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ABSTRACT: Colonial ascidians are a group of prolific invaders found in urban marine environ-
ments. Despite often high levels of pollution in these areas, some species of ascidians not only tol-
erate but thrive in these conditions, while native species decline. The role of pollution tolerance in
establishment success is often overlooked, and therefore the mechanisms employed by invaders
are poorly understood. This research explores both acute and chronic copper toxicity of Botryl-
loides violaceus, a prominent invader in the Gulf of Maine, and a native counterpart, Aplidium
glabrum. Acute toxicity tests revealed that B. violaceus larvae are significantly more tolerant to
exposure than A. glabrum larvae (median effective concentration for settlement inhibition [EC5]
values = 107.9 and 46.7 pg 1™, respectively). Further, the results indicate that B. violaceus is more
tolerant than members of several other native benthic phyla using a species sensitivity distribution
approach. Chronic toxicity tests determined that ECs, values impacting the number of zooids per
colony and colony area for A. glabrum were achieved at environmentally relevant concentrations
of copper, while B. violaceus values were over twice the concentration (approximately 8 and
20 pg 171, respectively). These findings support the hypothesis that invader pollution tolerance is
indeed greater than that of native species, both within and beyond the same phyla, and likely
plays a role in invader establishment and spread as described in the invader tolerance model.
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INTRODUCTION

The invasion of non-native species into established
ecosystems is a major threat to global biodiversity
(Wilcove et al. 1998). The global ocean is home to an
estimated 225000 known species (Grosberg et al.
2012), many of which are threatened by the presence
of marine invaders (Bax et al. 2003). Although natural
range expansion of species has been documented
due to climatic and geological events, human-medi-
ated expansions occur at a much more rapid rate and
span greater distances (Lockwood et al. 2007). Such
invasions lead to a myriad of impacts on native com-
munities. For example, invaders may outcompete na-
tive species for resources, including space and food,
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leading to high mortality rates and a loss in native
species biodiversity. The impacts on native commu-
nities can then result in losses to essential ecosystem
services such as water filtration and control of other
species’ populations (Lockwood et al. 2007).
However, increased native community biodiversity
may act as a natural barrier against invader success
(biotic resistance hypothesis; Elton 1958). Several
controlled, local-scale studies have illustrated that
communities with high biodiversity utilize resources
more efficiently, which makes it more difficult for
introduced species to become established (Case
1990, Stachowicz & Byrnes 2006, Janiak et al. 2013).
In contrast, as species richness decreases, invasive
species become more successfully established (Sta-
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chowicz et al. 1999). Therefore, as biodiversity be-
comes increasingly threatened by the presence and
number of invasive species, a positive feedback will
occur, leading to further loss of species richness and
the potential homogenization of a system at an accel-
erated rate.

In addition to invasive species, marine communities
are also challenged with marine pollution, particularly
along industrialized coastlines and in urban harbors.
Many native marine organisms are susceptible to
chemical pollutants released or concentrated in
coastal areas from anthropogenic activities (Crooks et
al. 2011). Several studies have shown increased toler-
ance of invasive species to different environmental
parameters, including pollution, and suggest that this
is likely aiding in their success in urban harbors (Lam-
bert & Lambert 2003, Zhan et al. 2015). Native organ-
isms therefore experience dual challenges — compe-
tition with invasive species for space and food, and
toxicity from marine pollution. As resistance toward
marine invasions depends on high native biodiversity,
the impact of marine pollution may go far beyond im-
pacts to individuals. If marine pollution acts to dimin-
ish native biodiversity, it may act as a facilitator for
marine invasions (Zhan et al. 2015). This possibility
depends highly on the comparative tolerances of na-
tive and invasive marine species.

Marine invasive colonial ascidians are found with-
in biofouling communities, which are also home
to mollusks, crustaceans, echinoderms, macroalgae,
cnidarians, and other native colonial ascidians. They
are strong competitors for resources, and therefore
the presence of these invaders can present new chal-
lenges for the native community members (Edwards
& Stachowicz 2010). Their incredible success as inva-
sive species (Ramsay et al. 2008) and high tolerances
to a number of environmental stressors make them
an attractive model for studying the impact of marine
pollution on invasive success. Botrylloides violaceus
Oka, 1927 is a particularly aggressive invasive colo-
nial ascidian and was first documented in the Gulf of
Maine in the 1980s (Carlton 1989). The success of this
species throughout the North Atlantic coast has been
attributed to rapid proliferation and higher tempera-
ture and salinity tolerances compared with native
species (Dijkstra et al. 2008, 2011). In comparison,
there are several native colonial ascidian species
found in biofouling communities within the Gulf of
Maine, including Aplidium glabrum (formerly Ama-
roucium glabrum Verrill, 1871). A. glabrum, a colo-
nial Aplousobranch ascidian species native to the
Northwest Atlantic Ocean, is distributed from the
Bay of Fundy, Canada, down to Cape Hatteras off the

mid-Atlantic US coast (Vanden Berghe et al. 2005).
Despite the ecological significance of ascidian inva-
sions in marine environments, very little is known
about their toxicological thresholds, and therefore
the role pollution plays in their establishment and
proliferation. Further, even less is known regarding
the toxicity of marine pollutants to native ascidian
species. Understanding the comparative sensitivities
of invasive and native ascidians to common marine
contaminants is critical for defining the role of marine
pollution in ascidian invasions.

Copper is an essential metal for life, yet its intro-
duction into the marine environment via antifouling
agents and land-based industrial processes has led to
negative impacts on exposed communities (Neira et
al. 2011). The use of copper as the active ingredient
in antifouling agents has increased considerably
since the ban of tributyltin (Dafforn et al. 2011),
resulting in acutely toxic concentrations of up to
80 ng 17! in urban harbors (Hall et al. 1988, Manisseri
& Menon 1995, Negri & Heyward 2001, Katranitsas
et al. 2003, Bellas et al. 2004). These concentrations
negatively impact marine organisms through oxida-
tive stress and reduced lysosomal stability, which can
ultimately lead to mortality (Svendsen & Weeks 1997,
Neira et al. 2014, Oldham et al. 2014).

Because of its prevalence and potency to many
marine species, we chose copper as a model pollutant
and conducted experiments to determine whether
chemical pollutants selectively inhibit the growth
and settlement of native species, while allowing in-
vasive species to thrive. B. violaceus and A. glabrum
were selected to represent invasive and native spe-
cies of the biofouling community. Our experiments
were designed to identify sensitive toxicological end-
points and uncover the acute and chronic toxicity
thresholds for both species. These threshold toxicity
values were compared with those of other native
fouling community members using a species sensitiv-
ity distribution (SSD) approach, which provided a
broader view of the potential impacts of copper pol-
lution to the community. Finally, our results were
contextualized within the invader tolerance model
(ITM) to predict how pollution may act to facilitate
invasion success of marine communities.

MATERIALS AND METHODS
Expt 1: acute copper toxicity

We conducted short-term or acute toxicity tests to
determine how copper exposure affected the survival
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and settlement of larval ascidians. Both lethal (LCsy;
median concentration causing a 50% reduction in
survival) and sublethal (EC;,; median concentration
causing a 50% reduction in settlement) endpoints
were recorded during Expt 1. Initial settlement stud-
ies revealed that 100 % (total n = 100) of Botrylloides
violaceus and 92% (total n = 50; reduced number
based on larvae availability) of Aplidium glabrum
larvae settled within 48 h, and therefore 48 h was a
sufficient test duration. The range of concentrations
(8-4800 pg 17!) used in the acute toxicity tests were
initially derived from published toxicity values for
the invasive ascidian Ciona intestinalis (Bellas et al.
2001), but were then adjusted to include the higher
concentrations necessary to reach toxicity values of
interest.

