16

Eudistoma olivaceum Tr, ST 26

Distaplia occidentalis A, Te 24.5 6.5
Didemnum perlucidum ST, Tr X 27 39.5 12.5 13 30 17
Didemnum vexillum Te, ST X 10 34 24 -2 24 26
Didemnum vexillum (larva) Te, ST 14 20 6
Diplosoma listerianum Te, ST, Tr X 34 34 0 9 29 20
“Figures include maximum and minimum temperatures and salinity conditions in which the species survived, even if
briefly, under conditions of the study. In many cases the authors did not test the species beyond their limits; thus, the num-
bers given are conservative and probably not true limits
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Fig. 3. Physiological limits for survival with respect to salin-
ity and temperature for Ascidia sydneiensis, A. curvata,
Phallusia nigra and A. panamensis based on adult survival
and fertilization experiments (salinity), and on latitudinal
limits of occurrence of species (temperature) (see ‘Material
and methods: Colonization pressure assessment in ports
linked to Panama’ for details). Dark colored areas represent
optimal tolerance (adults + gametes); intermediate colored
areas represent some tolerance (either adults or gametes);
light colored areas represent low tolerance

DISCUSSION

Despite the limited physiological tolerances of
many ascidians (especially for dilute seawater) and
the location of many shipping terminals within bays
and estuaries with extremely variable salinity, ascid-
ians are increasingly being reported as introduced
around the globe (Lambert 2007, Shenkar & Swalla
2011, Simkanin et al. 2016). Here, we demonstrate
invasion risk by tropical ascidians in ports connected
to Panamanian ports by shipping, and show that this
risk is a consequence of their wide tolerance to vari-
ations in salinity and temperature.

Our literature review found information on salinity
and/or temperature tolerance for 8 tropical species.
Here, we add information for another 4 species —2 of
them very tolerant, one native (Ascidia curvata) and
one introduced (A. sydneiensis). A. curvata and A.
sydneiensis adults were the most tolerant to both
hypo- and hyper-salinity. The sequence of tolerance
of gametes to low salinity was A. sydneiensis > Phal-
lusia nigra > A. curvata > A. panamensis, while in
high salinity A. curvata gametes were more tolerant
than P. nigra. A. curvata and A. sydneiensis adults
were also most able to maintain their ion gradients at
ambient temperature (29°C). At lower temperatures,
on the other hand, ion gradients were strong for all
species. A. sydneiensis and A. curvata were thus the
most euryhaline species compared to A. panamensis
and P. nigra, while A. sydneiensis was the most eury-
thermic and A. panamensis the most stenothermic
(Fig. 3). While our experiments measured only a few
individuals and do not permit estimation of the pro-
portion of each species that can survive extreme con-
ditions, the fact that some individuals of each species
can survive significant variation in such a small sam-
ple demonstrates that survival is often likely among
individuals arriving in a new region.

The physiological capabilities described here for
phlebobranchs are new results for the field of
ascidian ion regulation related to osmotic control. A
study of ion regulation found sodium and potassium
gradients in adult Styela clava, S. montereyensis, and
S. plicata (stolidobranch ascidians) after a challenge
of reduced salinity (Sims 1984, see Table S2 in Sup-
plement 1 at www.int-res.com/articles/suppl/m577
p105_suppl.pdf). Sodium and chloride gradients are
not expected in osmoconformers (but see Vidolin et
al. 2007), as these ions are the major contributors
to extracellular fluid osmolality. These gradients are
thought to be due to sudden changes in apparent per-
meability (e.g. siphon closure). We found sodium gra-
dients in the phlebobranchs tested. While we did not
find chloride gradients in environmental temperature,
chloride channel genes have been found in the Ciona
genome (Okamura et al. 2005), suggesting potential
chloride regulation. The genus Ciona is believed to
be the closest to the ancestral ascidian (Tsagkogeorga
et al. 2009), which suggests that similar genes and
potential for ion regulation may be found in other
species. Indeed, even echinoderms show consistent
ion gradients (Freire et al. 2011) suggesting some ion
regulation is present in all deutorostomes. It is impor-
tant to recognize that gradients in osmoconformers
are not permanent but rather tend to dissipate with
exposure time (Evans 2009), thus future research
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Fig. 4. (a) Connectivity between Pana-

