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Abstract
Several invasive species of tunicates (Ascidiacea) have become cosmopolitan and
widely distributed in coastal areas worldwide over the past few decades. These nonindigenous tunicates have consequently caused fouling problems in aquaculture and
marine harbors. The goal of our project was to enrich the understanding of how
invasive tunicates interact with other organisms in the ecosystem. Two species of
invasive tunicates (Didemnum vexillum and Botrylloides violaceus) and one species
of native tunicate (Aplidium glabrum) were evaluated for their metabolic rates. The
filtration rates for native blue mussels (Mytilus edulis) and invasive tunicates
(Diplosoma listerianum) were determined. D. vexillum regenerated NH4+ at a faster
rate than A. glabrum and B. violaceus. Both tunicates and blue mussels were feeding
on phytoplankton as their major food source, although the size of particles utilized
by different organisms was not examined in this study. Invasive tunicates were
strongly competing with mussels to filter feed, but were not inhibiting mussel’s
filtration rate.
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Introduction
Facilitated by global trade and shipping, invasive species have become a
growing worldwide problem (Lambert 2007; Keller and Perrings 2011).
Shallow coastal ecosystems are especially susceptible to invasion by exotic
species, as they are often influenced by human activities, including ballast
water transfer and aquarium releases, shoreline development, and
aquaculture (Carlton and Geller 1993). Biodiversity and the physical
environment of global ecosystems are shaped by anthropogenic influences.
Oceans are expected to continue to become warmer and more acidic with
the increase of atmospheric CO2 concentration (Solomon et al. 2007).
Multiple studies suggest that climate change might provide a competitive
advantage for invasive species and enable them to colonize new habitats
and replace endemic species (Anthony et al. 2009; Rahel and Olden 2008;
Hellmann et al. 2008).
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Tunicates (Ascidiacea), commonly known as sea squirts, are marine
biofouling organisms that commonly distribute by attaching to the hulls of
recreational boats and commercial ships (McKenzie et al. 2016). Once
transported to new locations, non-endemic species may be able to quickly
colonize local natural or artificial substrates, reproduce, and establish
populations (Lambert 2007). Repeated introductions often occur over time
so that different haplotypes of the same species can co-occur in the same
area, such as with the colonial tunicates Botryllus schlosseri (Pallas, 1766)
(Yund et al. 2015) and Didemnum vexillum (Kott, 2002) (Stefaniak et al.
2009). Several species of non-native tunicates from East Asia and Europe
were introduced to New England in the 1970s and 1980s (Valigra 2005).
Non-native, introduced tunicates compete with other species for food and
space (Dijkstra et al. 2007; Colarusso et al. 2016) and can be found on a
variety of artificial and natural substrates, ranging from rocks and
moorings to eelgrass and shellfish (Carman et al. 2010, 2016a). The hard
surface of cultured mussels, oysters, and other shellfish and aquaculture
gear provides an ideal platform for tunicate fouling and their negative
impact on bivalve shellfish aquaculture community, including increased
maintenance cost and reduced shellfish growth, is the cause for concern to
the aquaculture industry (Carman et al. 2010, 2016b; Adams et al. 2011;
Auker et al. 2014). Bryozoans often co-occur with tunicates in the wild on
shellfish. More research is needed to understand how interactions of native
and non-native fouling species will impact economically important coastal
resources, namely native shellfish.
The focus of our study was to better understand the influence of
tunicates, including Aplidium glabrum (Verrill, 1871), a native species; and
Didemnum vexillum, Botrylloides violaceus (Oka, 1927), and Diplosoma
listerianum (Milne-Edwards, 1841), invasive species, in coastal ecosystems.
Tunicates are likely utilizing similar food sources as blue mussels
(Buschbaum and Saier 2001; Bone et al. 2003; Bullard and Carman 2009:
Colarusso et al. 2016). Tunicates efficiently consume 1–2 micron size
particles while mussels efficiently consume particles that are > 4 microns
(Petersen 2007). Therefore we used a food source that includes a range of
particle sizes. The epibiotic presence of tunicates may inhibit the ability of
shellfish to filter-feed (Lutz-Collins et al. 2009).

Materials and methods
Four colonial species of tunicates and one bivalve species were used in our
experimental trials: Aplidium glabrum, a native species; and Didemnum
vexillum, Botrylloides violaceus, and Diplosoma listerianum, non-native
species; and blue mussels Mytilus edulis (Linnaeus, 1758), a native species.

Field sampling
Aplidium glabrum, D. vexillum, and B. violaceus were collected from the
Marine Biological Laboratory (MBL) docks at Eel Pond, Woods Hole,
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Massachusetts. Blue mussels, with epibonts (including D. listerianum and
bryozoans), were collected from the Martha’s Vineyard Shellfish Group,
Inc. dock at Lagoon Pond on Martha’s Vineyard. It is unknown how long
the tunicate epibionts were attached to the blue mussels. All collections
were conducted during November 2016. Field samples were transported in
containers of seawater to the lab and held in a running seawater facility
prior to further experiments.

