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Ascidians are among the most common invasive marine invertebrates worldwide.
Many species of non-indigenous ascidians (NIAs) have successfully colonized the
Mediterranean Sea, notably within anthropized coastal lagoons and harbors.
Although invasive species are generally characterized by their broad ecological
tolerance, different ascidian species exhibit varied responses to biotic and abiotic
environmental stressors, including temperature and salinity. Acquiring a better
understanding about of the impact of such parameters on ascidian life history is
crucial for predicting the invasive potential of NIAs. In this study, we investigated
the impact of various salinities on the reproduction of the colonial ascidian
Polyandorcarpa zorritensis, a species indigenous to Peru and a thriving invader.
P. zorritensis undergoes asexual reproduction via a peculiar form of budding
named vasal budding and produces resistant spherules, which likely facilitated its
dissemination over long distances. Despite its widespread distribution along the
Pacific and Atlantic coasts, it is only found in a few Mediterranean coastal areas
with a low salinity. We tested the impact of different salinity conditions on the
sexual and asexual reproduction rates of P. zorritensis in a controlled laboratory
setting. Our experiments showed that the rate of asexual reproduction in
colonies bred at 29 or 36 ppt salinity levels, corresponding to the natural range
inhabited by P. zorritensis, was higher than those grown in 40 ppt salinity,
commonly found in Mediterranean marinas and harbors. The results suggest
that, although P. zorritensis has been present in the Mediterranean for several
decades, its potential for invasion could be constrained by an intolerance to
high salinity.
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Introduction

Ascidians are one of the most common invasive marine
invertebrates worldwide (Lambert and Lambert, 1998; Izquierdo-
Muioz, 2009; Clarke Murray et al., 2014; Ulman et al, 2017;
Cardeccia et al., 2018; Ulman et al., 2019a). When introduced to
a new environment, non-indigenous ascidians (NIAs) can
propagate on hard substrates, outcompete local species, and alter
the native fouling communities (Lambert, 2002; Castilla et al., 2004;
Bullard et al., 2007; Dias et al., 2008). Coastal anthropized areas like
harbors and lagoons are particularly susceptible to being colonized
by NIAs, which are mainly introduced by human-mediated vectors
such as hull fouling and aquaculture activities (Lambert and
Lambert, 2003; Clarke Murray et al., 2011; Lopez-Legentil et al.,
2015; Ulman et al., 2019b; Nichols et al., 2023). In these semi-
enclosed habitats, environmental conditions differ from the open
sea from which they are separated by natural or artificial barriers,
leading to short-scale instability in terms of eutrophication,
pollution, temperature, and salinity (Cognetti and Maltagliati,
2000; Gewing et al., 2017). In particular, temperature and salinity
have a strong influence on the distribution of marine species,
especially ascidians (Dybern, 1967; Dybern, 1969; Sims, 1984;
Vazquez and Young, 1996; Vazquez and Young, 2000; Bullard
et al., 2007; Epelbaum et al, 2009; Chebbi et al., 2010; Pineda
etal, 2012; Gewing et al., 2018). With limited dispersal capacity due
to a biphasic life cycle dominated by the sessile adult stage,
ascidians® survival is compromised by local unfavorable
conditions (Carballo, 2000). Therefore, although successful
ascidian invaders are generally recognized for their broad
ecological tolerance (Lambert and Lambert, 2003; Groner et al,
2011; Granot et al., 2017; Rocha et al., 2017; Platin and Shenkar,
2023), NIAs can also display poor survival or reproductive
outcomes when exposed to temperature and salinity that differ
from their region of origin (Shenkar and Loya, 2008; Nagar and
Shenkar, 2016; Gewing et al., 2018). Enhancing our understanding
of how environmental factors influence the reproductive strategies
of NIAs is essential for more accurately predicting their invasive
potential (Rocha et al., 2017; Platin and Shenkar, 2023).

