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Ships and boats may transport whole communities of non-indigenous species (NIS)
through hull biofouling, some members of which may become invasive. Several studies
have evaluated the diversity of these communities, but very few have analyzed the
survival of organisms after their voyages into different and potentially inhospitable
conditions. This factor is important to consider because the last port of call approach
for risk assessments assumes that if the conditions observed in the last port of call
are different from those observed in a receiving port, risks are diminished or null. Using
an innovative experimental system, we tested the survival and recovery of the marine
blue mussel (Mytilus edulis) and the freshwater zebra mussel (Dreissena polymorpha) by
exposing them to adverse salinity conditions at varying temperatures to simulate ships
and boats transiting to ports or marinas with contrasting environmental conditions. Both
mussel species, which are well-known for their adaptability to new environments as
aquatic NIS, survived better at colder temperatures, with blue mussels surviving up to
14 days in freshwater, and zebra mussels up to 8 days in marine water. This highlights
the importance of considering the resistance of fouling organisms to adverse conditions
in vector and species risk assessments.

Keywords: biofouling, environmental tolerance, non-indigenous bivalves, risk assessment, shipping, boating,
survival

INTRODUCTION

Aquatic invasive species are non-indigenous species (NIS) that have considerable impacts on
ecosystem function, biological community composition, and global economies in marine coastal
and freshwater environments (Bax et al., 2003; Molnar et al., 2008; Havel et al., 2015; Gallardo
et al., 2016). Important introduction vectors include vessels (e.g., commercial ships and recreational
boats) that may transport organisms into novel environments where they can become invasive
(Molnar et al., 2008; Seebens et al., 2013). Biofouling and ballast water are the two most important
means by which NIS may be transported to different geographic locations by ships and boats
(Molnar et al., 2008; Sylvester et al., 2011; Williams et al., 2013; Chan et al., 2016). Regulations have
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been adopted to prevent the discharge of ballast water (used to
maintain ship trim) near coastal habitats since the realization that
it can disperse organisms of various life-stages that may establish
(IMO [International Maritime Organization], 2004, 2021; Simard
and Hardy, 2004; Firestone and Corbett, 2005; Bailey, 2015;
Scriven et al., 2015). Although most work on shipping-related
introductions of NIS has focused on ballast water (Bailey, 2015),
biofouling by a diverse assemblage of fouling organisms (Bailey
et al., 2012; Chan et al., 2012; Adams et al., 2014; Linley et al.,
2014) on submerged ship surfaces, including hulls, sea chests,
etc., may be an equally important vector (Coutts et al., 2010a,b;
Sylvester et al., 2011; Chan et al., 2016, 2019). Likewise, biofouling
of smaller boats (recreational, fishing, etc.) may be an important
source of NIS introductions in many areas (e.g., Davidson et al.,
2010; Ashton et al., 2014; Zabin et al., 2014; Pelletier-Rousseau
et al., 2019).

Although there are no federal regulations concerning the
control of biofouling in Canadian waters, Canada has adopted
the voluntary International Guidelines for the Control and
Management of Ships’ Biofouling to Minimize the Transfer
of Invasive Species proposed by the International Maritime
Organization (IMO [International Maritime Organization],
2011) and is a strategic partner to the 2017 GloFouling
partnership (Chan et al., 2015; IMO [International Maritime
Organization], 2017, 2021). These guidelines focus mostly on
the prevention of attachment and removal of organisms from
submerged ship surfaces via anti-fouling systems and cleaning
programs, respectively. The efficiency of anti-fouling systems
varies and cleaning is done on a voluntary basis and thus does
not entirely prevent the risk of transferring organisms that
accumulate over time and locations (Drake and Lodge, 2007;
Sylvester et al., 2011; Chan et al., 2016; Tamburri et al., 2020).

Risk assessments (RAs) are an effective way to identify,
evaluate, and estimate the level of threat of a potential NIS
or pathway (Bell et al., 2011; Lodge et al., 2016). Ideally, RAs
for biofouling include detailed information on all ports of
call visited by a vessel along with its travel history to best
understand the potential fouling communities associated with
a given ship or boat. Normally, information on last port-of-
call (LPoC) is used to assess the relative risk of introduction
of NIS (Floerl et al., 2005; Bailey et al., 2012; Chan et al.,
2012; Adams et al., 2014; Linley et al., 2014; McDonald et al.,
2015; Shucksmith and Shelmerdine, 2015), under the assumption
that vessels arriving from areas with differing environmental
conditions (e.g., from marine to freshwater or temperate to polar
waters) will be of low risk as associated organisms are assumed
to be killed by inhospitable conditions. However, species within
hull fouling communities may be very different from those in
the LPoC, given that organisms may have accumulated over
time, over voyages to multiple destinations, and subjected to a
variety of environmental conditions (Drake and Lodge, 2007;
Sylvester et al., 2011). In addition, vessels may only briefly
transit to LPoC in zones with contrasting conditions and then
quickly return to similar initial conditions (e.g., marine A to
freshwater to marine B; risk to marine C would be evaluated
as very low since the LPoC was freshwater; Figure 1), although
the effect of such brief incursions to inhospitable conditions