Preparation of experimental tunicate tiles
Colonial tunicates were divided into pieces of similar size (approximately 1 g
and 4 cm2), and secured to 4.8 cm × 4.8 cm white ceramic tiles with a
rough surface using rubber bands (n = 48 per species). Tiles with tunicates
were held in tanks of flowing seawater for about 48 hours to allow the
tunicates to attach to the tiles. Attachment was checked by gently shaking
the tile underwater while lifting up the rubber band. If the organism had
minimal to no change in position, then attachment was successful.
Tunicates were considered viable and healthy if they attached to the tile.
Tiles with attached tunicates were then used in experimental trials. Blank
tiles without attached tunicates were used as controls.

Experiment #1: Metabolic rates of tunicates
Metabolism (oxygen uptake and nitrogen regeneration) was measured in a
473 mL sealed respiration chambers (n = 8 per species) over time. Each
chamber contained 6 tunicate tiles of one species or 6 blanks. The chambers
were held in an 18 °C incubator, gently stirred. Oxygen concentration
measured with Hach HQ30D Portable Dissolved Oxygen Meters every
5 minutes until the oxygen level dropped to around 5 mg/L. The net O2
consumption rate (mg/g/L/h) by tunicates was determined by subtracting
the O2 uptake rate of the blank-tile group from the total O2 uptake of the
tunicate-tile group and dividing by the total wet weight of the tunicates.
Nitrogen regeneration (μM/g/h) was estimated from the NH4+ concentration
(Solorzano 1969) in the chambers at the beginning and the end of each
metabolic trial, subtracting the blank-tile group, and dividing by the total
wet weight of the tunicates of each tunicate-tile group to get NH4+
regeneration rate per biomass.

Experiment #2: Algal filtration rates and food source dependence of
mussels and tunicates
To assess the relationship between epifaunal tunicates and blue mussels,
the metabolic rates of blue mussels with varying coverage of tunicates and
other fouling organisms were measured. The percent coverage of epibionts
(predominantly tunicates, including Diplosoma listerianum, with a small
amount of bryozoans) on blue mussels was estimated by photographing
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the blue mussels and measuring the total area of coverage by using the
image-processing software ImageJ. Total filtration rates were determined
for each live blue mussel with attached tunicates and bryozoans. Then the
blue mussels’ internal tissues were carefully removed and the filtration rate
was determined for the same blue mussel shells with epifauna only in
replaced water. Sixteen blue mussels/pairs of mussel shells were placed into
sixteen jars, filled with 350 mL of seawater and 5 mL of diluted algae
solution frozen algae paste (RotiGrow+), and then kept on slowly moving
shaker tables to keep algal cells suspended and maintain oxygen levels. The
amount of chlorophyll a in each jar was measured every two hours for
eight hours (Turner Designs 10-au fluorometer). Filtration rate was
determined by the change in chlorophyll a concentration after the first two
hours. The net filtration rate (μg/g/L/h) of blue mussels was calculated as
the difference between the filtration rate of whole mussel and that of its
shells with just epibonts divided by the individual meat biomass. Epibont
biomass was not measured. Muscle tissue of several blue mussels and the
tissues of D. listerianum were analyzed for δ13C and δ15N at the MBL stable
isotope lab to assess relative importance of algae as a food source.
D. listerianum was chosen as it was thought to be representative of colonial
tunicate feeding types and was present in sufficient mass to obtain a
sufficient sample. Typical isotopic values for wild local phytoplankton were
retrieved from Deegan and Garritt 1997, Nelson et al. 2015, and Colarusso
et al. 2016.

Statistics
One-way ANOVA was performed in R 3.5.2 to determine whether
metabolic rates of different tunicate species were significantly different.
Regression was used to evaluate the correlation between mussel filtration
rate and epibiont coverage as well as epibiont filtration rate. A p value
smaller than 0.05 is considered to be statistically significant.

Results
Experiment #1: Metabolic rates of tunicates
There was a strong trend for the two invasive tunicates species, Didemnum
vexillum and Botrylloides violaceus, to exhibit higher oxygen consumption
rates than the native species, Aplidium glabrum (Figure 1; F = 3.426, df = 2,
p = 0.0516), though the differences were not statistically significant.
Didemnum vexillum generated more than twice as much NH4+ waste per
unit time than A. glabrum and B. violaceus (F = 14.228, df = 2, p < 0.001;
Figure 2).
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Figure 1. Oxygen uptake rates of Aplidium glabrum, Didemnum vexillum, and Botrylloides
violaceus measured at the beginning of Experiment 1 (mean ± SE). Oxygen consumption was
not significantly different across 3 species (F = 3.426, df = 2, p = 0.0516).
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Figure 2. Ammonium regeneration rate of Aplidium glabrum, Didemnum vexillum, and
Botrylloides violaceus measured at the beginning of Experiment 1 (mean ± SE). Ammonium
regeneration rate was significantly different across 3 species (F = 14.228, df = 2, p < 0.001).
The asterisk indicates D. vexillum had significantly higher NH4+ regeneration rate than the other
two species.