Polyandrocarpa zorritensis (Stolidobranchia: Styelidae) is a
colonial ascidian that was first described from the coast of Peru
(Van Name, 1931). In recent decades P. zorritensis has become a
prevalent invasive species in temperate coastal areas (Lambert and
Lambert, 1998; Brunetti and Mastrototaro, 2004). One of the oldest
reports of P. zorritensis outside its native range was on the Italian
Mediterranean coast (Brunetti, 1978) and the species has recently
been reported in several Mediterranean harbors and gulfs (Brunetti
and Mastrototaro, 2004; Mastrototaro et al., 2008; Stabili et al.,
2015; Tempesti et al., 2022). It was also found in several Pacific and
Atlantic regions including Japan (Nishikawa et al, 1993; Otani,
2002; Twasaki et al, 2004), Southern California (Lambert and
Lambert, 1998; Nichols et al., 2023), Hawaii (Abbott et al., 1997),
the Galapagos Islands (Lambert, 2019), the Panama Canal (Carman
et al, 2011), the Caribbean (Monniot, 2018; Streit et al., 2021),
Brazil (Millar, 1958), the Gulf of Mexico (Lambert et al.,, 2005),
Florida (Vazquez and Young, 1996) and North Carolina (Villalobos
et al., 2017). From 1994 to 2020, there was a noticeable rise in P.
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zorritensis abundance in Californian marinas, accompanied by a
concomitant northward expansion of the species (Nichols et al,
2023). Similarly, subsequent to its initial introduction to Japan in
1991, P. zorritensis has emerged as a common NIA detected along
the country’s coasts (Iwasaki et al., 2004). The successful
invasiveness of P. zorritensis has been attributed to its apparent
tolerance to fluctuations in temperature and salinity (Lambert and
Lambert, 1998) and its singular mode of asexual reproduction by
vasal budding (Brunetti and Mastrototaro, 2004; Alie et al., 2018;
Scelzo et al, 2019). During this process, the species produces
resistant dormant forms (spherules) that plausibly allow long-
distance human-mediated transport and colony restoration even
in the absence of adult individuals and after extensive dormancy
(Scelzo et al., 2019; Hiebert et al., 2022). Previous experimental
studies demonstrated that larval behavior (Vazquez and Young,
1996) as well as zooid and spherule survival (Hiebert et al., 2022) are
impacted by extreme temperature or salinity. However, we still have
a poor understanding of the relationship between environmental
parameters and asexual and sexual reproduction in P. zorritensis.
Coastal lagoons, harbors and marinas of the Mediterranean are
known as hotspots for the entry and secondary spread of non-
indigenous invasive species, whose diversity and distribution are
influenced by environmental factors such as temperature, primary
productivity or climate type (Ulman et al, 2017; Ulman et al,
2019a; Ulman et al., 2019b). While some non-indigenous ascidians
such as Ascidiella aspersa, Styela plicata, Ciona robusta, and Pyura
dura, are widely distributed throughout the Mediterranean, NIAs
from the Red Sea are mostly found in the eastern Mediterranean
(e.g. Microcosmus exasperatus, Herdmania momus), suggesting that
west-east temperature and salinity gradients in the Mediterranean
(Coll et al., 2010) may influence the distribution of non-indigenous
ascidians, in relation to the species-specific ecological tolerances
(Shenkar and Loya, 2008; Platin and Shenkar, 2023). Despite its
local abundance, P. zorritensis is not among the most widely spread
NIAs in the Mediterranean (Izquierdo-Mufoz, 2009; Cardeccia
et al., 2018; Ulman et al.,, 2019a). P. zorritensis was not found on
the 583 vessel hulls examined by Ulman et al. (2019b), although
71% of these vessels hosted at least one NIA. P. zorritensis was only
recorded in one out of the 50 marinas analyzed by Ferrario et al.
(2017), as well as Ulman et al. (Ulman et al., 2017; Ulman et al,,
2019a). Furthermore, it was present in only one of the 32 marinas
sampled in northern Spain (Lopez-Legentil et al., 2015) and is
absent from NIA-rich areas along the Tunisian and Israeli coasts
(Chebbi et al., 2010; Gewing and Shenkar, 2017). Therefore, despite
the long-standing observation of P. zorritensis in the Mediterranean
(Brunetti, 1978), its distribution in the region has remained
relatively restricted to the northwestern basins (Figure 1A). While
salinity levels in marinas rich in NIAs are frequently higher than
those found in surrounding open water (Ulman et al., 2019a),
several Mediterranean sites where P. zorritensis is found have a
salinity below the average 38 ppt of the western Mediterranean. In
Taranto harbor’s Mare Piccolo in Italy and the Thau lagoon in
France, salinity levels have an annual average of 36-37 ppt
(Audouin, 1962; Brunetti and Mastrototaro, 2004;
Andre et al, 2021). Additionally, a salinity of 34 ppt was
measured at the Santa Carla de la Rapita harbor in the Ebro delta
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FIGURE 1
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1. Ebro Delta 5. Miseno Lake
2. Thau Lagoon 6. Taranto
3. La Spezia 7. Brindisi Marina

