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Abstract 

The invasive tunicate species Ciona intestinalis (Linnaeus, 1767) has had an economic impact on the aquaculture of the blue mussel Mytilus edulis 
(Linnaeus, 1758) in Prince Edward Island (PEI). This tunicate fouls mussel socks suspended on long lines in the water and reduces both weight and 
numbers of mussels, decreasing overall productivity. This study determined the relative effects of high pressure water treatment schedules over a 
four month period on two sites in the Murray and Brudenell Rivers on PEI. Results indicated that initiating treatment early (July) in the season and 
treating another two or three times during the season had the greatest effect on reducing tunicate numbers and size and enabling greater mussel 
productivity. While the most effective treatment may ultimately be site-specific, the two sites in this study support the notion that beginning 
treatment when tunicates are small is one of the most significant parts of the treatment plan. Two or more treatments (approximately monthly) are 
then needed to effectively control C. intestinalis, and allow mussels to reach their full growth potential. 
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Introduction 

An intrinsic issue with off-bottom shellfish 
culture methods, such as long lines systems, is 
the potential for biofouling (Lutz Collins et al. 
2009a; Adams et al. 2011). Indeed, controlling 
and mitigating biofouling can result in significant 
costs for commercial shellfish culture operations 
(Fitridge et al. 2012). Fouling organisms grow in 
unwanted locations, such as on aquaculture gear, 
as well as on the cultured animals themselves, 
and thereby impede the efficient growth of the 
organism and the maintenance of the entire 
culture system (Adams et al. 2011). The impact 
of biofouling on shellfish aquaculture can be 
severe and sometimes devastating for the industry 
(Watson et al. 2009). Ascidians or sea squirts are 

among the most common biofoulers to shellfish 
aquaculture operations (Eno et al. 1997; Campbell 
2002; Ross et al. 2002, 2004). Not surprisingly, 
the introduction, establishment and proliferation 
of invasive ascidians are becoming frequent 
phenomena in Atlantic Canada, in particular, those 
mediated by human actions (Carlton and Geller 
1993; Ruiz et al. 1997; Cohen and Carlton 1998; 
Ruiz et al. 2000; Paetzold et al. 2012). The impact 
of invasive tunicates on the mussel aquaculture 
industry in the Atlantic region has proved indeed 
to be quite detrimental (e.g. Carver et al. 2003; 
Lutz-Collins et al. 2009b). The PEI mussel culture 
industry uses the longline system of production. 
Mussels are held in suspension in the water 
column in socks (meshed sleeves) hung from 
longlines, which are suspended along or below 
the water surface (PEI Aquaculture Alliance 2015).  
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Culturing of the blue mussel, Mytilus edulis 
(Linnaeus, 1758) on Prince Edward Island (PEI), 
is currently being challenged by invasive tunicates, 
its greatest threat since the establishment of the 
industry in the early 1980’s. Four exotic tunicate 
species have recently been identified in PEI waters: 
Ciona intestinalis (Linnaeus, 1767) (Vase tunicate), 
Styela clava (Herdman, 1881) (Clubbed tunicate), 
Botryllus schlosseri (Pallas, 1766) (Golden Star 
tunicate) and Botrylloides violaceus (Oka, 1927) 
(Violet tunicate) (Locke et al. 2007). These invasive 
tunicates have all established populations in 
numerous bays and estuaries and are now impacting 
the mussel aquaculture industry (Locke et al. 
2007; Ramsay et al. 2008a). They rapidly colonize 
the artificial substrates created by the suspension 
of mussel long-lines within the water column 
(Lambert and Lambert 2003; Forrest et al. 2007; 
Paetzold et al. 2012) and have become the main 
fouling organisms on mussel socks and gear. In 
addition to causing reductions in mussel productivity 
by competing for food and space with cultured 
mussels (Daigle et al. 2009), these tunicates have 
also added substantial additional weight to mussel 
aquaculture gear which results in additional labour 
and crop loss (Ramsay et al. 2008b). This rapid 
and heavy fouling of mussel socks has become a 
major problem for mussel producers in PEI, and 
has led to increased production and processing 
costs, limiting the profitability of the industry 
(Locke et al. 2009). The solitary C. intestinalis 
has become particularly difficult to control and 
eradicate from aquaculture gear and is now 
considered the single main threat to the industry 
on PEI (Carver et al. 2003, 2006; Daigle and 
Herbinger 2009). 

Considerable time and many resources have 
been invested on studying and mitigating the 
effects of C. intestinalis and other tunicate species 
over the last several years. These studies have 
focused on tunicate ecology (Carver et al. 2003; 
Howes et al. 2007; Bourque et al. 2007; Arsenault 
et al. 2009; Ramsay et al. 2009), new husbandry 
practices to decrease tunicate fouling (Thompson 
and MacNair 2004; Ramsay et al. 2008b; Daigle 
et al. 2009), new treatments to limit the fouling 
success (Carver et al. 2003; Bakker et al. 2011; 
Paetzold and Davidson 2011; Parent et al. 2011; 
Paetzold et al. 2012), feasibility studies examining 
eradication strategies (Edwards and Leung 2009), 
and dynamic models developed to better understand 
the growth and treatment implications of C. 
intestinalis and S. clava populations (Patanasatienkul 
et al. 2014). As a result, a variety of treatments 
to kill or remove tunicates from mussel socks 

and gear have been tested in PEI, including immersion 
and spraying with fresh water, application of 4% 
sodium hydroxide, brine solution and 5% acetic 
acid (Carver et al. 2003; MacNair et al. 2006; 
Forrest et al. 2007). High pressure water is currently 
the most common treatment against C. intestinalis 
on PEI (Paetzold and Davidson 2010, 2011) and 
is the treatment of choice in this study. 