Experiment #2: Algal filtration rates and food source dependence of
mussels and tunicates
The filtration rates of individual blue mussels (standardized to biomass)
were not correlated with their percent coverage by tunicates and bryozoans
(R2 = 0.07, p = 0.3387; Figure 3). The filtration rates of the epifauna were
consistently around 5 μg/L/h (not adjusted for epibont biomass) even
though percent coverage varied from near 0 to 70%, while the blue mussel
filtration rate varied between 0.5–5 μg/g/L/h (Figure 4). Based on the
results of the stable isotope analysis, blue mussels and invasive tunicates had
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Figure 3. Net filtration rate of mussels that had different shell area coverage (%) by tunicates
and bryozoans. In all cases, the coverage did not extend to the shell margins and did not limit
the gape opening of mussels (R2 = 0.07, p = 0.3387).
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Figure 4. Comparison between epifauna algal filtration rate and blue mussel filtration rate.
Filtering rate was measured as chlorophyll depletion over a two-hour incubation. No significant
correlation was found between epifauna and mussel filtration rates (R2 = 0.034, p = 0.5106).

similar δ13C values between −22‰ and −18‰, which are in the typical
range for phytoplankton (Figure 5; Deegan and Garritt 1997; Nelson et al.
2015). Blue mussels had slightly higher δ 15N values than tunicates, which
might be due to the consumption of zooplankton as a part of their diet
(Wong and Levinton 2004).

Discussion
Native and invasive tunicates were metabolically different. The generally
higher oxygen demands of Didemnum vexillum and Botrylloides violaceus
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Figure 5. Measured δ 13C and δ 15N of blue mussels and tunicates. The yellow box represents
isotopic values of phytoplankton retrieved from Deegan and Garritt 1997 and Nelson et al. 2015.

suggest that these two invasive tunicates might be growing at faster rates
than the native tunicate Aplidium glabrum, which is consistent with the
trend of declining native tunicate abundance due to the competition from
invasive tunicates (Carman et al. 2010). The high ammonium regeneration
rate of D. vexillum could be attributed to its flow through digestive system
in which food is taken in via a single siphon by filter feeding, moves
quickly through the animals and excess water and waste products are
expelled via a common atrial siphon (Ruppert et al. 2004). The expulsion of
water and waste products together can lead to what has been called a
“leaky” digestive system in which ammonium and other waste products
leave the body quickly.
The blue mussel filtration rate was not negatively correlated with
percent coverage of the tunicates and bryozoans. This was probably
because the epifauna only occupied the surface of blue mussel shells in our
samples and not the margins. If the tunicates had overgrown the margins
of the shells, the mussel filtration might have been inhibited, decreasing
mussel filtration rate. The similar δ13C values of invasive tunicates and blue
mussels indicate that the organisms are indeed both supported by the
phytoplankton food web. Additionally, the whole-organism filtration rates
of epifauna over a wide range of shell surface covering were in the same
magnitude as those of blue mussels (Figures 3 and 4). These two findings
imply that there could be competition between blue mussels and their
associated tunicate epifauna to acquire the same food. When tunicates start
to actively grow and reproduce during summer, blue mussels could be
locally outcompeted. Furthermore, it would be helpful to examine the size
of particles that were consumed by native, invasive tunicates, and blue
mussels to gain a better understanding of their trophic dynamics.
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Invasive tunicates might be more resilient to changes in temperature and
pH conditions that are likely to occur under climate change. Elevated
seawater temperatures are changing the distribution patterns of tunicate
populations, giving some introduced species a competitive advantage
(Epelbaum et al. 2009), especially those species that have a range of
environmental tolerances (Lambert and Lambert 2003). As ocean
temperatures increase, native species will likely decrease in abundance, and
introduced species are likely to increase in this system (Sorte et al. 2010).
The metabolic rate doubled at experimentally controlled, warmer
temperatures for the solitary tunicate Styela plicata (Lesueur, 1823)
(Montalto et al. 2017). The results of our metabolic tests indicate that
temperature may be a stronger driver to changes in metabolism than pH
(unpublished data). There might be a synergistic effect of warming and
acidification on the oxygen consumption rate for D. vexillum. However,
this hypothesis needs to be tested. Although our study has provided some
insight on the unique ecology of invasive tunicates, future studies may keep
investigating on the difference in filtration rate and growth and
survivorship response to environmental drivers between native and
invasive tunicates. Our comparisons are limited, because replication levels
were too low when samples were divided into different temperature and pH
treatment groups (hence unpublished). We suggest that these hypotheses
be tested in the summer, when tunicates exist in high abundance and are
thus easily accessible.
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