manian and other ports based on
number of voyages in 2007 and 2008
(Keller et al. 2011). Red circles: >50
voyages (high connectivity); yellow:
10 to 50 (medium connectivity); green:
5 to 10 (low connectivity); blue: <5
(very low connectivity) (see Supple-
ment 2 at www.int-res.com/articles/
suppl/m577p105_supp2.xls). (b) Col-
onization pressure (no. of species that
could establish in the port) for ports
connected with Atlantic Panamanian

ports (Supplement 2) determined by a
combination of salinity and tempera-
ture with ascidian tolerance tested

here (see Fig. 3, S5 in Supplement 1
at www.int-res.com/articles/suppl/
mb577p105_suppl.pdf). Red circles:
possible establishment of Ascidia syd-
neiensis, A. curvata and Phallusia ni-
gra or of all 4 species; yellow: possible 20°
establishment of A. sydneiensis and 0°
A. curvata with very low probability I
of introduction of P. nigra or A. pana- 5o |+
mensis; green: possible establishment

of A. sydneiensis with very low prob- _ 40°
ability of colonization of A. curvata;

OO

blue: no risk for establishment of any 1 8I00

of the studied species

should examine how long ascidians can maintain
ionic gradients under a variety of conditions.

Salinity tolerance is frequently greater at lower
temperatures, depending on the intensity and dura-

Table 5. Colonization pressure analysis: percentage of ports connected to the
Atlantic Panamanian ports and grouped by biogeographic realms (sensu Spald-
ing et al. 2007) in risk of the establishment of Ascidia curvata, A. panamensis,
A. sydneiensis and Phallusia nigra. List of ports is provided in Table S3 in Sup-
plement 2 at www.int-res.com/articles/suppl/m577p105_supp2.xls. High: pos-
sible establishment of 3 or 4 species; Medium: possible establishment of A. syd-
neiensis and A. curvata, very low probability of introduction of the other 2
species; Low: possible establishment of A. sydneiensis, very low probability of
introduction of A. curvata; Zero: no risk of establishment of any of the 4 species

Biogeographic realms No. of Percentage of ports in each coloni-
ports zation pressure classification
analyzed High Medium Low Zero
Tropical Atlantic 87 13 69 9 9
Tropical Eastern Pacific 18 78 6 6 11
Central Indo-Pacific 12 67 17 17 0
Western Indo-Pacific 2 0 100 0 0
Temperate Northern Atlantic =~ 46 2 0 46 52
Temperate South America 13 46 8 46 0
Temperate Southern Africa 1 100 0 0 0
Temperate Northern Pacific 25 8 0 56 36
Temperate Australasia 3 0 0 33 67
Arctic 1 0 0 0 100
Total 208 31.3 19.9 212 275

180°

tion of the temperature stress, as found in amphipods
and mollusks (Berezina & Panov 2004). Also, caridean
shrimps that regulate magnesium in the haemolymph
and that maintain low concentrations are better

adapted to withstand colder waters
(Frederich et al. 2001), so it is interest-
ing that tropical ascidian species can
also regulate magnesium. In our ex-
periments, the ionic gradients were
greater at 15 than 29°C (control), sug-
gesting that species were better able
to maintain their osmotic balance at
lower temperatures. Thermal stress at
15°C may have elicited siphon clo-
sure, thus diminishing flow between
the internal and external medium,
and this could explain why ascidians
maintained the ionic gradient. Un-
fortunately, our experimental design
did not allow testing this possibility
because animals were inside an incu-
bator chamber and could not be di-
rectly observed. This behavior has
been recorded in other ascidians,
such as 3 Styela species, under hypo-
osmotic conditions (Markus & Lam-
bert 1983, Sims 1984) and Ciona savi-

20°

-20°

-40°
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gnyiin the presence of an irritant (Moody et al. 1999).
A similar mechanism is used by bivalves (HRS-
Brenko 2006) and barnacles (Chan et al. 2001) that
isolate themselves inside an external calcareous
skeleton.