Larvae collection

Intact colonies of B. violaceus and A. glabrum were
gently removed and collected from the Massachusetts
Maritime Academy floating dock (41°44'19.58"N,
70°37' 36.44" W) using a paint scraper. Colonies were
placed in seawater filtered to 5 pm at 33 ppt = 1 ppt
salinity and ambient laboratory temperature (18°C +
1°C). Larvae were immediately released in response
to disturbance from the removal process. Released
larvae were collected with a larvae collector system
based on the design of Watanabe & Lambert (1973)
and is further described in the Supplement (Fig. S1in
the Supplement at www.int-res.com/articles/suppl/
mb95p135_supp.pdf). Larvae were held for up to
10 min in the Nytex catchment until test initiation.

Experimental units

Sterile 60 x 15 mm polystyrene Petri dishes were
used as the experimental units for the 48 h acute
larval toxicity tests. Seven nominal concentrations of
total copper ions were used to capture both targeted
LC5 (mortality) and ECsq (settlement inhibition) val-
ues: 37, 75, 150, 300, 600, 1200, 2400, and 4800 ng 171,
Stock solutions were prepared using cupric chloride
dihydrate (CuCl,-2H,0; MP Biomedicals) and deion-
ized water; Stock A (10 mg per 100 ml) and Stock B
(1 mg per 100 ml; prepared using Stock A). Experi-
mental concentrations were prepared by adding the
appropriate stock to seawater filtered to 5 pm at
33 ppt + 1 ppt salinity and ambient laboratory tem-
perature (18°C = 1°C). Following collection, 5 larvae
of either B. violaceus of A. glabrum were placed in a

Petri dish containing 20 ml of the appropriate copper
treatment in filtered seawater (or for the control, only
filtered seawater). For each concentration tested, 5
replicate Petri dishes were set up, except for one test
iteration of B. violaceus that had 3 replicates per con-
centration due to insufficient larvae availability.

Water samples were collected at test initiation and
were analyzed for total copper at the University
of Massachusetts Boston Environmental Analytical
Facility. Samples were acidified (pH < 1, ultrapure
HNO3) (~1.0 ml) on collection, then spiked with
indium (internal standard to correct for instrument
drift) to a final concentration of 20 pg 17'. Samples
were analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS) (Perkin Elmer DRC II) under
dynamic reaction cell (DRC; NH;3(g)) to reduce detec-
tion interferences on ®3Cu and %°Cu. Calibration stan-
dards (7) were made in trace element-free seawater
across a range from 1 pg 17! to 10 mg 17! total Cu.
Quality control standards were made at 3 ng 1"! and
3 mg 1! Cu. All standards were also spiked with
indium, as above. Copper concentrations were quan-
tified by external calibration with internal standardi-
zation, with each sample analyzed in triplicate and
calibration and check standards analyzed between
each 5 samples. Analytical uncertainties expressed
as relative standard deviation and relative error were
quantified as in United States Environmental Protec-
tion Agency (US EPA) method 200.8 (US EPA 1994).
Copper calibration curves consistently had a R? >
0.9995.

Acute toxicity endpoints

At the conclusion of the test, each larva was exam-
ined under a microscope to determine survival and
settlement success. Settlement inhibition was de-
fined as the inability to metamorphose from the pe-
lagic larval stage to the sessile adult form. Individu-
als were considered ‘inhibited’ if they remained as
larvae until the 48 h benchmark. If not moving, lar-
vae were examined using a light microscope to de-
termine whether blood circulation and heart rate
were detectable. If not, the individuals were consid-
ered dead (D). Individuals with an overall healthy (H)
appearance were feeding, as indicated by their
siphons being open (SO), and had plump ampullae
and blood circulating. If an individual did not have
these characteristics, it was recorded as not healthy
(NH). Irregular siphon response was recorded in 3
ways. If siphons exhibited a delayed response of clos-
ing when probed (>1 s), those organisms were classi-


http://www.int-res.com/articles/suppl/m595p135_supp.pdf
http://www.int-res.com/articles/suppl/m595p135_supp.pdf

138 Mar Ecol Prog Ser 595: 135-147, 2018

fied as SS. Siphons closed entirely on inspection in-
dicated that no feeding was occurring (SC). Finally,
siphons that did not respond to stimuli at all were
labeled as NSR. In addition to siphon response, a
small zooid size that differed visually from ‘healthy’
individuals was also recorded, as indicated by a
shrunken or shriveled appearance and with a surface
area measuring <1 mm? (SM). Further, affected am-
pullae were recorded as either shrunken (SA) or if
very few were present (<6 count) or none at all,
NAM. Individuals that did not exhibit either external
(stimuli-induced) or internal (heart rate) response
were considered dead (D). Significance was recog-
nized for differences between treatments for each
endpoint at p < 0.05.

To better understand both invasive and native co-
lonial ascidian sensitivity to copper pollution in the
context of the broader fouling community, we em-
ployed a SSD approach. A SSD provides an expo-
sure-response relationship for a given chemical that
is based on the response of different species (Suter
2006). In this way, related toxicology endpoints (ECsq
values) were compiled and summarized for multiple
species and then modeled using US EPA CADDIS
software (US EPA 2010a). This approach employs a
log-probit model to plot concentrations at which dif-
ferent species exhibit a standard response to a pollu-
tant exposure (US EPA 2010a). CADDIS ranked the
toxicity values of each species from the input list. The
ranks were then plotted to indicate species sensitivity
relative to one another.

SSDs were originally developed to determine con-
centrations of a chemical that affect a particular per-
centage of species (e.g. predicted low effect concen-
tration at the 5th percentile), but they can also be
used for determining the relative tolerance of a par-
ticular species, as demonstrated in the present study.
Acute ECgy values for settlement inhibition along
with morphological deformation ECj, values for
other larval benthic species retrieved from the EPA
ECOTOX database (https://cfpub.epa.gov/ecotox/)
were entered into CADDIS. Toxicity values for sev-
eral phyla commonly found in benthic communities
were included in our ranked list: annelids, chordates,
molluscs, echinoderms, and arthropods.

All statistical analyses were performed using R ver-
sion 3.3.0. Dose-response curves were constructed
for larval settlement following the methods described
by Hasenbein et al. (2017) to determine copper toxic-
ity thresholds (ECj;, and LCj;, values). Settlement
inhibition in acute tests was representative of suc-
cessful zooid metamorphosis and was therefore used
as an indicator for establishment success or failure.

No observable effect concentrations (NOEC) and
lowest observable effect concentrations (LOEC) were
identified by comparing acute endpoint measure-
ments (zooid size, ampullae appearance, siphon res-
ponse, mortality). Data for each endpoint were
checked for normality using the Shapiro test and for
homogeneity using the Fligner-Killeen test. The
Kruskal-Wallis test with a Dunn's test for multiple
comparisons was employed for data with homoge-
neous variance and the Wilcoxon-Mann Whitney test
with multiple comparisons was used for data with
heterogeneous variance. A p-value < 0.05 was used
to identify statistical differences between endpoint
measures.