4. Livorno

(A) Sites in the Mediterranean Sea where the presence of Polyandrocarpa zorritensis was reported. 1. Turon and Perera, 1988; 2: https://doris.ffessm.
fr/Especes/Polyandrocarpa-zorritensis-Polyandrocarpe-de-Zorritos-5004; 3: Brunetti, 1978; 4: Tempesti et al,, 2022; 5: Virgili et al., 2022; 6:
Mastrototaro et al,, 2008; 7: Stabili et al., 2015. The yellow spot marks La Spezia, where the samples for this study were collected. (B) Satellite view of
the Assonautica Marina in La Spezia. Credit: Landsat/Copernicus Data SIO, NOAA, US Navy, NGA, GEBCO Inst. Geogr. Nacional GeoBasis-DE/BKG

(©2009) 3D.

(Lopez-Legentil et al., 2015). In La Spezia harbor, the spring salinity
fluctuates between 32 and 37 ppt (Brunetti, 1978), while in Livorno
harbor, the range spans from 35 to 39 ppt (Tempesti et al., 2022). In
this study we investigated the influence of salinity on the
reproduction of P. zorritensis, with emphasis on asexual
reproduction by budding, analyzing in laboratory-controlled
conditions the effects of different salinity values reported in
regions where the species is found.

Materials and methods

Polyandrocarpa zorritensis collection,
identification and husbandry

Colonies of Polyandrocarpa zorritensis were collected in the
harbor of La Spezia, Italy (Assonautica Benedetti, 44°06'10.7"N, 9°
49'34.5"E) (Figure 1B). The presence of P. zorritensis was recorded
by visual inspection of the mooring lines along the jetties of the
marina on six occasions from May 2016 to February 2023. Salinity
and temperature (Supplementary Table) were measured close to the
surface, at the depth where P. zorritensis colonies were present.
Taxonomic identification follows Van Name (1931), and molecular
barcoding of colonies from La Spezia was conducted previously
(Alie et al, 2018). The spherules were gently separated from the
colony and stored in tanks containing seawater at 11°C (at salinity
of 38-39ppt) before being used for experiments. To obtain zooids
used for the experiments, the spherules were transferred to water
tanks containing 12 liters of artificial seawater (ASW) at 24°C,
prepared with deionized water and marine salt (Red Sea Salt, Red
Sea) at the desired concentration. The spherules were placed on
microscope glass slides (5x7cm) on the bottom of the tanks, with 5
to 12 spherules per slide and 3 to 4 slides per tank (see
Supplementary Table). Since the number of stolons depends on
spherule size (Scelzo et al., 2019), we took care to use spherules of
similar sizes. The day-night light cycle was 12:12.

Frontiers in Ecology and Evolution

Upon hatching, bubblers were added to oxygenate the water,
and animals were fed twice a day with a mix of 15ml of live
Tisochrysis lutea, 15ml of live Chaetoceros gracilis, 250ul 1ISO800,
and 250yl of Shellfish Diet 1800 (Reed Mariculture) per tank. Water
was changed every two days, temperature was maintained around
24-24.5°C and colorimetric tests (Ammonia Marine Test Kit and
Nitrate\Nitrite Marine Test Kit, Red Sea) were performed on a
regular basis to ensure that NH;/NH,, NO, and NO; wastes did not
reach toxic values throughout the experiments.