Only a few studies have focused on the impacts 
of invasive tunicates and their mitigation measures 
on mussel productivity (see LeBlanc et al. 2007; 
Locke et al. 2009; Arens et al. 2011). Arens et al. 
(2011), for example, showed that the use of high 
pressure water was effective at decreasing the 
weight of both B. schlosseri and B. violaceus on 
mussel socks, but the reductions observed were 
only short-term, as both species quickly recolonized 
the socks. From anecdotal evidence, mussel growers 
perceived a decrease in mussel productivity as a 
result of heavy fouling by B. schlosseri and B. 
violaceus on mussel socks, though no such decrease 
was observed in Arens et al.’s (2011) study. 

The objective of this study was to assess the 
effect of frequency and timing of high pressure 
water spray treatments on the mitigation of C. 
intestinalis on mussel socks and on the subsequent 
mussel productivity of two mussel aquaculture 
operations. 

Materials and methods 

Site selection and sock characteristics 

Two river systems in eastern PEI, the Brudenell 
River (BR) and the Murray River (MR), were 
selected for the trials conducted in this study, 
based on their large number of mussel leases, 
high levels of C. intestinalis infestation and high 
winter mortalities (approximately 99%) of C. 
intestinalis during the three previous years (John 
Davidson and J Hill, personal observations). 
Aquaculture leases within each system were 
selected based on the reputation and willingness 
of the mussel growers to participate in this study. 
Representative experimental sites within each 
lease were selected following the lease holder 
advice (Figure 1). The depth of both systems was 
fairly similar: 8 m and 6 m in BR and MR 
respectively. 

For each lease, 105 mussel socks of 2.5 m in 
length and an average stocking density of approxi-
mately 500 mussels per meter were obtained from 
each mussel grower and deployed on June 2nd 
and June 3rd, 2010 at the experimental sites in 
BR and MR, respectively. 
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Figure 1. Map of Prince Edward 
Island, indicating the location of 
Brudenell River (Insert A) and 
Murray River (Insert B), shaded 
areas within each system represent 
mussel leases; the * identifies the 
approximate location of experimental 
sites. 

 
Prior to deployment, three mussel socks were 
sampled from each lease to determine initial 
mussel and socking characteristics (Table 1). 

Experimental design 

Five distinct treatments were established based 
on current practices regarding time (date) and 

frequency of pressure water treatment (Table 2). 
Some socks were treated in October only (hereafter 
labeled 1O), others in July and September (2JS), 
August and September (2AS), in July, August, 
and September (3JAS), and in July, August, 
September, and October (4JASO) (Table 2). Two 
additional treatments consisted of controls, either 
lifted  (socks  were  mechanically  lifted from the 
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Table 1. Deployment and socking characteristics in Brudenell River and Murray River.  Mean values are followed by standard deviations. 

Stocking characteristics Brudenell River Murray River 

Deployment date June 2, 2010 June 3, 2010 
Mean mussel density per  0.3 m  161 ± 30.5 172  ± 34.0 
Mean mussel length (mm) 40.3 ± 2.3 39.0 ± 2.0 
Mean mussel weight per 0.3 m (g) 947.9 ± 195.9 964.8 ± 166.6 

Table 2. A summary of the treatment schedule applied in Brudenell River (BR) and Murray River (MR). 

Location and treatment date Treatment codes and timing of application 

BR MR 1O 2JS 2AS 3JAS 4JASO Control Lifted Control 
Unlifted 

Jul-22 Jul-23  ■  ■ ■   
Aug-24 Aug-26   ■ ■ ■   
Sep-23 Sep-24  ■ ■ ■ ■   
Oct-25 Oct-26 ■    ■   

 
water the same way treated socks were, but no 
water pressure treatment was applied), or unlifted 
(socks remained untouched underwater). Treated 
socks were exposed to high pressure water which 
varied, on each farm, from 200 psi to 600 psi of 
pressure depending on the perceived attachment 
strength of the mussels, as determined by the 
operator.  The spray apparatus had a nozzle size 
of 1.4 mm with a spray spread of 24o. The high 
pressure water caused both removal of the 
tunicate from the mussel gear (~90%) and mortal 
injury to C. intestinalis (~10%) (John Davidson, 
personal observations). These treatments reflect 
the variability in current practice in aquaculture 
operations.  

The five treatment and two control groups 
were distributed along a long line at each site 
using a randomized block design, with each long 
line divided into three blocks and five socks 
from each treatment and control group replicated 
within each block. Distance between socks was 
approximately 40 cm. Socks were inspected 
monthly to ensure they remained buoyant and 
separated from the bottom. 