Expt 2: chronic copper toxicity

We designed chronic toxicity assays to determine
how copper impacted the growth of ascidians follow-
ing settlement. No protocols were available in the as-
cidian ecotoxicology literature; therefore, standards
were developed using knowledge of ascidian biology
and personal observation. Expt 2 primarily focused
on sublethal endpoints including surface area as a
measurement of growth, number of zooids or cloning
events, and heart rate. Colonial ascidians undergo
numerous rounds of asexual reproduction, or cloning,
prior to sexual reproduction (Grosberg 1988). This
allows colonies to grow to an adequate size for
spawning, but also represents an important competi-
tive strategy for species within the biofouling com-
munity. We initiated toxicity tests in August due to
the availability of adult ascidian colonies and contin-
ued the tests for 11 wk. After this time, water temper-
atures were too low and variable and so the ex-
periments were terminated.

Larvae collection and initial settlement

Larvae were collected as previously described.
Once collected, larvae were forced to settle on the
desired substrate using the freshwater shock method
described by Epelbaum et al. (2009). Briefly, larvae
were placed in freshwater for 30-60 s, transferred to
33 ppt = 1 ppt seawater filtered to 5 pm, and then
immediately transferred in a single droplet of water
and placed on the target substrate. Larvae begin to
metamorphose immediately.

Once larvae metamorphosed and were securely
fastened to their Petri dish substratum, the Petri
dishes were suspended in holding tanks with clean
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33 ppt = 1 ppt seawater filtered to 5 pm for approxi-
mately 10 d. Single Petri dishes containing 10 to 11 d
old juveniles were then suspended in 750 ml of treat-
ment solution with 0, 1, 10, 20, 40, or 80 ng 1! copper
concentration. The containers were not aerated, and
the water was manually renewed twice weekly for
the 11 wk duration of the experiment. Stock solutions
were prepared using cupric chloride dihydrate
(CuCl,-2H,0; MP Biomedicals) as described above.
Experimental concentrations were prepared by
adding the appropriate stock to seawater filtered to
5 pm at 33 ppt + 1 ppt salinity and ambient laboratory
temperature (18°C = 1°C).

Experimental units were fed 20 pl of an alternat-
ing diet of Microvert (Kent Marine) and Liquifry
No. 1. (Interpret) based on previously published
data (Epelbaum et al. 2009). Mortality was re-
corded twice weekly, while sublethal endpoints
(i.e. colony surface area, number of zooids per co-
lony, and heart rate) were measured once weekly.
Detailed notes and observations of morphological
abnormalities and mortality were also recorded.
Photos of colonies were captured at 4 wk and
10 wk and were used to document long-term
changes reflected in surface area and zooid count
fluctuations.

Chronic toxicity endpoints

Colony surface area was measured using Image J
photo processing software (Schneider et al. 2012).
The numbers of zooids per colony were manually
counted using a dissecting microscope under low
power (x4 magnification). Heart rate was recorded
by observing 3 individuals per colony for
30 s each and averaging their calculated
beats per minute (BPM). Observations were
recorded only for 30 s because ascidian
hearts change the direction in which they
pump abruptly (every 45-90 s; Mukai et al.
1987), and therefore a time duration was
chosen that was not affected by treatment.

Chronic endpoints were used as indica-

homogeneity, and comparisons were made accord-
ing to the same procedures as those employed for
acute endpoint analysis.

RESULTS
Acute copper toxicity

During acute exposures, the invasive Botrylloides
violaceus was more tolerant of Cu compared with the
native Aplidium glabrum. As all measured concen-
trations were within 10% of the nominal values
(Table S1 in the Supplement); nominal values were
used in subsequent analyses. Dose-response curves
were constructed for both B. violaceus and A.
glabrum to determine the EC5, concentration for set-
tlement inhibition and LC;, values for mortality
(Table 1, Fig. S2 in the Supplement). Settlement is a
critical endpoint for subsequent metamorphosis,
growth, and reproduction; therefore, the inability to
settle would ultimately lead to death. Mean settle-
ment was significantly impacted at 7?5 ng 1! (p =
0.009) in B. violaceus and all higher concentrations
tested, and thus represented the LOEC. The compar-
ative LOEC for A. glabrum was 37 ug 1! (p = 0.008).
While B. violaceus toxicity tests revealed an average
ECs, for settlement at 107.9 ng 17, A. glabrum was
over twice as sensitive. Mortality represented by the
LCsq occurred at much higher concentrations for both
species, but again A. glabrum showed a greater sen-
sitivity compared with the invasive ascidian, B. viola-
ceus (Table 1).

At the conclusion of the 48 h toxicity tests, several
observational endpoints were recorded including not

Table 1. Median (+SE) effective concentration causing a 50 % reduction
in settlement (EC;g) or in survival (LCjsp) from each copper toxicity test
for both Botrylloides violaceus and Aplidium glabrum. Discrete tests
had varying numbers of individuals per replicate and number of repli-
cates per treatment based on larvae availability. Discrete tests are re-
ferred to as AGI, AGII, BVI, and BVII to indicate the species used in the
test (AG: A. glabrum; BV: B. violaceus) and the iteration of the test
(L: first; II: second). Averages are highlighted in bold

tors of sublethal, organismal-level stress.

Dose-response curves were constructed to Iteration No.of — No. ofind  ECs, (ng 1) LCso (ng 1)

generate EC;, values according to the same replicates replicate”

procedure as those for acute values. The BVI 3 5 1121+ 17.7  2434.6 + 325

number of zooids and colony area were rep- BVII 5 5 904 £16.9 22949 +407.3

resentative of impacts on asexual reproduc- Average BV - - 107.9 £ 17.3 2363.5 £ 174.1

tion. Variations in heart rate were indica- AGI S S 38.9+2.9  656.4 +122.5
. . AGII 5 5 49.5 +3.3 640.9 + 175

tive of metabolic changes. Data for each Average AG _ _ 46.7 + 3.6 656.8 + 92.0

endpoint were checked for normality and
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healthy (NH) appearance, siphon condition (SS, SC,
NSR), zooid size (SM), and ampullae condition (SA,
NAM) at the conclusion of the 48 h toxicity tests.
These endpoints acted as a useful analog indicator of
health by elucidating physical traits that were visibly
impacted. Overall, B. violaceus tolerated concentra-
tions higher than A. glabrum based on all observa-
tional responses recorded (Table 2). B. violaceus
zooids presented as healthy in both controls and the
37 ug 17! treatment, while A. glabrum was clearly
impacted at 37 pg 17! due to their small size and the
shrunken appearance of their ampullae. Conversely,
B. violaceus zooid health, size, and ampullae were
not significantly impacted until the 75 pg 17! treat-
ment. A. glabrum and B. violaceus experienced ex-
treme ampullae shrinking or absence (NAM) at 150
and 300 png 17! copper, respectively.

To visually compare the impacts of acute copper
exposure on each species, we combined the observa-
tional metrics to more easily differentiate between
healthy and unhealthy colonies. We grouped the ob-
servational endpoints into 4 distinct classes: (1) nor-
mal size based on zooid size (SM), (2) functioning
normally based on healthy appear-
ance and siphon condition (H + SA +
SO), (3) unhealthy based on siphon 100
condition (SS + SC + NSR), or (4) not
living if there was no visible heart
beat (D) (Fig. 1). Decreases in colony
size and health, and increases in un-
healthy colonies and mortality were 40

80

60

evident with increasing concentra- _8
tion. This pattern was apparent for & 20
both A. glabrum and B. violaceus, yet 8 0
normal size and healthy colonies kS)
were observed at higher concentra- %
tions in B. violaceus than in A. € 100
glabrum. Approximately 50% of B. g
violaceus colonies exhibited normal & 80
function at 300 pg 17!, compared with 60
A. glabrum at 75 ng 1.