Avoiding stressful conditions is a good strategy for
temporary events, such as severe storms in tropical
environments (Kauffman & Thompson 2005) or salin-
ity fluctuation during the tidal cycle. Nonetheless,
apparent ion regulation possibly achieved by siphon
closure may contribute to invasion capability in areas
of fluctuating salinities over a period of hours, such as
in estuaries, where most ports are located. Recovery
after episodic events of decreased salinity has been
observed in the colonial ascidians Botrylloides ni-
grum and Botryllus planus (Dijkstra & Simkanin
2016), the first of which has been introduced in many
regions (Sheets et al. 2016).

The only other introduced phlebobranch ascidians
with information regarding physiological tolerance
for stressful environment conditions are Ascidiella as-
persa, Ciona robusta (previously reported as C. in-
testinalis A; Brunetti et al. 2015), C. intestinalis (C. in-
testinalis B; Brunetti et al. 2015), and C. savignyi
(Tables 4, S2 in Supplement 1). While A. aspersa can
live in salinity as low as 18 ppt in its natural geo-
graphic range (Dybern 1969), salinity challenge ex-
periments have not yet been carried out with this spe-
cies. C. robusta has a widespread distribution, yet
individuals tested in Chile did not survive in 15 ppt,
while 30% of the individuals survived 25 ppt (Jofré
Madariaga et al. 2014). In contrast, C. intestinalis, al-
though less widespread than C. robusta and confined
to the Northern Hemisphere, is tolerant of salinities as
low as 12 ppt (Dybern 1969), yet juveniles did not sur-
vive at 20 ppt longer than 8 wk in experimental condi-
tions (Vercaemer et al. 2011). Ascidians are known to
adapt to local conditions and their tolerance range
may change (Toop & Wheatly 1993); thus, the study of
widespread populations, under a variety of environ-
mental conditions, might reveal even greater ranges of
tolerance than observed in most studies usually di-
rected to spatially restricted populations (Tables 4, S2
in Supplement 1).

In contrast to the extreme examples cited above,
most ascidians are stenohaline, as reflected by their
exclusively marine distribution (Lambert 2005), and
most species do not survive extended periods (i.e.
days, weeks) of low salinity (Table S2). In our experi-
ments, the longest duration of low salinity (£20)
exposure was 8 h, which resulted in high (but not
complete) mortality in all species. Our experiment
was not designed to test exactly how long individuals

may survive, but our results suggest lower mortality
when animals are re-introduced to control salinity
before 8 h of low salinity exposure (Table 2).

Greater physiological tolerance to salinity stress
was expected in adults compared to gametes, due to
isolation of the animal within the tunic in contrast to
direct exposure of gametes (Pineda et al. 2012). Thus,
adults may be better able to invade new environ-
ments than gametes or larvae, but whether they
establish viable populations remains to be deter-
mined by the tolerances of the first life stages. The
phlebobranchs used in this study all release gametes
directly into the sea, and except for A. sydneiensis,
their gametes were very sensitive to low salinity,
even briefly (30 min; Table 3).

The hypothesis that species with a wide geograph-
ical range are more tolerant to variations in tem-
perature and salinity than those that are spatially
restricted was partially rejected. This hypothesis was
based on a relationship between physiological toler-
ance, geographical distribution and invasive poten-
tial (Osovitz & Hofmann 2007, Epelbaum et al. 2009,
Rius et al. 2014). Indeed, A. sydneiensis, probably
introduced into the Caribbean Sea and the most geo-
graphically widespread (Locke 2009), also had the
most tolerant gametes and very tolerant adults to
variation in salinity (although adults were not as
tolerant to very low salinity as the native A. curvata).
In contrast, P. nigra, also very widespread (Vandepas
et al. 2015), was not very tolerant either as adults or
gametes. Thus, even stenohaline species can spread
and invade new regions given the right conditions
during transport and an environmental match be-
tween donor and receptor regions.