Sampling of socks 

After all pressure water treatments were applied 
according to the schedule summarized in Table 
2, sampling of socks took place on November 
24th and 29th, 2010 and subsequently on May 4th 
and 5th, 2011 in BR and MR, respectively. During 
each sampling event, the middle three socks of 
the five replicate socks from each treatment and 
control group within each of the 3 blocks were 

collected. This resulted in a total of nine socks 
from each treatment and control being sampled.  
At each sock being sampled, the bottom 30 cm 
was discarded to minimize potential interactions 
between socks and the substrate. The next 30 cm 
section from the bottom was then collected and 
carefully transferred to the laboratory. Due to 
feasibility, samples from November and May had 
to be collected from the same individual socks 
and, therefore, were from slightly different 
positions (depth) within the sock. Samples could 
not be collected from one of the treatments (1O) 
due to the complete loss of mussels and tunicates 
by November. Therefore, this treatment was no 
longer considered in the comparisons conducted 
(see below). 

Initial mean C. intestinalis lengths were determined 
on separate study socks from MR and BR on July 
22nd and 23rd, 2010 respectively, before any 
treatment was applied in the experimental sites. 
The mean length in MR and BR was 33 mm (SD=3) 
and 21 mm (SD=3) respectively. A continuous 
temperature probe (Vemco) was deployed on the 
study sites in BR and MR from June 25th to 
September 5th, 2010. 

Laboratory analysis 

Within two hours of collection, samples were 
transported in a cooler to the laboratory and 
processed to separate and label the contents of 
the 30 cm sock sections into (1) mussels (living) 
and (2) C. intestinalis. Dead mussels, silt, other 
organisms on the sock, and the socking material 
were all discarded. 
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For each sample, the total weight and abundance 
of mussels was determined immediately after 
sampling. Thirty mussels were then randomly 
selected to determine shell length and frozen for 
later analysis of the condition index, the ratio of 
meat weight to shell weight (Abbe and Albright, 
2003). Similarly for each sample, the total wet 
weight and abundance of C. intestinalis was 
determined and 50 specimens were randomly selected 
by blind division and measured to determine length. 
Enough time was allowed to ensure that the 
tunicates were relaxed before the measurements 
were conducted.   

Statistical analysis 

Separate comparisons were carried out for each 
of the locations and times (November 2010 and 
May 2011) to determine the effects of treatment 
regimes on mussel productivity and infestation 
of C. intestinalis. Mussel productivity was estimated 
as mussel fresh weight, count, condition index, 
and length. Level of infestation was measured by 
C. intestinalis weight, length, and abundance. One-
way ANOVAs were used to assess differences 
among treatment regimes at a significance level 
of 0.05. Analyses could not include location due 
to numerous interaction effects for the major 
variables. ANOVA assumptions of normality and 
equal variance were assessed in each analysis. 

Results 

Mussel productivity: Assessed in November 2010 

In MR, socks treated three (3JAS) or four times 
(4JAS0) had a significantly higher mussel weight 
per 0.3 m sock (1,793 g ± 342 SD and 1,613 g ± 
588 SD respectively), compared to socks treated 
two times beginning in August (2AS) (750 g ± 
397 SD) and the lifted control (373 g ± 402 SD) 
(Figure 2A). Treating twice beginning in July 
(2JS) yielded significantly more weight per sock 
than the lifted control (p < 0.001). Likewise, in 
BR, socks treated three or four times had greater 
mussel weight (1261 g ± 246 SD and 1,436 g ± 
206 SD respectively) than socks treated twice 
beginning in August and the lifted control (636 g 
± 150 SD and 797 g ± 279 SD respectively). 
Socks treated twice beginning in July had 
significantly greater mussel weight (1,153 g ± 
361 SD) than socks treated twice beginning in 
August (p < 0.001) (Figure 3A). 

In MR, socks treated three (3JAS) or four 
(4JAS) times had significantly more mussels per 

0.3 m sock (135±27 SD and 127±44 SD respecti-
vely) than socks treated two times beginning in 
August (2AS) and the lifted control (58 ± 30 SD 
and 43±42 SD, respectively) (p <0.001). Likewise, 
in BR, socks treated three or four times had 
significantly more mussels (109 ± 30 SD and 117 
± 20 SD respectively) than those treated twice 
beginning in August and the lifted control (62 ± 
15 SD and 75 ± 25 SD respectively). Treating 
twice beginning in July (2JS) had significantly 
more mussels (98 ± 25 SD) than treating twice 
beginning in August (62 ± 15 SD) (p < 0.001) 
(Figure 3B). 

There were no statistically significant differences 
in mussel length between the treatment groups or 
the lifted control in both BR and MR (p = 0.06 
and 0.09 respectively). However, a consistent trend 
was observed in both locations. Treating three 
(3JAS), four (4JASO), or two times beginning in 
July (2JS) yielded slightly larger mussels than 
did socks in the lifted control and those treated 
twice beginning in August (2AS group) (Figure 
2C, 3C). 

The condition index was generally higher in 
BR (mean 7.47, range 6.9–8.5) than in MR (6.03, 
4.5–7.4). With regards to treatments, there was a 
significant difference in condition index in BR (p 
= 0.027) where treating three times (3JAS) had a 
significantly higher CI than the lifted controls 
(Figure 3D). No significant differences were 
detected in MR (p = 0.106) (Figure 2D). 