The copper exposure SSD com- 40
bined the colonial ascidian toxicity
dataset presented here with other 20
benthic species to identify relative
tolerances (Fig. 2). A complete table 0 0

of ECsy values for the selected species
is provided in Table S2 in the Supple-
ment. The SSD offers several key
findings. First, B. violaceus is more
tolerant of pollution relative to every
other species included in the dataset
(100th percentile), with an EC5, value

O Normal size

Table 2. Threshold copper concentrations (p-values < 0.05)

which indicate the exposure level resulting in significant

effects on each endpoint (lowest observable effect concen-
tration; LOEC)

Endpoint Threshold concentration (ug 17!
Botrylloides Aplidium
violaceus glabrum
Overall condition
Not healthy appearance (NH) 75 37
Reduced surface area (SM) 75 37
Mortality (D) 4800 600
Ampullae condition
Shrunken ampullae (SA) 75 37
Few present (NAM) 300 150
Siphon response
Delayed response (SS) 300 75
Closed siphons (SC) 1200 150
Unresponsive and closed (NSR) 1200 600

of 107.9 pg I"!. The non-native tubeworm Hydroides
elegans (phylum Annelida) follows closely behind
with an ECs of 100 png 17!, Relative toxicity concen-
trations drop off significantly following H. elegans,

Botrylloides violaceus (invasive)

Aplidium glabrum (native)

1200 2400 4800
Treatment (ugl 1)

B Normal function EUnhealthy B Dead

Fig. 1. Percentage of colonies at each concentration falling into different ob-
servational categories. Observational endpoints were combined to assess
colony size (SM), if colonies appear to be functioning normally (H + SA + SO)
or appear unhealthy (SS + SC + NSR), and mortality (D). See ‘Materials and
methods—Acute toxicity endpoints’ for abbreviations
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During the 11 wk copper exposure,
the number of zooids increased in
both B. violaceus and A. glabrum
colonies; however, the rate and fre-
quency at which cloning occurred dif-
fered between the species. B. vio-
laceus underwent rapid cloning
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relative to A. glabrum. At the conclu-
sion of the assay, B. violaceus control
colonies had a mean of 61.2 zooids
(SE = 7.3), while A. glabrum controls
had a mean of only 21.6 zooids (SE =
1.8) (Fig. 3A,D, respectively). For B.

0 T :
1.00 10.00 100.00
Copper ECsp (ug I")

Fig. 2. Species sensitivity distribution for benthic species found in New Eng-
land, including both the native Aplidium glabrum and the invasive Botryl-
loides violaceus acute median effective concentration for settlement inhibition
(ECs50) values for morphological effects due to copper exposure. Species are
grouped by phyla accordingly: Annelida = purple diamond (Gopalakrishnan
et al. 2007); Chordata = green squares (Bellas et al. 2005a); Mollusca = blue tri-
angles (Calabrese et al. 1977, Rivera-Duarte et al. 2005, Arnold et al. 2009,
Nadella et al. 2009); Echinodermata = pink circles (Rivera-Duarte et al. 2005);
Arthropoda = black cross (Qiu et al. 2005). The black curve represents the
central tendency and the dotted lines represent the prediction intervals

with the next highest concentration being 70 ng 17
for Ciona intestinalis. A. glabrum is in approximately
the 60th percentile. Echinoderms and arthropods
exhibit intermediate sensitivity relative to the other
phyla. Members of the phylum Mollusca appear to be
most sensitive to copper pollution, representing the
lowest percentiles of the group (all values included in
the SSD are from larval studies).

Chronic copper toxicity

Chronic copper toxicity for B. violaceus and A. gla-
brum was assessed in an 11 wk study by recording
growth rate (number of zooids per colony), colony
area, and heart rate. The numbers of zooids are di-
rectly indicative of cloning events that have occurred.
Colony area may suggest whether
cloning events have occurred, al-
though cloning is not necessary for
an expanding colony to experience
positive growth. In addition, heart
rate was monitored for each repli-

1006.00 violaceus, 40 ng 1! was the lowest
concentration that resulted in a sig-
nificant decrease of colony size (p =
0.01), number of zooids (p = 0.009),
and heart rate (p = 0.007). However,
impacts were noted in A. glabrum at
much lower concentrations. Both
colony size (p = 0.0002) and number
of zooids (p = 0.0003) were signifi-
cantly affected at 10 png 17!, Heart rate
was affected at 20 pg 17! (p = 0.0001).
This suggests that heart rate was a
less-sensitive metric to observe effects between
treatment groups.

Temporal trends for each of the 3 endpoints were
monitored weekly throughout the duration of the
chronic copper toxicity test (Fig. 3) and compared at
the final timepoint. B. violaceus zooid count and
colony area were continuously greater than the con-
trols at 1 pg 171, although this effect was not statisti-
cally significant. At higher concentrations, growth
rates in zooid count and colony area were signifi-
cantly lower throughout the 11 wk test. In general, as
the colonies grew, the heart rate steadily declined,
including in the controls. The trends observed in
A. glabrum samples followed relatively the same
growth rate pattern as their invasive counterparts,
but were significantly lower in the measurements of
number of zooids and colony area. Heart rate gener-

Table 3. Chronic median (+SE) effective concentration for settlement inhibition

(ECsp) values for the number of zooids per colony, colony surface area, and heart

rate (BPM: beats per minute). This value represents the median copper concen-

tration at which 50 % of test organisms exhibited significantly impacted growth
(zooid count and area) and physiological function (heart rate)

cate by recording mean BPM in 3

randomly selected individuals per Species

Zooid count Area (mm?)  Heart rate (BPM)

colony. Chronic EC;, values were
calculated for each of the 3 end-
points measured (Table 3).

Botrylloides violaceus 19.2 + 4.6 pg1™ 20.0 +3.5ug 1!
Aplidium glabrum

29.5 +2.3 pg 1™t

8.7+22pgl!  82+4.02ngl! 18.7+10.2 pg 1™
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Fig. 3. Temporal trends of zooid count, colony area, and heart rate (BPM: beats per minute) during the chronic copper toxicity
test for Botrylloides violaceus (A—C) and Aplidium glabrum (D-F)

ally declined for A. glabrum, but at a slower rate than
that of B. violaceus.

DISCUSSION
Acute copper toxicity

Acute toxicity tests provided strong support for the
hypothesis that invasive colonial ascidians are more
tolerant of marine pollution than their native counter-
parts. Boirylloides violaceus, a prolific invasive colo-
nial ascidian, was able to withstand greater concen-
trations of copper than the native Aplidium glabrum.
B. violaceus survived concentrations 8 times greater
than A. glabrum, while inhibition of settlement and
metamorphosis of B. violaceus occurred at concentra-
tions greater than twice that of A. glabrum.