remains poorly understood (Miller et al., 2018). Taxa such as
mollusks (bivalves and gastropods) and barnacles can resist
salinity changes by closing their shells, which not only interrupts
feeding and ventilation (Foster, 1970; Schoffeniels and Gilles,
1972; Hoyaux et al., 1976; van der Gaag et al., 2016) but also
protects them from desiccation and osmotic and temperature
stressors (e.g., Borthagaray and Carranza, 2007; Nicastro et al.,
2010; McFarland et al., 2015). Many marine invertebrates can
also adapt physiologically to a wide range of water temperatures
(Harley et al., 2006; Sanford and Kelly, 2011; Sunday et al.,
2012). If organisms can endure brief transits into inhospitable
conditions, then the risk for certain classes of voyages may
be greatly underestimated. Furthermore, there is evidence that
certain biofouling species, including bivalves, resist exposure to
high temperatures (Rajagopal et al., 2005b; Piola and Hopkins,
2012; Lenz et al., 2018). The extent to which fouling organisms
may survive incursions into different inhospitable conditions,
after challenges such as a combination of adverse salinity and
temperature, remains unknown. This information is crucial as
only organisms able to withstand these variations have the
potential to invade a new location (Bailey et al., 2012; Bailey, 2015;
Schimanski et al., 2016).

Bivalves are aquatic organisms that are likely to be transported
via biofouling and can have great impacts on introduced areas
(Strayer et al., 1998; Lee and Chown, 2007; Herbert et al.,
2016). These bivalves include freshwater mussels, such as the
zebra mussel Dreissena polymorpha and other members of
the family Dreissenidae, and marine mussels of the family
Mytilidae, including Mytilus edulis (e.g., Fofonoff et al., 2021).
The objective of this study is thus to investigate the survival
of biofouling organisms in environmental conditions simulating
those encountered by ships during transits and upon arrival,
using these two well-known biofouling bivalves as model
species. We used a laboratory system to recreate conditions
experienced by hull fouling organisms during transit and
measured survival of both mussel species. Blue mussels were (1)
acclimatized in saltwater at different temperatures, (2) exposed to
freshwater at different temperatures, and (3) returned to initial
conditions for recovery; activity and survival were monitored
during the different phases. Zebra mussels were exposed to
the reverse conditions, i.e., freshwater to marine water and
back to freshwater.

MATERIALS AND METHODS

Study Organisms
Two species of mussels were used for this study, the marine
blue mussel (M. edulis) and the freshwater zebra mussel
(D. polymorpha), which are well-known for their invasiveness
and biofouling capabilities (Berntsson and Jonsson, 2003; Drake
and Lodge, 2007; De Ventura et al., 2016). Blue mussels are
native to the intertidal shores of the northern Atlantic (Gosling,
2003; Moreau et al., 2005; Gaitán-Espitia et al., 2016) and part
of a complex of hybridizing Mytilus species that also includes
M. trossulus, M. californicus, and M. galloprovincialis (Koehn,
1991). Mytilus species are known for their plasticity which allows
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FIGURE 1 | Conceptual diagram of transit between ports. Biofouling risk assessments only consider Last Port of Call (LPoC), but biofouling organisms from other
ports with similar conditions can also be found. NIS, non-indigenous species.

them to adapt to new environments and M. galloprovincialis and
M. edulis have been introduced by aquaculture operations on the
Pacific coast of North America and many other areas worldwide
(Moreau et al., 2005; Gaitán-Espitia et al., 2016; Mathiesen et al.,
2017). M. edulis is now established in South America (Hickman,
1992; but see Gaitán-Espitia et al., 2016), Asia (Tang et al., 2002),
Africa (Ajani and Oyebola, 2010), and Oceania (Westfall and
Gardner, 2010; Colgan and Middelfart, 2011). Blue mussel species
are believed to withstand salinities ranging from 4 to 36 PSU
(Gosling, 2003; van der Gaag et al., 2016).

Zebra mussels are extremely successful invaders that have
spread, in only a few decades, over large regions through ballast
water and hull biofouling in fresh- (Karatayev et al., 2015a,b) and
brackish water (Mackie and Schloesser, 1996; Strayer et al., 1996;
Minchin et al., 2002; Carlton, 2008). Zebra mussels originate from
Eurasia and have invaded freshwater bodies in most European
countries and in eastern North America, including the freshwater
section of the St. Lawrence estuary and the Great Lakes (Johnson
and Carlton, 1996; Kwan et al., 2003; Casper et al., 2014). Adult
zebra mussels can withstand higher salinities than those usually
found in freshwater environments at colder temperatures—up
to 16 PSU in natural settings (Mackie and Schloesser, 1996;
Hayward and Estevez, 1997).