Mussel productivity: Assessed in May 2011 

In MR, socks treated three times (3JAS) and four 
times (4JASO) had significantly higher mussel 
weight per 0.3 m sock (means of 2,443 g ±332 SD 
and 1,955 g ± 345 SD respectively) compared to 
socks treated two times beginning in July (2JS) 
and August (2AS) (1,090 g ± 434 SD and 1,115 g 
± 421 SD respectively). The latter also had signi-
ficantly higher weight than the lifted or unlifted 
controls (283 g ± 137 SD and 161 g ± 52 SD 
respectively) (p < 0.001) (Figure 4A). In BR, socks 
treated three and four times had significantly greater 
weight (1,391 g ±210 SD and 1,696 g ±261 SD 
respectively) than socks treated twice beginning 
in August (2AS) and the lifted controls (860 g ± 
428 SD and 750 g ± 234 SD respectively). Socks 
treated two times beginning in July (2JS) had 
significantly greater weight (1,288 g ± 526 SD) 
than the lifted control (p < 0.001) (Figure 5A). 

Similar to the mussel biomass, in MR, socks 
treated three or four times had significantly 
higher mussel numbers per 0.3 m sock (means of 
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Figure 2. Mussel productivity in Murray River assessed during 
November 2010. (A) mean mussel weight, (B) # mussels / 0.3 M, 
(C) mean mussel length & (D) mean mussel condition index. All 
the values correspond to means (95% CI). 

Figure 3. Mussel productivity in Brudenell River assessed during 
November 2010. (A) mean mussel weight, (B) # mussels / 0.3 M, 
(C) mean mussel length & (D) mean mussel condition index. All 
the values correspond to means (95% CI). 
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Figure 4. Mussel productivity in Murray River assessed during 
May 2011. (A) mean mussel weight, (B) # mussels / 0.3 M, (C) 
mean mussel length & (D) mean mussel condition index. All 
the values correspond to means (95% CI). 

Figure 5. Mussel productivity in Brudenell River assessed 
during May 2011. (A) mean mussel weight, (B) # mussels / 0.3 
M, (C) mean mussel length & (D) mean mussel condition 
index. All the values correspond to means (95% CI). 
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Figure 6. Ciona intestinalis infestation in Murray River assessed 
during November 2010. (A) mean C. intestinalis weight, (B) # C. 
intestinalis / 0.3 M & (C) mean C. intestinalis length. All the 
values correspond to means (95% CI). 

Figure 7. Ciona intestinalis infestation in Brudenell River 
assessed during November 2010. A) mean C. intestinalis weight, 
(B) # C. intestinalis / 0.3 M & (C) mean C. intestinalis length. All 
the values correspond to means (95% CI). 

 
147 ±42 SD and 112 ±19 SD mussels respectively) 
compared to socks treated two times (70 ± 21 SD 
and 73 ±29 SD mussels) which were significantly 
heavier than the controls (18 ±5 SD and 23 ±12 SD 
respectively) (p <0.001) (Figure 4B). In BR, 
socks treated four times (107 mussels ±21 SD) 
had significantly more mussels than socks treated 
two times beginning in August and the lifted 
control (66 ±34 SD and 56 mussels ±14 SD 
respectively) (p = 0.002) (Figure 5B). 

In MR, all the treatments had significantly 
larger mussels than the 2 control groups (p <0.001) 

(Figure 4C). In BR, mussels were significantly larger 
in the group treated 4 times (4JASO) and the 
unlifted control (58.3 mm ±2.6 SD and 58.1 mm 
±2.6 SD respectively) than socks treated twice 
beginning in August (2AS) (53.8 mm ±2.9 SD) 
(p = 0.005) (Figure 5C). Similar to the sampling 
conducted in November, there was a significant 
difference in condition index in BR (p = 0.014) 
but not in MR (p=0.424) (Figure 4D, 5D). In BR, 
the mean condition index was 14.22, with a 
range of 13.6–15.5, while in MR the mean was 
lower (13.75) with a range of 4.5–7.4. 
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Figure 8. Ciona intestinalis infestation assessed during Murray 
River May 2011. (A) mean C. intestinalis weight, (B) # C. 
intestinalis / 0.3 M & (C) mean C. intestinalis length. All the 
values correspond to means (95%CI). 

Figure 9. Ciona intestinalis infestation in Brudenell River 
assessed during May 2011. (A) mean C. intestinalis weight, (B) 
# C. intestinalis / 0.3 M & (C) mean C. intestinalis length. All 
the values correspond to means (95%CI). 

 
Ciona intestinalis infestation: November 2010 

In MR, the lifted control (mean of 614.6 g ± 
730.8 SD) had significantly greater weight of C. 
intestinalis than the group treated twice beginning 
in August (2AS) and the group treated 4 times 
(4JASO) (means of 31.6 g ±37.7 SD and 121.3 g 
±152.5 SD respectively) (p = 0.013) (Figure 6A). 
In BR, the lifted control 659.1 g ±641.6 SD was 
significantly heavier (than the groups treated two 
times beginning in July (2JS) and the group treated 
four times (4JASO) (means of 152.5 g ±115.8 SD 
and 107.3 g ±114.8 SD respectively) (p =0.010) 
(Figure 7A). 

There were no significant differences in number 
of C. intestinalis on the socks between treatment 
groups and controls in both MR (p = 0.1571) and 
BR (p = 0.0707) (Figure 6B, 7B). With regards 
to length, C. intestinalis were significantly longer 
in the lifted control group than in the treated 
groups (p < 0.001) in MR. Meanwhile in BR 
there was no such effect (p = 0.406) (Figure 6C, 7C). 