The observational endpoints measured further sup-
ported these findings. Colony size and ampullae size
or abundance were sensitive indicators for both inva-
sive and native colonial ascidians. Both endpoints for
B. violaceus were impacted at a higher concentration

(75 ng 1) than A. glabrum (37 pg 171). Siphon activity
is an indicator of regular feeding and defecation. Cop-
per exposure caused negative impacts on siphon ac-
tivity, including prolonged closing of the siphon and a
lack of response to stimuli, but as with the other end-
points measured, A. glabrum showed a higher sensi-
tivity. Delayed siphon response occurred at a concen-
tration 4 times higher in B. violaceus than that of A.
glabrum (300 and 75 pg 17}, respectively). At 1200 pg
1"t for B. violaceus and 600 ng 1! for A. glabrum,
siphons did not respond to stimuli at all, suggesting
severe physiological fitness costs at these concentra-
tions. B. violaceus continued to keep their siphons
open and responsive at much higher concentrations
than A. glabrum, suggesting that tolerance mecha-
nisms rely on a trade-off of colony and ampullae size
to allow for their continued function.

Others have investigated acute copper toxicity in
the solitary cryptogenic ascidian Ciona intestinalis
(Bellas et al. 2004), a major fouling species of US New
England coastal waters (Pederson et al. 2005, McIn-
tyre et al. 2013, Wells et al. 2014). Our SSD revealed
that C. intestinalis has a relatively high tolerance to
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copper (Fig. 2) compared with other benthic organ-
isms. However, the SSD also demonstrated that B.
violaceus has the highest copper tolerance of the
other ascidian species C. intestinalis and A. glabrum.
The relative copper sensitivity of ascidians compared
with the sensitivities of other biofouling community
members indicates that members of the Tunicata are
generally more tolerant than most other phyla in-
cluded in the SSD analysis. Further, this tolerance is
often several times greater than native species pres-
ent in the Gulf of Maine. For example, larvae from
the phylum Mollusca were the most-sensitive group
tested, with ECs, concentrations ranging from 8 to
32 ug 1!, while the ascidians (including both colonial
and solitary variants) ECs, values ranged from 46 to
107 ng 171, Despite the greater general tolerance of
ascidians, significant differences remain amongst
members of this phyla, including between the native
and invasive species.

Chronic copper toxicity

The results of the chronic copper toxicity tests fur-
ther support the hypothesis that invasive species are
more tolerant of marine pollution. B. violaceus colo-
nies exhibited an increased growth and cloning rate
compared with A. glabrum, even in the controls,
implying that B. violaceus can outcompete native
ascidians in the wild. In addition, it was less suscepti-
ble to copper exposure. The growth of the ascidian
colonies declined with increasing copper concentra-
tions, measured both as colony area and number of
zooids; however, growth of A. glabrum colonies was
inhibited at lower concentrations.

In the 40 pg 17! treatments, 100 % mortality was
recorded in A. glabrum at Week 8, while 60 % of the
B. violaceus colonies were able to tolerate this con-
centration. B. violaceus was also able to tolerate high
copper concentrations for longer. At 80 pg 1™t Cu, a
concentration that caused complete mortality to colo-
nies of both A. glabrum and B. violaceus, B. violaceus
colonies persisted for 3 wk longer than A. glabrum.

Finally, 3 endpoints (colony area, number of zooids,
and heart rate) were compared during chronic toxicity
tests to determine the most-sensitive indicators of
sublethal toxicity. We determined that colony area
and number of zooids were the most sensitive end-
points, while heart rate was a less-responsive metric.
B. violaceus had a significantly greater mean surface
area and number of zooids than A. glabrum in control
samples. Further, the native species was impacted at
lower concentrations relative to the invader, corro-

borating the results of the acute toxicity tests. In gen-
eral, heart rates were less affected than other growth
metrics measured in both species; although, the pat-
tern of higher sensitivity in A. glabrum was consistent
with other endpoints. One point to note is that the
heart rate of B. violaceus is relatively higher than that
of A. glabrum, even in the controls, but the role this
plays, if any, in their tolerance to copper is not clear.

Our results are in agreement with field studies that
have demonstrated the significant sensitivity of na-
tive biofouling species to copper exposure relative to
invasive species present in the same ecosystems.
Piola & Johnston (2009) confirmed that non-native
bryozoans tolerated copper exposure at significantly
greater concentrations than native species in both
laboratory and field experiments. Toxicity tests were
conducted in the laboratory using 2 native species
and 2 invaders. Positive non-native growth was mea-
sured at the highest concentration tested (100 pg 17
copper) while native species tested exhibited nega-
tive growth. In field experiments, adult invaders had
reduced mortality in copper exposures relative to
controls. In addition, non-native larvae had signifi-
cantly greater recruitment than native species in cop-
per treatments. The authors concluded that non-
native species recruited, grew, fed, and recovered
more efficiently than their native counterparts.

Additional studies of the impact of copper expo-
sures on native species diversity in Australia (Piola &
Johnston 2008) and California, USA, (Crooks et al.
2011) revealed not only that native species are more
sensitive to copper pollution, but also that copper
exposure can facilitate community-level shifts. In
Australia, copper pollution significantly increased
the spatial dominance of non-natives, which resulted
in dramatic changes in community composition (Piola
& Johnston 2008). Crooks et al. (2011) reported a sim-
ilar finding in a California fouling community. Native
species richness decreased by 40 % with increasing
copper concentrations, while non-native species rich-
ness was not negatively impacted. In addition, inva-
sive species were tolerant to copper concentrations
higher than those measured in the field, while native
species were impacted at environmentally relevant
concentrations (Crooks et al. 2011).

Within this context, our study provides mechanistic
details, describing how copper decreases settlement
success and reduces the growth of native species at
low, environmentally relevant concentrations that do
not impact the invasive species. These effects experi-
enced at the individual level are likely responsible
for the reduced biodiversity and community shifts
observed in the field manipulation studies.
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The mechanism of metal toxicity in ascidians is
oxidative stress resulting from the formation of ex-
cess reactive oxygen species (Ferro et al. 2013,
Franchi et al. 2017). Manifestations of oxidative
stress in invertebrates range from cellular responses
including protein and enzyme induction to changes
in behavioral responses, such as altered feeding and
reproduction (Hebel et al. 1997). An increase in the
copy number of metallothionein protein genes,
which are involved in detoxification and transport of
metals, has been shown to enhance copper resist-
ance in yeast (Hull et al. 2017), fruit flies (Maroni et
al. 1987), and cyanobacteria (Gupta et al. 1992). Met-
allothioneins and related genes have been previ-
ously identified in ascidians (Franchi et al. 2011,
2017). It is therefore possible that copy number vari-
ation in these detoxification and transport genes may
play a role in the observed high tolerance of the
invader B. violaceus. Additional studies are needed
to elucidate physiological processes responsible for
the growth differences observed between native and
invasive ascidians.

Although community-scale experiments support a
greater tolerance of invasive species to copper pollu-
tion (Piola & Johnston 2008, Crooks et al. 2011), few
studies have explored the underlying physiological
mechanisms responsible for the observed tolerance
differences between them. Research suggests that
there could be growth costs associated with increased
tolerance, even among different populations of ex-
posed and unexposed invaders depending on geno-
type (Piola & Johnston 2006). This mechanism, how-
ever, would not account for the relative differences
observed here between native and invasive popula-
tions living within the same community.

Ascidian invasions have become a worldwide con-
cern. Some species may serve as a new food source,
which could in turn increase predator abundance
and result in community-wide impacts (Dijkstra et al.
2007). Further, the presence of colonial invaders such
as B. violaceus inhibits the recruitment of native spe-
cies including A. glabrum and potentially shift com-
munity species composition (Stachowicz et al. 1999,
Dijkstra et al. 2007). Little is known about the specific
ecological role of A. glabrum in New England; how-
ever, it is one of only a few native colonial ascidians
(Wells et al. 2014) and is annually more abundant
than other species such as A. constellatum Verrill,
1871 at the present study site (K. Osborne pers. obs.).
This suggests its presence is important for buffering
against invaders, providing community stability, and
maintaining temporal succession alongside other
benthic species.