Asexual reproduction monitoring
and quantification

Experiments were conducted from spherules collected in the
harbor of La Spezia from 2019 to 2022. A first set of experiments
was conducted on two different batches of spherules that were
collected in autumn (November 5, 2019 and November 10, 2022)
and maintained at 11°C for 80 and 99 days, respectively. Results
from these two experiments were combined and analyzed as a single
experiment (hereafter called “autumn”). Another set of experiments
was conducted on a single batch of spherules collected in winter
(February 2, 2022, called winter batch) and maintained at 11°C for
73 days and 97 days, respectively. A last experiment was conducted
on spherules collected in spring (May 12, 2022, called spring batch)
and used immediately after collection. Zooids were cultivated at 22,
29, 36 and 40ppt. Photos of the zooids were taken at regular
intervals (see Supplementary Figure 1 as an example), up to 24
days after spherule seeding, from which date image-based
quantification of asexual reproduction tends to become
complicated due to the high number of overlapping stolons,
which makes the individual assignment difficult. Pictures were
taken with a Canon EOS 6D camera equipped with a 100mm
macro lens. Stolon bases, stolon tips, budding nests, and newly
hatched zooids were quantified from pictures of the last day of each
experiment, using the Cell Counter plugin on Image].

frontiersin.org
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Quantification of sexual reproduction

Sexual reproduction was evaluated by counting the number of
embryos and larvae produced per zooid, which were obtained from
one experiment using the autumn 2022 spherules (Supplementary
Table). Upon having reached sexual maturity (approximately a
month after spherule seeding), zooids were relaxed in seawater with
MS-222 (E10521-10G, Sigma Aldrich), then fixed in a solution of
4% paraformaldehyde diluted in ASW according to the salinity of
each sample, at room temperature and then kept at 4°C. After
several days of fixation, zooids were dissected and the number of
gonads and brooded embryos in the atrial chamber was counted for
each individual (see Supplementary Figures 2B-B” as an example).
The swimming larvae and the embryos accidentally released by the
zooids during the 9 days preceding their fixation were also counted,
by visually inspecting the tanks every morning (from the time the
light goes on, 8 a.m., to early afternoon, when they stopped releasing
larvae) and before every water change. In this experiment, we raised
19 spherules at 40ppt, 22 spherules at 36 ppt and 20 spherules at 29
ppt (Supplementary Table).

Morphological measures, heartbeat rate
and stolon pulsation period

Zooid size was measured using ImageJ, on the one-month-old
animals hatched from spherules of the autumn 2022 batch, relaxed in
MS-222 (a pinch of powder in 15 ml of sea water), and before fixing.
Size was measured between the tip of the inhalant siphon and the
posterior-most point of the body cavity (see Supplementary
Figure 2A as an example). Heart and stolon beating rates were
measured in an additional experiment using 14-days-old animals
from the autumn batch (Supplementary Table). Heart beating rate
was measured visually under a stereomicroscope, thanks to the

Nov 2021

May 2022

Nov 2022

FIGURE 2
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transparency of the tunic, as the number of pulsations per minute.
Stolon pulsation period was measured using timelapse imaging taken
with a Leica M165-FC stereomicroscope equipped with an MC170-
HD camera. One picture was taken every 5 seconds, a pulsation
period being the lag time until the beating tip of a stolon comes back
to its initial condition (see example movies at https://drive.google.
com/drive/folders/1Z522byRFvnHer677YMKoQZMvjaDs6fKX?

usp=sharing).