Ciona intestinalis infestation: May 2011 

In MR and BR, there was no significant difference 
in C. intestinalis weight between the treatments or 
controls (p=0.760 and 0.172 respectively) (Figure 
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Figure 10. Water temperatures in the experimental sites in 
Brudenell and Murray Rivers, Prince Edward Island. 

8A, 9A). In MR, the number of C. intestinalis in 
the controls was lower than in the treatments 
(Figure 8B) (p =0.004), but the length was greater 
in the controls (p =0.003) (Figure 8C). In BR, 
there was no significant difference in number of 
C. intestinalis (p =0.087) (Figure 9B), but the 
lengths were significantly different (p =0.001) 
(Figure 9C). 

Temperature profile 

Water temperature was generally lower in BR 
than in MR from June 25th to approximately July 
25th, 2010, and then similar up to the end of 
August (Figure 10). Initial water temperatures 
for BR and MR, on June 25th, were 13.6oC and 
16.8oC, respectively. Water temperature was not 
recorded after September 5th. 

Discussion 

Overall, the results of this study suggest that the 
most advantageous high pressure water mitigation 
strategies are multiple (3–4) treatment regimes 
starting relatively early in the growing season 
(July). This conclusion is supported by the patterns 
observed in mussel productivity, particularly high 
weight values, and reductions in C. intestinalis 
abundance with respect to the other treatment 
regimes. These results do not necessarily apply 
to every mussel operation, in particular if they are 
subject to different growing seasons and varying 
water quality parameters such as temperature and 
food availability. However, they were gathered 

from two geographically separated and indepen-
dently managed locations which are represen-
tative of mussel operations in Atlantic Canada, 
and are also consistent with some aspects of the 
early life history of C. intestinalis. 

In this study, mussel productivity was assessed 
by four measurable variables: mussel biomass, 
count, shell length and condition index. Among 
them, mussel biomass is the most important 
variable for the financial success of a mussel 
farm (as price is paid on a per weight basis) but 
is obviously related and dependent on the other 
three variables (CBC News 2012; PEIDAF 2015). 
The main cause behind the changes in weight 
among treatment groups was the number of 
mussels per unit sock. This suggests that the 
main effect of the tunicates is not necessarily a 
reduction in mussel growth and health, as 
expressed by shell length and condition index, 
but rather the fall off of mussels from the socks. 
Intuitively, one would think that the more 
treatments are applied to a sock, the more mussels 
would be knocked off by the frequent high 
pressure water treatment. However, in reality the 
opposite seems to be happening. The removal of 
the tunicate weight from the longline by high 
pressure water treatment allows for a more secure 
attachment of the mussels to the sock (Babarro et 
al. 2008) and, therefore, promotes a decrease in 
the overall mussel fall off. 

A review of results per location indicates that 
in Brudenell River and Murray River, treating three 
or four times resulted in socks with the greatest 
mussel weight at the sampling in November, as 
compared to controls or treatments applied only 
two times. This increased weight was the result 
of significantly higher numbers of mussels on 
the longline, rather than an increase in the size of 
the mussels or their condition index. Shell length 
and condition index in fact only contributed a 
minor component to the mussel weight. One 
might speculate that increasing treatments on the 
longline would increase mussel thread production 
and attachment enhancement (Young 1985; Lachance 
et al. 2008). However recent unpublished research 
(Davidson and Hill, pers. comm., 1 May 2015), 
suggests that increased treatment does not increase 
mussel byssus production and attachment strength. 
An explanation is not available for this observation. 

Interestingly, in Brudenell River there was no 
significant difference in mussel productivity 
between treating three, four or two times beginning 
in July while in Murray River there was a 
difference between the multiple treatments and the 
two treatments beginning in July. An explanation 
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for this difference likely relates to the second 
factor involved in a successful mitigation strategy: 
how early to treat the socks (Arens et al. 2011). 
The size of the tunicates at the beginning of the 
treatment seems to explain the observed pattern. 
Once pressure water treatment was first applied, 
Brudenell River had tunicates with a mean length 
of 21 mm while those in Murray River had a 
length of 33 mm. The increased strain on the byssal 
attachment of mussels with larger tunicates, as 
was the case in Murray River, could have caused 
increased mussel fall off during the initial 
treatment of the socks. Brudenell River, which 
for unknown reasons was infested with smaller 
tunicates at that time, may not have experienced 
the same level of fall off. 

If the initial pressure water treatment is applied 
to mussel socks with smaller tunicates (i.e. 
relatively early in the season), this may allow 
growers to restrict the number of treatments to 
two, for example. If this doesn’t have a substantial 
effect on the loss of mussel productivity, as these 
results suggest, this may account for a considerable 
saving in the cost of treatment. The rationale for 
initiating early treatment is further supported by 
the reduced mussel productivity observed in both 
sites, when the treatment was initiated in August 
(i.e. when tunicates were already larger in size). 
It might be also assumed that an increased water 
pressure would be required during treatments 
when larger tunicates were present. This entails 
the risk of increased mussel fall off, and as a 
consequence, reduced overall productivity (Babarro 
et al. 2008). Although this may occur occasionally 
in these and other mussel operations, the water 
pressure was held constant for all treatment 
groups on the individual farms. Further evidence 
of the importance of timing of the initiation of 
the treatment comes from the treatment that had 
to be discontinued. Delaying the first treatment 
to October resulted in complete sock failure even 
before the treatment was completed. As the 
socks were lifted from the water, the combined 
weight of the mussels and tunicates caused both 
to detach from the sock and fall into the water. 