Relevance to invasion success

In summary, both acute and chronic toxicity tests
support the hypothesis that the invasive colonial
ascidian B. violaceus is more tolerant to copper pollu-
tion than the native A. glabrum. In particular, tested
copper concentrations of 10 ug 1! impact native spe-
cies growth and development and represent a con-
centration commonly found along urban coasts of the
United States (US EPA 2010b), and yet this concen-
tration does not have significant impacts on the
invaders. Invader tolerance thresholds therefore en-
able invasion, which can alter community structure
and function of native benthic communities (e.g.
Dijkstra et al. 2007).

Although this study focused on only 2 species of
colonial ascidians, they can act as a proxy for other
species commonly found together in biofouling com-
munities on the northeast coast of the United States.
In addition, the comparison of toxicity thresholds for
these 2 species to other members of the biofouling
community found that the invasive ascidian species
is the most-tolerant species within this community.
Recent field and laboratory studies conducted in
Australia also provide support for the greater toler-
ance of invasive species over native species (Piola &
Johnston 2009), while others have suggested that the
broad tolerance of invasive species to a variety of
environmental stressors can be applied to pollution
exposure as well (Crooks et al. 2011). Taken to-
gether, these studies suggest that the greater toler-
ance of invasive species is likely generalizable be-
yond the 2 species compared in the present study
and poses concern regarding the role pollution may
play in facilitating the establishment and spread of
invasive species.

Species richness is an important factor that deter-
mines a community's ability to resist the establish-
ment of invasive species; thus, factors affecting na-
tive species biodiversity can act to enable more
invasions. Marine pollution, including metals, orga-
nic pollutants, nutrients, and sewage, has been
shown to negatively affect marine biodiversity (John-
ston & Roberts 2009). Piola & Johnston (2008) further
revealed that pollution can reduce native species
diversity without impacting the growth of invasive
species. Therefore, if native species are susceptible
to pollutant concentrations commonly found in urban
harbors, as shown in the present study, biotic resist-
ance will become depleted, allowing for the estab-
lishment of invasive species.

To further conceptualize how marine pollution may
facilitate the establishment and spread of invasive
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Pollutant exposure

Fig. 4. Invader tolerance model of decreased biotic resistance and increased invasibility of polluted urban harbor fouling com-

munities. (A) Adult biofouling assemblage with high diversity prior to the introduction of pollution and invaders. (B) Adult

community reproduces and releases larvae. (C) Released larvae come in contact with marine pollution, causing mortality to

some species (outlined in red). (D) Species richness and thus biotic resistance is decreased in the newly established community

due to sensitive organism larval mortality. (E) Successful introduction of pollutant-tolerant invasive larvae via external

propagule pressure. (F) Vulnerable community established by invasive species due to decreased biotic resistance and native
organisms eliminated from dual stressors of pollution and competition from invaders

ascidian species, the invader tolerance model (ITM)
was devised as part of this study. The ITM (Fig. 4)
illustrates how marine pollution may act as a mecha-
nism for colonial ascidians to invade and successfully
establish in urban harbors. Using concepts from the
previously described ascidian invasion process (Zhan
et al. 2015), the ITM combines the notion that in-
creased species richness reduces invader establish-
ment success (Elton 1958) with the knowledge that
marine pollution reduces native biodiversity (John-
ston & Roberts 2009). The ITM identifies how to test
these 2 independent factors and their possible inter-
action. This conceptual model highlights the impor-
tance of protecting native biodiversity in reducing
colonial ascidian invasion, establishment, and spread
within benthic communities.

The ITM is comprises 5 discrete events that de-
monstrate how marine pollution will theoretically
play an integral role in decreasing the biotic resist-
ance of a native biofouling community, and thus in-
crease invasion success (Fig. 4). The ITM builds from
the biotic resistance hypothesis, which states that
invader success increases with decreasing native
species richness, and provides a possible mechanism
by which biodiversity first becomes depleted. In Part
A of the ITM, a diverse assemblage of native biofoul-
ing species is present prior to the introduction of
invasive species and marine pollution. Part B depicts
adult community members spawning and releasing
free-swimming larvae into the water column; many
benthic fauna undergo a pelagic early life cycle
phase (Strathmann 1974, Pechenik 1999). In Part C,
free-swimming native larvae are exposed to marine
pollutants via an episodic event. When such an event

occurs, sensitive species will experience mortality,
thus decreasing biodiversity. As the remaining larvae
settle and colonize a new community, the biotic resist-
ance will be lower as a result of fewer species' pres-
ent. In Part E, invasive species introductions impart
propagule pressure on the recipient community.
With heightened native community vulnerability
resulting from pollution exposure, invasive propag-
ules are presented with an opportunistic advantage
to colonize. Finally, in Part F, the vulnerable native
community has been successfully established by
invaders due to the dual pressures of marine pollu-
tion and invasive species competition.

The findings from this research directly test and
provide support for predictions of the ITM, including
greater pollution tolerance in invasive species. This
study addresses the ITM's question of whether sensi-
tivity differences exist between native and invasive
species at multiple life stages and also different con-
centrations of the marine pollutant copper. These dif-
ferences were then compared with the sensitivities of
several other phyla to address the question at the
community level, although other variables remain to
be tested. Further studies exploring the role of
competition and biodiversity indices (e.g. species
richness, evenness) will be needed to elucidate the
complex relationship between invader success and
pollution tolerance.

CONCLUSIONS

This research demonstrates that invasive and
native colonial ascidians have differential tolerances
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to copper exposure. The invader exhibited signifi-
cantly higher tolerance relative to the native species.
Invaders were also more robust to acute copper
stress at sensitive life stages when compared with
several other benthic species. Chronic assays re-
vealed that the native ascidian was negatively
impacted at environmentally relevant levels, while
invader survival and proliferation continued at con-
centrations far exceeding such concentrations. These
findings provide evidence to support that invasive
species are more tolerant of marine pollution than
native species in varying exposure length and con-
centration level scenarios.

Acknowledgements. This work was partially supported by
the Woods Hole Sea Grant (grant number: C120343). Thank
you to Massachusetts Maritime Academy, especially Frank
Veale and Tom Pham, for their continued support and grant-
ing us access to their aquaculture laboratory and floating
docks. Finally, many thanks to Dr. William Robinson and Dr.
Jarrett Byrnes at the University of Massachusetts Boston for
their invaluable contributions and suggestions throughout
the development of this project and Mr. Albert Armstrong
for editorial assistance.