Results

Presence of Polyandrocarpa zorritensis
coincides with lower salinity in La
Spezia marina

In 2016, we investigated several spots in the La Spezia Bay,
including marinas (Circolo Velico Palmito 44.086377, 9.878521;
Darsena Pagliari 44.104680, 9.859106; Porto La Grazie 44.068307,
9.835713; Assonautica 44.103388, 9.82633) and open water oyster
racks (44.071649, 9.857886; 44.057952, 9.842249). We only found P.
zorritensis in the Assonautica marina (Figure 1B), the innermost
investigated spot of the bay. From 2016 to 2023, we regularly found
Polyandrocarpa zorritensis in this marina, usually as large aggregate
colonies and/or as mats of dormant spherules on the immersed boat
lines, in the proximity of a freshwater outlet (Figure 2). In May 2016
and 2022, the species was only visible on the proximal-most
pontoons of the marina, where the salinity was the lowest, i.e., 29
and 34 ppt respectively (Figures 2A, D). While we cannot totally
rule out that small residual colonies were present on the other
pontoons, they were likely inconspicuous enough not to be
detected. In the autumn and winter seasons, the colonies had a
wider distribution, with measured salinities ranging between 36 and
38 ppt (Figures 2B, C, E, F).

Feb 2023

Polyandrocarpa zorritensis presence and salinity values observed in (A) May 2016, (B) May 2021, (C) February 2022, (D) May 2022, (E) November
2022 and (F) February 2023. The blue arrow indicates the inflow of fresh water in the marina. The white circles contain the salinity values (in ppt)
observed in the different sites of the marina. The orange stars indicate the spots where P. zorritensis was found.
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High salinity negatively affected the rate of
asexual reproduction

To study the effect of the observed salinity on the asexual
budding in P. zorritensis, we quantified the production of stolons,
budding nests (also called buds) and new zooids produced by
individual adult zooids (illustrated in Figure 3) cultivated at 22,
29, 36 and 40 ppt (Supplementary Table). These adults were
obtained from dormant spherules collected in the field and later
placed in experimental conditions in the laboratory. While none of
the spherules placed at 22 ppt hatched, nearly every spherule in the
other salinity conditions hatched after 5 to 7 days and gave rise to a
functional zooid (Supplementary Table). When using spherules
collected in autumn (Figures 4A-A”) and maintained in
dormancy for three months before the experiment, the salinity
significantly affected the number of stolonial tips, which was
significantly lower at 40 than at 36 ppt (Mann-Whitney p-value =
0.0071) (Figure 4A’), as well as the number of buds and of newly
hatched zooids, which was significantly lower at 40 than at 29 (p-
value = 0.0099) and 36 ppt (p-value = 6.05e-5) (Figure 4A”). The
number of stolon bases was also significantly lower at 40 ppt than at
36 ppt (p-value = 0.014) and did not differ between 29 and the two
other conditions (Figure 4A).

Experiments conducted with spherule batches collected in different
seasons gave a similar, albeit less pronounced trend. When using
spherules collected in winter (Figures 4B-B”), the number of stolon
bases and stolon tips did not differ between the three treatments
(Figures 4B-B’), but the salinity affected the number of nests and new
zooids, which was lower at 40 than at 29 ppt (p-value = 0.011)
(Figure 4B”). Finally, for spherules collected in spring (Figures 4C-
C”), the number of stolon bases and stolon tips did not differ between

stolons

FIGURE 3

Parameters measured for the rate of asexual reproduction. Image
showing a zooid originated from a dormant spherule, indicating the
base of a stolon, tips of stolons, a bud (or budding nest), and a new
zooid formed from a bud.
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the three treatments (Figures 4C-C’) but the number of nest and new
zooids was lower at 40 than 36 ppt (p-value = 0.037) (Figure 4C”).
In order to estimate the yield between the growth of the colony
and the actual reproduction via budding, we calculated a budding
index, defined as the ratio between the number of nests and new
zooids to the number of stolon bases. Regardless of the spherule
batch used, as salinity increased, the budding index decreased
(Figures 4D-D”). Using autumn and winter spherules, the
budding index was significantly lower at 40 ppt when compared
to 29 and 36 ppt (Figures 4D, D’). Using spring spherules the index
was significantly higher at 29 ppt when compared to 40 and 36 ppt
(Figure 4D”). All p-values associated with these experiments are

given in the Supplementary Table.