The effects of different treatment regimes on 
mussel productivity continued into the following 
spring as witnessed by the sampling in May after 
the winter ice. The increase in mussel weight 
over the winter can be largely explained by the 
dramatic increase in the mussel condition index 
from November to May in both Murray and 
Brudenell Rivers. This is consistent with the past 
experiences of mussel growers in the region 
(Smith and Ramsay 2014). Specifically, this increase 

could be most likely related to the spring bloom 
between April and May, when a high level of 
phytoplankton is present in the water and facilitates 
feeding and rapid growth in the mussels. 

Unlike the mussels, there were not clear 
patterns distinguishing the effects of the different 
treatment regimes on the C. intestinalis populations. 
During the fall sampling, and as expected, the 
only difference observed was an increase in 
weight in the control groups. During the winter 
sampling, this study found evidence of reduced 
tunicate weight in both river systems, but this was 
most likely related to the usual winter mortality 
affecting these populations, and was unrelated to 
treatment (Ramsay et al. 2009). There were no 
discernable “lasting effects” associated to 
individual treatment regimes. Winter mortality of 
C. intestinalis is a common but not completely 
understood phenomenon in the waters of PEI 
(Ramsay et al. 2009; Fisheries and Oceans Canada 
2010), and its interaction with mitigation strategies 
requires further research. 

In summary, the goal of selecting a treatment 
regime is to maximize mussel productivity, which 
for the mussel industry is the result of a balance 
between mussel growth and tunicate treatment 
strategies. Although treatment strategies may be 
site-specific, the results of this study indicate 
that C. intestinalis populations can be effectively 
controlled with multiple consecutive monthly (3–
4) treatments, and that is the most effective 
treatment regime. These results also suggest that 
initiating treatment early in the growing season, 
when tunicates are smaller, is more effective 
than starting later in the growing season due to 
increased risk of fall offs and loss of mussels. A 
first treatment in July appears to be critical for 
facilitating strong mussel attachment and, 
subsequently, mussel abundance and weight. The 
anticipated harvest time of the crop does not 
appear to be an important factor in determining 
the treatment regime employed to mitigate C. 
intestinalis.  

Acknowledgements 

The authors would like to thank two anonymous reviewers for 
their comments to an earlier version of the manuscript. This 
project was funded by the Department of Fisheries and Oceans 
Canada’s Sustainable Aquaculture Program (SAP) and Program 
for Aquaculture Regulatory Research (PARR), the Atlantic 
Innovation Fund, and the PEI Aquaculture Alliance. The authors 
wish to express their gratitude to the AVC Shellfish Research 
Group for field and laboratory assistance, and William Chalmers 
and Dr. Thitiwan Patanasatienkul for technical assistance in 
preparation of the manuscript. 
 



J.D.P. Davidson et al. 

178 

References 

Abbe GR, Albright BW (2003) An improvement to the 
determination of meat condition index for the eastern oyster 
Crassostrea virginica (Gmelin 1791). Journal of Shellfish 
Research 22: 747–752 

Adams CM, Shumway SE, Whitlatch RB, Getchis T (2011) 
Biofouling in marine molluscan shellfish aquaculture: A 
survey assessing the business and economic implications of 
mitigation. Journal of the World Aquaculture Society 43: 
242–252, http://dx.doi.org/10.1111/j.1749-7345.2011.00460.x 

Arens C, Paetzold SC, Ramsay A, Davidson J (2011) Pressurized 
seawater as an antifouling treatment against the colonial 
tunicates Botrylloides violaceus and Botryllus schlosseri in 
mussel aquaculture. Aquatic Invasions 6: 465–476, 
http://dx.doi.org/10.3391/ai.2011.6.4.12 

Arsenault G, Davidson J, Ramsay A (2009) Temporal and spatial 
development of an infestation of Styela clava on mussel farms 
in Malpeque Bay, Prince Edward Island, Canada. Aquatic 
Invasions 4: 189–194, http://dx.doi.org/10.3391/ai.2009.4.1.19 

Babarro JMF, Reiriz MJF, Labarta U (2008) Secretion of byssal 
threads and attachment strength of Mytilus galloprovincialis: 
the influence of size and food availability. Journal of the 
Marine Biological Association of the United Kingdom 88: 
783–791, http://dx.doi.org/10.1017/S0025315408001367 

Bakker JA, Paetzold SC, Quijón PA, Davidson J (2011) The use 
of food grade oil in the prevention of vase tunicate fouling on 
mussel aquaculture gear. Management of Biological Invasions 
2: 15–25, http://dx.doi.org/10.3391/mbi.2011.2.1.02 

Bourque D, Davidson J, MacNair NG, Arsenault G, Leblanc A, 
Landry T, Miron G (2007) Reproduction and early life 
history of an invasive ascidian Styela clava Herdman in 
Prince Edward Island, Canada. Journal of Experimental 
Marine Biology and Ecology 342: 78–84, http://dx.doi.org/10. 
1016/j.jembe.2006.10.017 

Campbell M (2002) Word spreads and so does clubbed tunicate. 
Fishfarming October: 9 

Carlton JT, Geller JB (1993) Ecological roulette: the global 
transport of nonindigenous marine organism. Science 261: 
78–82, http://dx.doi.org/10.1126/science.261.5117.78 