As expected, our risk analysis indicated a greater
likelihood of establishment at tropical than temper-
ate ports, even though establishment remains likely
at 10 temperate ports because of the combination
of water temperature and salinity. When contrasted
with port connectivity, the ports most connected to
Panama (higher number of voyages per year) were
on both Atlantic and Pacific sides of tropical America.
Among the environmentally adequate temperate
ports, Long Beach in the United States had a high
connectivity and Callao in Peru had a medium con-
nectivity; the others were very low. It is important to
note that only 22 % of the ports were environmentally
unsuitable for any of the species studied while 78 %
were likely to be colonized at least by A. sydneiensis,
the most euryhaline and temperature-tolerant spe-
cies in this study. There are many adequate ports for
A. sydneiensis with high connectivity where the spe-
cies has not yet become established (e.g. Pacific coast
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of United States and Colombia, Ecuador, Peru, Chile,
Atlantic coast of United States and Spain). Thus our
classification of a port as of low colonization risk does
not mean that monitoring or prevention should be
relaxed, because the species that may arrive may
also be the most harmful. This potential invasibility of
many ports becomes even more alarming because
ports have abundant artificial hard substrate, on which
colonization by non-native ascidians is favored over
that of natives (Airoldi et al. 2015). In addition, suc-
cessfully establishing non-native species are tolerant
of pollution, which is generally present in ports (Piola
& Johnston 2008).

Our estimate of colonization pressure is probably
conservative, even with the sample size available.
Individuals of each species used in the experiments
were collected from different locations at different
times and therefore should include most of the popu-
lation variation in their tolerance traits. It is unlikely
that by chance, we found the only tolerant individu-
als of each species. Survival of a single adult can be
sufficient for colonization, because phlebobranch
ascidians are hermaphroditic and self fertile, at least
to some extent. There is evidence that one adult
colony was enough to colonize extensive regions, for
Ecteinascidia turbinata (Lopez-Legentil & Turon 2007)
and Clavelina oblonga (Rocha et al. 2012), given the
lack of genetic variation in CO1 among individuals of
many populations. A more complete risk analysis
would require additional information about survival
in transit (Coutts et al. 2010), propagule size and
number (Lockwood et al. 2009) and biotic resistance
in the receiving region (Rius et al. 2014). Thus, while
we cannot precisely predict introduction probability,
we can anticipate the ability of the species to colonize
once they arrive.

The Panama Canal is an important hub in the in-
ternational maritime trade, allowing passage of ca.
13 000 vessels yr~!, and its new expansion will double
capacity (Muirhead et al. 2015). Because of the geo-
graphic location of Panama, tropical ports in the
American continent are likely to be invasion destina-
tions by these ascidian species. A. sydneiensis is the
only species that has already established populations
on the Pacific side of Panama (Carman et al. 2011)
but not yet in other countries in the eastern Pacific,
where we predict that it will spread. We also predict
that A. curvata will also be able to cross the Panama
Canal barrier, given the high tolerance of adults to
low salinity and its already widespread distribution,
which suggests that it is transportable by anthro-
pogenic vectors. Even though salinity drops to 0 ppt
during the passage through the Panama canal, that

will not affect ascidians attached to the walls of bal-
last tanks, and the current distribution of many spe-
cies confirms that the barrier can be crossed (Carman
et al. 2011, Sheets et al. 2016). Currently, ships
take only 10 h (or less) to transit the canal (www.
pancanal.com), and with its expansion this time will
decrease, thereby increasing the probability of adult
survival. This is also likely to increase the opportuni-
ties for P. nigra to be transported, despite it being less
tolerant of low salinity. A. panamensis has the lowest
chance of invading new regions because of the sensi-
tivity of its gametes to salinity variation, small popu-
lation size and limited present distribution. Previ-
ously, tropical species have been absent from most
physiological studies of tolerance to stressful envi-
ronmental conditions, but here we demonstrate that
some phlebobranch ascidians tolerate fluctuations in
salinity and temperature, at least for a few hours, and
because of that tolerance, they are likely to spread to
many other regions.
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