Salinity did not affect zooid physiology

Physiological variables reflecting the general zooid health
(Dijkstra et al., 2008) were measured on the animals exposed to
the tested salinities. The average size of the zooids, measured from
the tip of the inhalant siphon to the posterior-most point of the
body cavity, were 1.14, 1.24 and 1.31 cm for 50 days-old zooids
grown at 29, 36 and 40 ppt respectively, with a significant difference
between 29 and 40 ppt (p-value = 0.043) (Figure 5A; Supplementary
Table). The average heartbeats rate (Figure 5B) did not significantly
differ between the three conditions (56, 60 and 57.2 pulsations per
minute at 29, 36 and 40 ppt respectively), neither did the period of
stolon beating (110, 112 and 107 seconds at 29, 36 and 40 ppt
respectively) (Figure 5C). These results suggest that zooids grow
slightly slower at 29 ppt but do not experience chronic stress
significantly affecting blood circulation in the colony.

Production of embryos and larvae

To assess whether sexual reproduction was equally affected by
the salinity, we counted the number of gonads and offspring (larvae
and embryos) present in the body cavity of one-month-old zooids
obtained from autumn spherules (Figures 5D, E). The number of
gonads did not significantly differ between the three conditions
(Figure 5E). An average of 0.50 (+ 0.82 SD), 2.04 (+ 2,76) and 4.42
(+ 6,6) offspring per zooid at 29, 36 and 40 ppt, respectively
(Figure 5D) was counted, with no statistical difference between
the three conditions probably due to high inter-individual variance.
Indeed, while some zooids did not contain any offspring, others
were bearing up to 19 embryos (Supplementary Table). Thus, we
also counted the larvae and embryos present in the tanks during the
nine days before the end of the experiment (Supplementary
Figure 3). Adding these numbers to the offspring found inside the
body cavity, we obtain a total of 11 larva and 23 embryos released by
20 zooids at 29 ppt (0.24 oftspring per zooid/day), 112 larvae and 37
embryos released by the zooids at 36 ppt (0.73 offspring per zooid/
day), and 104 larvae and 17 embryos released by 19 zooids at 40 ppt
(0.70 offspring per zooid/day). Experimental replicates would be
necessary to test for statistical significance, yet these results suggest

frontiersin.org
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FIGURE 4

Asexual reproduction in the three different salinities: 29, 36 and 40 ppt, measured by the production of stolons bases, stolons tips, buds and new
zooids, per adult zooid; (A-A") Autumn batch; (B-B") Winter batch; (C-C") Spring batch; (D-D") Budding index, i.e. ratio of buds and new zooids to
stolon bases, per adult zooid. Stars correspond to the statistical analysis [Mann-Withney test with *p-value < 0.05, **p-value <0.01, and ****p-value
< 0.001; absence of asterisk means no statistical significance (p-value > 0.05)].

that the number of offspring is approximately ten times lower at 29
ppt than at higher salinities.
Discussion

Salinity effect on asexual budding in
P. zorritensis

Our results suggest that the rate of asexual reproduction in P.
zorritensis, i.e. the number of asexually produced zooids 14 days
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after hatching of the spherules, is lower at 40 ppt salinity compared
to 29 and 36 ppt. The salinity values of this study were selected on
the basis of experimental evidence: 29 ppt was selected as it is the
minimum level at which P. zorritensis was found in the sampling
site (La Spezia, Assonautica Marina), while 36 ppt was chosen as it
corresponds to the average level in semi-enclosed basins colonized
by P. zorritensis in the Mediterranean Sea (Audouin, 1962; Brunetti
and Mastrototaro, 2004). This salinity level also closely matches the
surface salinity in the northern Peruvian coast (Chaigneau et al,
2013), where P. zorritensis was originally described. On the other
hand, a salinity of 40 ppt is frequently observed in Mediterranean
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marinas (Ulman et al., 2019a; present study), which are the primary
entry points and habitats for most non-indigenous ascidians
(NIAs). Our experiments indicate that the quantity of zooids
produced by spherules is smaller at 40 ppt than at lower
salinities, indicating a negative impact of relatively high salinity
on the asexual propagation of P. zorritensis.