Carver CE, Chisholm A, Mallet AL (2003) Strategies to mitigate 
the impact of Ciona intestinalis (L.) biofouling on shellfish 
production. Journal of Shellfish Research 22: 621–631 

Carver CE, Mallet AL, Vercaemer B (2006) Biological synopsis 
of the colonial tunicates, Botryllus schlosseri and Botrylloides 
violaceus. Canadian Manuscript Report of Fisheries and 
Aquatic Sciences No 2747, 42 pp 

CBC News (2012) Mussel price up for growers. http://www.cbc.ca/ 
news/canada/prince-edward-island/mussel-price-up-for-growers-1.117 
1123 (accessed 1 May 2015) 

Cohen AN, Carlton JT (1998) Accelerating invasion rate in a 
highly invaded estuary. Science 279:555–558, http://dx.doi.org/ 
10.1126/science.279.5350.555 

Daigle RM, Herbinger CM (2009) Ecological interactions 
between the vase tunicate (Ciona intestinalis) and the farmed 
blue mussel (Mytilus edulis) in Nova Scotia, Canada. Aquatic 
Invasions 4: 5–10, http://dx.doi.org/10.3391/ai.2009.4.1.18 

Edwards PK, Leung B (2009) Re-evaluating eradication of 
nuisance species: invasion of the tunicate, Ciona intestinalis. 
Frontiers in Ecology and the Environment 7: 326–332, 
http://dx.doi.org/10.1890/070218 

Eno NC, Clark RA, Sanderson WG (1997) Non-native marine 
species in British waters: a review and directory. Joint Nature 
Conservation Committee, Peterborough, UK, 136 pp 

Fisheries and Oceans Canada (2010) Containment and mitigation 
of nuisance tunicates on PEI to improve mussel farm producti-
vity. Aquaculture Collaborative Research and Development 
Program Fact Sheet. Aquaculture Science Branch, Fisheries 
and Oceans Canada, Ottawa, Ontario, Issue 6, 4 pp 

Fitridge I, Dempster T, Guenther J, de Nys R (2012) The impact 
and control of biofouling in marine aquaculture: A review. 
Biofouling: The Journal of Bioadhesion and Biofilm Research 
28: 649–669, http://dx.doi.org/10.1080/08927014.2012.700478 

Forrest BM, Hopkins GA, Dodgshun T, Gardner JPA (2007) 
Efficacy of acetic acid treatments in the management of 
marine biofouling. Aquaculture 262: 319–332, http://dx.doi.org/ 
10.1016/j.aquaculture.2006.11.006 

Howes S, Herbinger CM, Darnell P, Vercaemer B (2007) Spatial 
and temporal patterns of recruitment of the tunicate Ciona 
intestinalis on a mussel farm in Nova Scotia, Canada. Journal 
of Experimental Marine Biology and Ecology 342: 85–92, 
http://dx.doi.org/10.1016/j.jembe.2006.10.018 

Lachance AA, Myrand B, Tremblay R, Koutitonsky V, 
Carrington E (2008) Biotic and abiotic factors influencing 
attachment strength of blue mussels Mytilus edulis in 
suspended culture. Aquatic Biology 2: 119–129, http://dx.doi.org/ 
10.3354/ab00041 

Lambert CC, Lambert G (2003) Persistence and differential 
distribution of nonindigenous ascidians in harbors of the 
Southern California Bight. Marine Ecology Progress Series 
259: 145–161, http://dx.doi.org/10.3354/meps259145 

Leblanc N, Davidson J, Tremblay R, McNiven M, Landry T 
(2007) The effect of anti-fouling treatments for the clubbed 
tunicate on the blue mussel, Mytilus edulis. Aquaculture 264: 
205–213, http://dx.doi.org/10.1016/j.aquaculture.2006.12.027 

Locke A, Doe KG, Fairchild WL, Jackman PM, Reese EJ (2009) 
Preliminary evaluation of effects of invasive tunicate 
management with acetic acid and calcium hydroxide on non-
target marine organisms in Prince Edward Island, Canada. 
Aquatic Invasions 4: 221–236, http://dx.doi.org/10.3391/ai.2009.4.1.23 

Locke A, Hanson JM, Ellis KM, Thompson J, Rochette R (2007) 
Invasion of the southern Gulf of St. Lawrence by the clubbed 
tunicate (Styela clava Herdman): potential mechanisms for 
invasions of Prince Edward Island estuaries. Journal of 
Experimental Marine Biology and Ecology 342: 69–77, 
http://dx.doi.org/10.1016/j.jembe.2006.10.016 

Lutz-Collins V, Quijón PA, Davidson J (2009a) Blue mussel 
fouling communities: polychaete composition in relation to 
mussel stocking density and seasonality of mussel deploy-
ment and sampling. Aquaculture Research 40: 1789–1792, 
http://dx.doi.org/10.1111/j.1365-2109.2009.02282.x 

Lutz-Collins V, Ramsay A, Quijón PA, Davidson J (2009b) 
Invasive tunicates fouling mussel lines: evidence of their 
impact on native tunicates and other epifaunal invertebrates. 
Aquatic Invasions 4: 213–220, http://dx.doi.org/10.3391/ai.2009.4.1.22 