LITERATURE CITED

A Arnold WR, Cotsifas JS, Smith DS, Le Page S, Gruenthal KM
(2009) A comparison of the copper sensitivity of two eco-
nomically important saltwater mussel species and a re-
view of previously reported copper toxicity data for mus-
sels: important implications for determining future
ambient copper saltwater criteria in the USA. Environ
Toxicol 24:618-628

]\(Bax N, Williamson A, Aguero M, Gonzalez E and others
(2003) Marine invasive alien species: a threat to global
biodiversity. Mar Policy 27:313-323

HBellas J, Vazquez E, Beiras R (2001) Toxicity of Hg, Cu, Cd,
and Cr on early developmental stages of Ciona in-
testinalis (Chordata, Ascidiacea) with potential applica-
tion in marine water quality assessment. Water Res 35:

2905-2912

]\<Bellas J, Beiras R, Vazquez E (2004) Sublethal effects of
trace metals (Cd, Cr, Cu, Hg) on embryogenesis and
larval settlement of the ascidian Ciona intestinalis. Arch
Environ Contam Toxicol 46:61-66

HCalabrese A, Maclnnes JR, Nelson DA, Miller JE (1977) Sur-
vival and growth of bivalve larvae under heavy-metal
stress. Mar Biol 41:179-184

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

]\( Case TJ (1990) Invasion resistance arises in strongly inter-
acting species-rich model competition communities. Proc
Natl Acad Sci USA 87:9610-9614

H’Crooks JA, Chang AL, Ruiz GM (2011) Aquatic pollution
increases the relative success of invasive species. Biol
Invasions 13:165-176

HDafforn KA, Lewis JA, Johnston EL (2011) Antifouling
strategies: history and regulation, ecological impacts and

mitigation. Mar Pollut Bull 62:453-465

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

ﬁi Dijkstra J, Dutton A, Westerman E, Harris L (2008) Heart
rate reflects osmostic stress levels in two introduced colo-
nial ascidians Botryllus schlosseri and Botrylloides vio-
laceus. Mar Biol 154:805-811

A Dijkstra JA, Westerman EL, Harris LG (2011) The effects of
climate change on species composition, succession and
phenology: a case study. Glob Change Biol 17:2360-2369

HEdwards KF, Stachowicz JJ (2010) Multivariate trade offs,
succession, and phenological differentiation in a guild of
colonial invertebrates. Ecology 91:3146-3152

Elton C (1958) The ecology of invasion by plants and animals.

John Wiley & Sons, New York, NY

]\(Epelbaum AL, Herborg M, Therriault T, Pearce C (2009)
Temperature and salinity effects on growth, survival,
reproduction, and potential distribution of two non-
indigenous botryllid ascidians in British Columbia. J Exp
Mar Biol Ecol 369:43-52

]\'f Ferro D, Franchi N, Mangano V, Bakiu R and others (2013)
Characterization and metal-induced gene transcription
of two new copper zinc superoxide dismutases in the so-
litary ascidian Ciona intestinalis. Aquat Toxicol 140-141:
369-379

’\'{ Franchi N, Boldrin F, Ballarin L, Piccinni E (2011) CiMT 1,
an unusual chordate metallothionein gene in Ciona
intestinalis genome: structure and expression studies.
J Exp Zool Part A Ecol Genet Physiol 315A:90-100

A¢Franchi N, Ballin F, Ballarin L (2017) Protection from oxida-
tive stress in immunocytes of the colonial ascidian Botryl-
lus schlosseri: transcript characterization and expression
studies. Biol Bull 232:45-57

A Gopalakrishnan S, Thilagam H, Raja PV (2007) Toxicity of
heavy metals on embryogenesis and larvae of the marine
sedentary polychaete Hydroides elegans. Arch Environ
Contam Toxicol 52:171-178

]\'{\Grosberg RK (1988) Life-history variation within a popula-
tion of the colonial ascidian Botryllus schlosseri. 1. The
genetic and environmental control of seasonal variation.
Evolution 42:900-920

A Grosberg RK, Vermeij GJ, Wainwright PC (2012) Biodiver-
sity in water and on land. Curr Biol 22:R900-R903

A Gupta A, Whitton BA, Morby AP, Huckle JW and others
(1992) Amplification and rearrangement of a prokaryotic
metallothionein locus smt in Synechococcus PCC 6301
selected for tolerance to cadmium. Proc R Soc B 248:
273-281

Z¢Hall WS, Bushong SJ, Hall LW, Lenkevich MJ, Pinkney AE
(1988) Monitoring dissolved copper concentrations in
Chesapeake Bay, USA. Environ Monit Assess 11:33-42

A‘Hasenbein S, Peralta J, Lawler SP, Connon RE (2017) Envi-
ronmentally relevant concentrations of herbicides impact
non-target species at multiple sublethal endpoints. Sci
Total Environ 607-608:733-743

]\Vi Hebel DK, Jones MB, Depledge MH (1997) Responses of
crustaceans to contaminant exposure: a holistic ap-
proach. Estuar Coast Shelf Sci 44:177-184

ZHull RM, Cruz C, Jack CV, Houseley J (2017) Environmen-
tal change drives accelerated adaptation through stimu-
lated copy number variation. PLOS Biol 15:€2001333

A Janiak DS, Osman RW, Whitlatch RB (2013) The role of spe-
cies richness and spatial resources in the invasion suc-


https://doi.org/10.1002/tox.20452
https://doi.org/10.1016/S0308-597X(03)00041-1
https://doi.org/10.1016/S0043-1354(01)00004-5
https://doi.org/10.1007/s00244-003-0238-7
https://doi.org/10.1007/BF00394024
https://doi.org/10.1111/j.1523-1739.1989.tb00086.x
https://doi.org/10.1073/pnas.87.24.9610
https://doi.org/10.1007/s10530-010-9799-3
https://doi.org/10.1016/j.marpolbul.2011.01.012
https://doi.org/10.1016/j.jembe.2006.10.015
https://doi.org/10.1007/s00227-008-0973-4
https://doi.org/10.1111/j.1365-2486.2010.02371.x
https://doi.org/10.1890/10-0440.1
https://doi.org/10.1016/j.jembe.2013.02.030
https://doi.org/10.1371/journal.pbio.2001333
https://doi.org/10.1006/ecss.1996.0209
https://doi.org/10.1016/j.scitotenv.2017.06.270
https://doi.org/10.1007/BF00394510
https://doi.org/10.1098/rspb.1992.0072
https://doi.org/10.1016/j.cub.2012.09.050
https://doi.org/10.1111/j.1558-5646.1988.tb02510.x
https://doi.org/10.1007/s00244-006-0038-y
https://doi.org/10.1086/691694
https://doi.org/10.1002/jez.653
https://doi.org/10.1016/j.aquatox.2013.06.020
https://doi.org/10.1016/j.jembe.2008.10.028