Salinity has a notable impact on the budding index, which
represents the average number of buds per stolon and which was
used as a proxy for the relative energy allocation to colony
expansion versus asexual replication (budding). This index was
generally lower at 40 ppt, except for the comparisons between 36
and 40 ppt with spring spherules, where the difference is not
statistically significant. Yet, while salinity affected the number of
buds and zooids in most experiments, a significant effect on stolon
bases and tips was only observed between 36 and 40 ppt with the
autumn batch. This observation could reflect a different dynamic of
colony expansion related to the larger size of autumn spherules
(Hiebert et al., 2022). Additionally, it is also important to note that
zooids raised at 40 ppt showed a slightly larger size than those raised
at lower salinities. Taken as a whole, these results suggest that
individuals raised at 40 ppt may prioritize somatic growth and
colony expansion over asexual reproduction compared to those at
lower salinities.

Overwintering spherules are probably a seasonal population
bottleneck for P. zorritensis. Notably, in March 2018 and May 2019,
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P. zorritensis appeared to disappear almost completely from the La
Spezia site, where only a few scattered resting spherules were found
attached to boat mooring lines (Hiebert et al., 2022). Similarly, in
May 2022, the animals were confined to the immediate proximity
zone. This scenario contrasts sharply with the autumn situation,
where P. zorritensis extensively dominated the benthic community
by forming dense colonies consisting of numerous stolons and buds
(see Figure 5 in Hiebert et al., 2022 or Figure 2 in Scelzo et al., 2019).
This suggests that only a limited number of spherules are
overwintering and that successful hatching in spring may be
crucial for replenishing the population of P. zorritensis, which
mainly relies on budding (Brunetti and Mastrototaro, 2004;
Hiebert et al., 2022). Consequently, adverse conditions such as
high salinity may significantly decrease the rate of asexual
reproduction and greatly impact the fitness of P. zorritensis.

The above observations further support that salinity has a
pronounced effect on the budding index in colonies originating
from spring spherules. Indeed, these spherules were collected when
the strongest salinity gradients were observed in the La Spezia
marina, together with the lowest salinities recorded (34 to 40 ppt in
May 2022 and 29 to 35 ppt in May 2016). In our experiments the
spring batch was the only group to show a statistical difference
between 29 and 36 ppt, with a budding index that was 2.5 times
higher at 29 ppt compared to 40 ppt. This finding may have
significant implications for adaptability to salinity gradients,
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because spring spherules could be particularly vulnerable to water
salinity. Therefore, strong salinity gradients during this critical
season may have a significant impact on the reproductive
outcomes of P. zorritensis, as the overwintering spherules are the
ones that replenish the population.

The dispersal of P. zorritensis may be limited by extremely low
salinities. Previous research has shown that the hatching potential
of dormant spherules is halved after exposure to 15 ppt salinity for
48 hours and subsequent return to higher salinity (Hiebert et al,
2022). Thus, spherules are capable to withstand acute hypo-osmotic
stress. However, our present findings suggest that spherules are
unable to produce zooids when maintained at 22 ppt. In addition, it
appears that a low salinity prevents larval recruitment. Indeed,
Vazquez and Young (1996) reported that P. zorritensis larvae
displayed abnormal swimming behavior at 26 ppt or lower, and
actively escaped from water at 22 ppt when exposed to vertical
haloclines. Taking these findings together with our present results, it
is clear that water with a salinity as low as 22 ppt does not
facilitate asexual reproduction and hinders larval recruitment,
suggesting that P. zorritensis may not be able to thrive in
brackish environments.