MacNair N, Morrison A, Mills C, Campbell E (2006) 
Investigation into the life cycle, impact on mussel culture and 
mitigation strategies for two new invasive colonial tunicates, 
the golden star tunicate and the violet tunicate, in Savage 
Harbour PEI. PEI Aquaculture & Research Initiative 
#060AR18 Final Report. PEI Department of Agriculture, 
Fisheries and Aquaculture, Fisheries and Aquaculture 
Division, Charlottetown, PEI, 54 pp 

Paetzold SC, Davidson J (2010) Viability of golden star tunicate 
fragments after high-pressure water treatment. Aquaculture 
303: 105–107, http://dx.doi.org/10.1016/j.aquaculture.2010.03.004 

Paetzold SC, Davidson J (2011) Aquaculture fouling: Efficacy of 
potassium monopersulphonate triple salt based disinfectant 
(Virkon® Aquatic) against Ciona intestinalis. Biofouling: 
The Journal of Bioadhesion and Biofilm Research 27: 655–
665, http://dx.doi.org/10.1080/08927014.2011.594503 

Paetzold C, Hill J, Davidson J (2012) Efficacy of high-pressure 
seawater spray against colonial tunicate fouling in mussel 
aquaculture: inter-annual variation. Aquatic Invasions 7: 
555–566, http://dx.doi.org/10.3391/ai.2012.7.4.012 

Parent M, Paetzold SC, Quijón PA, Davidson J (2011) Perforation 
with and without vinegar injection as a mitigation strategy 
against two invasive tunicates, Ciona intestinalis and Styela 



Treatment regime for Ciona intestinalis on mussel socks 

179 

clava. Management of Biological Invasions 2: 27–38, 
http://dx.doi.org/10.3391/mbi.2011.2.1.03 

Patanasatienkul T, Revie CW, Davidson J, Sanchez J (2014) 
Mathematical model describing the population dynamics of 
Ciona intestinalis, a biofouling tunicate on mussel farms in 
Prince Edward Island, Canada. Management of Biological 
Invasions 5: 39–54, http://dx.doi.org/10.3391/mbi.2014.5.1.04 

PEI Aquaculture Alliance (2015) http://www.aquaculturepei.com/pdf/ 
Mussel-PDF.pdf 

PEI Department of Agriculture and Fisheries (PEIDAF) (2015) 
Weekly Fish Price Reports, http://www.gov.pe.ca/fard/index.php3 
?number=1024862 

Ramsay A, Davidson J, Bourque D, Stryhn H (2009) Recruitment 
patterns and population development of the invasive ascidian 
Ciona intestinalis in Prince Edward Island, Canada. Aquatic 
Invasions 4: 169–176, http://dx.doi.org/10.3391/ai.2009.4.1.17 

Ramsay A, Davidson J, Landry T, Arsenault G (2008a) Process of 
invasiveness among exotic tunicates in Prince Edward Island, 
Canada. Biological Invasions 10: 1311–1316, http://dx.doi.org/ 
10.1007/s10530-007-9205-y 

Ramsay A, Davidson J, Landry T, Stryhn H (2008b) The effect of 
mussel seed density on tunicate settlement and growth for the 
cultured mussel, Mytilus edulis. Aquaculture 275: 194–200, 
http://dx.doi.org/10.1016/j.aquaculture.2008.01.024 

Ross KA, Thorpe JP, Norton TA, Brand AR (2002) Fouling in 
scallop cultivation: help or hindrance? Journal of Shellfish 
Research 21: 539–547 

Ross KA, Thorpe JP, Brand AR (2004) Biological control of 
fouling in suspended scallop cultivation. Aquaculture 229: 
99–116, http://dx.doi.org/10.1016/S0044-8486(03)00328-4 

Ruiz GM, Carlton JT, Grosholz ED, Hines AH (1997) Global 
invasions of marine and estuarine habitats by non-indigenous 
species: mechanisms, extent, and consequences. American 
Zoologist 37: 621–632, http://dx.doi.org/10.1093/icb/37.6.621 

Ruiz GM, Fofonoff PW, Carlton JT, Wonham MJ, Hines AH 
(2000) Invasion of coastal marine communities in North 
America: apparent patterns, processes, and biases. Annual 
Review of Ecological Systems 31: 481–531, http://dx.doi.org/ 
10.1146/annurev.ecolsys.31.1.481 

Smith G, Ramsay A (2014) PEI mussel monitoring program. 
Prince Edward Island Department of Fisheries, Aquaculture 
and Rural Development, Aquaculture Division Technical 
report No 254, 75 pp, http://www.gov.pe.ca/photos/original/FAR 

D_Techrep14.pdf (accessed 15 April 2015) 
Thompson R, MacNair N (2004) An overview of the clubbed 

tunicate (Styela clava) in Prince Edward Island. PEI Depart-
ment of Agriculture, Fisheries, Aquaculture, and Forestry: 
Fisheries and Aquaculture Technical report No 234, 29 pp 

Watson DI, Shumway SE, Whitlatch RB (2009) Biofouling and 
the shellfish Industry. In: Shumway SE, Rodrick GE (eds), 
Shellfish quality and safety, Chapter 13. Woodhead Publi-
shing Ltd., Cambridge, UK, pp 317–336, http://dx.doi.org/10.15 
33/9781845695576.2.317 

Young GA (1985) Byssus-thread formation by the mussel Mytilus 
edulis: effects of environmental factors. Marine Ecology 
Progress Series 24: 261–271, http://dx.doi.org/10.3354/meps024261 