Osborne et al.: Copper toxicity in ascidians

147

cess of the colonial ascidian Didemnum vexillum Kott,
2002 in eastern Long Island Sound. J Exp Mar Biol Ecol
443:12-20
]\(Johnston EL, Roberts DA (2009) Contaminants reduce the
richness and evenness of marine communities: a review
and meta-analysis. Environ Pollut 157:1745-1752
ﬁiKatranitsas A, Castritsi-Catharios J, Persoone G (2003) The
effects of a copper-based antifouling paint on mortality
and enzymatic activity of a non-target marine organism.
Mar Pollut Bull
]\(Lambert CC, Lambert G (2003) Persistence and differential
distribution of nonindigenous ascidians in harbors of the
Southern California Bight. Mar Ecol Prog Ser 259:
145-161
Lockwood JL, Hoopes MF, Marchetti MP (2007) Invasion
ecology. Blackwell Publishing Ltd, Malden, MA
]\<Manisseri MK, Menon NR (1995) Copper-induced damage
to the hepatopancreas of the penaeid shrimp Metape-
naeus dobsoni— an ultrastructural study. Dis Aquat Org
22:51-57
HMaroni G, Wise J, Young JE, Otto E (1987) Metallothionein
gene duplications and metal tolerance in natural popula-
tions of Drosophila melanogaster. Genetics 117:739-744
McIntyre CM, Pappal AL, Bryant J, Carlton JT and others
(2013) Report on the 2010 rapid assessment survey of
marine species at New England floating docks and rocky
shores. Massachusetts Office of Coastal Zone Manage-
ment, Boston, MA
ﬁ<Mukai H, Saito Y, Watanabe H (1987) Viviparous develop-
ment in Botrylloides (compound ascidians). J Morphol
193:263-276
J‘Nadella SR, Fitzpatrick JL, Franklin N, Bucking C and oth-
ers (2009) Toxicity of dissolved Cu, Zn, Ni and Cd to
developing embryos of the blue mussel (Mytilus trosso-
lus) and the protective effect of dissolved organic carbon.
Comp Biochem Physiol C Toxicol Pharmacol 149:
340-348
FNegri AP, Heyward AJ (2001) Inhibition of coral fertilisation
and larval metamorphosis by tributyltin and copper. Mar
Environ Res 51:17-27
]%Neira C, Mendoza G, Levin LA, Zirino A and others (2011)
Macrobenthic community response to copper in Shelter
Island Yacht Basin, San Diego Bay, California. Mar Pollut
Bull 62:701-717
]\<Neira C, Levin LA, Mendoza G, Zirino A (2014) Alteration of
benthic communities associated with copper contamina-
tion linked to boat moorings. Mar Ecol 35:46-66
ﬁi Oldham VE, Swenson MM, Buck KN (2014) Spatial variabil-
ity of total dissolved copper and copper speciation in the
inshore waters of Bermuda. Mar Pollut Bull 79:314-320
] Pechenik JA (1999) On the advantages and disadvantages of
larval stages in benthic marine invertebrate life cycles.
Mar Ecol Prog Ser 177:269-297
Pederson J, Bullock R, Carlton J, Dijkstra J and others (2005)
Marine invaders in the northeast: rapid assessment sur-
vey of non-native and native marine species of floating
dock communities, report of the August 3-9, 2003 sur-
vey. Publication No. 05-3. Massachusetts Institute of
Technology Sea Grant College Program, Boston, MA
]\(Piola RF, Johnston EL (2006) Differential resistance to ex-
tended copper exposure in four introduced bryozoans.
Mar Ecol Prog Ser 311:103-114
#Piola RF, Johnston EL (2008) Pollution reduces native diver-
sity and increases invader dominance in marine hard-
substrate communities. Divers Distrib 14:329-342

Editorial responsibility: Omar Defeo,
Montevideo, Uruguay

APiola RF, Johnston EL (2009) Comparing differential toler-
ance of native and non-indigenous marine species to
metal pollution using novel assay techniques. Environ
Pollut 157:2853-2864

]\'i Qiu JW, Thiyagarajan V, Cheung S, Qian PY (2005) Toxic
effects of copper on larval development of the barnacle
Balanus amphitrite. Mar Pollut Bull 51:688-693

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

]\Vi Rivera-Duarte I, Rosen G, Lapota D, Chadwick DB, Kear-
Padilla L, Zirino A (2005) Copper toxicity to larval stages
of three marine invertebrates and copper complexation
capacity in San Diego Bay, California. Environ Sci Tech-
nol 39:1542-1546

HSchneider CA, Rasband WS, Eliceiri KW (2012) NIH Image
to ImagelJ: 25 years of image analysis. Nat Methods 9:
671-675

] Stachowicz JJ, Byrnes JE (2006) Species diversity, invasion
success, and ecosystem functioning: disentangling the
influence of resource competition, facilitation, and ex-
trinsic factors. Mar Ecol Prog Ser 311:251-262

ﬁ<Stachowicz JJ, Whitlatch RB, Osman RW (1999) Species
diversity and invasion resistance in a marine ecosystem.
Science 286:1577-1579

] Strathmann R (1974) The spread of sibling larvae of seden-
tary marine invertebrates. Am Nat 108:29-44

Suter GW II (2006) Ecological risk assessment. CRC Press,
Boca Raton, FL

ﬁi Svendsen C, Weeks JM (1997) Relevance and applicability
of a simple earthworm biomarker of copper exposure. I.
Links to ecological effects in a laboratory study with
Eisenia andrei. Ecotoxicol Environ Saf 36:72-79

FSUS EPA (1994) Method 200.8: determination of trace ele-
ments in waters and wastes by inductively coupled
plasma-mass spectrometry, revision 5.4. US EPA, Cincin-
nati, OH. https://www.epa.gov/sites/production/files/2015-
06/documents/epa-200.8.pdf (accessed 02 May 2016)

] US EPA (2010a) Causal Analysis/Diagnosis Decision Infor-
mation System (CADDIS). Office of Research and Devel-
opment, Washington, DC; https://www.epa.gov/caddis
(accessed 20 April 2017)

US EPA (2010b) Report to Congress: study of discharges
incidental to normal operation of commercial fishing
vessels and other non-recreational vessels less than 79
feet. EPA 833-R-10-005, Office of Water, Washington,
DC

Z¢Vanden Berghe E, Van Guelpen L, Pohle G (eds) (2005) North
Atlantic Register for Marine Species (NARMS). Aplidium
glabrum (Verrill, 1871). http://www.vliz.be/vimmdcdata/
narms/narms.php?p=taxdetails&id=103647 (accessed 20
April 2017)

ﬁi Watanabe H, Lambert CC (1973) Larva release in response
to light by the compound ascidians Distaplia occidentalis
and Metandrocarpa taylori. Biol Bull 144:556-566

Wells CD, Pappal AL, Cao Y, Carlton JT and others (2014)
Report on the 2013 rapid assessment survey of marine
species at New England bays and harbors. Massachu-
setts Office of Coastal Zone Management, Boston, MA

]\<Wilcove DS, Rothstein D, Jason D, Phillips A and others
(1998) Quantifying threats to imperiled species in the
United States. Bioscience 48:607-615

Zhan A, Briski E, Bock DG, Ghabooli S, Maclsaac HJ (2015)
Ascidians as models for studying invasion success. Mar
Biol 162:0

Submitted: May 2, 2017; Accepted: March 7, 2018
Proofs received from author(s): May 1, 2018


https://doi.org/10.1016/j.envpol.2009.02.017
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14607547&dopt=Abstract
https://doi.org/10.3354/meps259145
https://doi.org/10.3354/dao022051
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2828157&dopt=Abstract
https://doi.org/10.1002/jmor.1051930305
https://doi.org/10.1016/j.cbpc.2008.09.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11125701&dopt=Abstract
https://doi.org/10.1016/j.marpolbul.2011.01.027
https://doi.org/10.1111/maec.12054
https://doi.org/10.1016/j.marpolbul.2013.12.016
https://doi.org/10.3354/meps177269
https://doi.org/10.3354/meps311103
https://doi.org/10.1111/j.1472-4642.2007.00430.x
https://doi.org/10.2307/1313420
https://doi.org/10.2307/1540308
http://www.vliz.be/vmdcdata/narms/
https://www.epa.gov/caddis
https://www.epa.gov/sites/production/files/2015-06/documents/epa-200.8.pdf
https://doi.org/10.1006/eesa.1996.1491
https://doi.org/10.1086/282883
https://doi.org/10.1126/science.286.5444.1577
https://doi.org/10.3354/meps311251
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1021/es040545j
https://doi.org/10.1007/s10530-007-9205-y
https://doi.org/10.1016/j.marpolbul.2004.11.039
https://doi.org/10.1016/j.envpol.2009.04.007