Effect of different salinities on asexual
versus sexual reproduction

Although previous work on a colonial stolidobranch showed
that temperature and salinity have different effects on sexual and
asexual reproduction (Brunetti, 1984), the present study showed no
statistically significant difference in the number of gonads and
brooded embryos between the different experimental conditions.
However, the number of larvae observed swimming in the tanks was
approximately ten times lower at 29 ppt when compared to 36 and
40 ppt, suggesting that 36 ppt may be an ideal salinity at which both
asexual and sexual reproduction rates are high. Further research
into the effects of salinity on sexual reproduction could be carried
out using histological analyses to examine gonadal maturity. In
addition, other aspects related to sexual reproduction could be
studied, such as the age at which zooids reach sexual maturity, or
larval swimming behavior and larval recruitment at
different salinities.

Coloniality in ascidians is often associated with reduced zooid
size, ovoviviparity, and fewer embryos compared to solitary species
(Berrill, 1935; Svane and Young, 1989; Zega et al., 2006; Alié et al.,
2018). Accordingly, the gonads of P. zorritensis contain relatively
few eggs, each zooid bearing approximately 20 embryos at different
developmental stages (Van Name, 1945; Monniot, 2016; present
study), and the embryonic development takes several days (personal
observations). Each day a zooid releases only a few larvae (this
study), which are lecithotrophic and low-dispersive with swimming
times ranging from only a few minutes to a few hours (Vazquez and
Young, 1996, personal observations). Therefore, a decrease in
asexual reproduction in P. zorritensis, as observed at 40 ppt, may
severely limit its fitness because sexual reproduction is unlikely to
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compensate for reproductive success in this species. In contrast,
solitary Polycarpa species, which are closely related to P. zorritensis
(Alie et al, 2018), are usually larger and have more and larger
gonads (Van Name, 1945; Vazquez et al., 1995). They can spawn
several dozens of planktonic eggs per week (Gordon et al., 2020),
thus promoting long-distance dispersal by currents (Berrill, 1935;
Svane and Young, 1989; Havenhand, 1991). Styela plicata, another
Stolidobanch that is also very abundant in La Spezia marina, is a
broadcast spawner of floating eggs that develop for several hours
before metamorphosis (Yamaguchi, 1975; Villa and Patricolo, 2000;
Crean and Marshall, 2015). Notably, there are reports of solitary
oviparous phlebobranchs whose larvae can survive for ten days or
disperse up to 1.5 km away (Svane and Young, 1989; Havenhand,
1991). In conclusion, while the colonial lifestyle is thought to
provide competitive advantages over solitary organisms by
allowing for indeterminate growth, colonization of complex
microhabitats, or high regenerative capacity (Jackson, 1977; Kott,
1989; Dias et al., 2008; Hiebert et al., 2019), when a colonial ascidian
such as P. zorritensis is in an environment where asexual
propagation is hindered, the relatively few poorly dispersing
larvae may limit its ability to compete for space with other
fouling benthic organisms.

Conclusions

Understanding the ecological tolerance of P. zorritensis is
crucial for global invasive potential forecasting, aiding targeted
conservation efforts in high-priority ecosystems (Locke, 2009;
Nichols et al., 2023). Salinity affects sexual and asexual
reproduction, while previous research shows its impact on
spherule and zooid survival under temperature stress (Hiebert
et al, 2022). These findings, coupled with the predicted rise in
Mediterranean Sea salinity (Parras-Berrocal et al., 2020), suggest a
limited expansion potential of P. zorritensis. However, further
research is required to characterize its ecological tolerance range,
especially regarding the unknown impact of temperature on
colony growth.
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Example of asexual reproduction photo documentation; (A) First day of image
acquisition, when the zooid starts shooting stolons (seven days after the
experiment’s start); (B) Intermediate stage of the experiment; (C) Last day of
image acquisition, at which the experiment was stopped.

SUPPLEMENTARY FIGURE 2

(A) The zooid size is the result from the sum of two measures: 1. oral siphon
length, 2. zooid body (from the base to the region between the two siphons;
(B) Zooid dissection for embryos and gonads counting. (B’) Dissected zooid
showing the location of gonads.

SUPPLEMENTARY FIGURE 3
Larvae released by the zooids during the nine days prior sample fixation.
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