Sampling Locations
Over 4,000 blue mussels (commercial size, 5–6 cm in length)
were purchased from two different mussel farms from the

Gaspésie (Quebec, Canada) region: Carleton (June 2018) and
Gaspé (October 2018). Both mussel farms are located offshore
of estuaries and exposed to seawater conditions [(Carleton (June
2018): 11.5◦C, 27.1 PSU and Gaspé (October historical data):
8.0◦C, 25.8 PSU)].

Zebra mussels were collected from the Parc Nautique de
Lévis (Lévis, QC, Canada) marina on two occasions in June
2018 (20.8◦C, 0.1 PSU) and October 2018 (10.9◦C; 0.1 PSU).
Over 4,000 individuals (1.9–3.0 cm in length) were obtained
by SCUBA divers who scraped mussels from the underside of
floating wharves.

Both blue and zebra mussels were transported by road
(maximum of 4 h) to the laboratory at Maurice-Lamontagne
Institute (MLI, Mont-Joli, QC, Canada). They were placed in
coolers without water but kept moist with wet towels and cool
with ice packs during transport. All organisms were collected
and transported with the required permissions and permits.
Upon reaching MLI, animals were removed from the coolers,
and dead or damaged individuals were discarded. Mussels were
considered dead when the shell gape was wide, there was no
reaction to direct probing, and body tissues showed signs of
decomposition along with a putrid odor (Nichols, 1992). The
remaining zebra mussels were placed directly in the freshwater
husbandry tanks of the experimental set-up, which was equipped
with a high-performance filtration system. Blue mussels were
placed in a 1,000 L quarantine tank filled with continuously
running freshwater (∼8◦C, 0.4 PSU) for 24 h to remove potential
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associated marine invasive species (Carman et al., 2016). All
mussels were subsequently removed from the quarantine tank
and any dead individuals were discarded. We recognize that this
may constitute a bias (i.e., artificial selection for individuals better
adapted to freshwater exposure), however, biosecurity protocols
were required by MLI and very little mortality (less than 5%) was
observed in blue mussels.

Coolers and all the materials used for both species were soaked
for 72 h in a 0.5% chlorine solution for disinfection (Invasive
Mussel Collaborative, 2017).

Mussel Husbandry
Mussels were held in meshed rectangular plastic baskets placed
in large flow-through tanks (3 × 250 L of freshwater for zebra
mussels and 1× 500 L of filtered saltwater for blue mussels) with
discharged water passing through the high-performance filter
system, where used water was first filtered by a series of cartridges
(100, 50, 5, and 1 micron) to remove particles and gametes,
and then circulated through UV-C neon lights (254 nm; 30,000
µWs/cm2). The light regime consisted of 12 h light and 12 h dark
(Walz, 1978; Nichols, 1992). Tanks were cleaned twice weekly to
remove feces and dead individuals, and mussels were fed [40 mL
Reed’s shellfish 1,800 and 40 mL Nanno 3,600 (Nannochloropsis
sp.)] three times daily through slow drip-systems which kept the
algae in suspension in the water column. Blue mussels were kept
at∼ 4◦C (pH 8 and≥ 27 PSU) in marine water pumped from the
St. Lawrence estuary at a depth of∼15 m, 2 km from shore. After
a few weeks, post-catch mortality decreased and stabilized to less
than 10 individuals per week. Zebra mussels were kept at 8◦C
(pH 7, 0.4 PSU), a temperature at which mussels are prevented
from releasing gametes, as 12◦C is the minimum temperature
for spawning (Borcherding, 1991). Temperatures in husbandry
tanks were the same as that of the water sources. Calcium levels
and pH remained in the range of values that are adequate for
survival (calcium levels≥ 12 mg of Ca2+/L and pH values of 7.4–
9.4; McMahon, 1996). Freshwater was supplied from a nearby
municipality (Price, Quebec, Canada) and kept 48 h in large
reservoirs to allow chlorine to evaporate before being used in
the experimental system. All mussels were kept a minimum of
4 weeks in the laboratory prior to their use in trials, as post-catch
stress may affect individual mortality up to that period (Kilgour
and Baker, 1994). Post-catch mortality of zebra mussels decreased
and stabilized to less than 50 individuals per week.

Experimental Set-Up
To recreate conditions experienced during ship transits, we
manipulated temperature and salinity using a system of four
water circuits: cold freshwater, warm freshwater, cold seawater,
and warm seawater (Figure 2). Temperature was manipulated
at the inflow of each replicate tank by mixing water from the
cold and warm circuits, and salinity was manipulated by a
complete change from the freshwater to the marine circuits or
vice-versa. Each circuit was composed of a 250 L header tank
and a 1.5 horsepower (HP) pump that continuously circulated
water through conditioning and distribution loops (Figure 2).
In the condition loop, water was first circulated through a sand
biofilter and then either chilled with two heat pumps (0.75 and

FIGURE 2 | Diagram showing one of the 40 systems used to manipulate
temperatures and salinity in the experimental tanks and one of the four
systems used to condition the water.

1.5 HP) mounted in series or warmed using a 24 KW inline heater
before returning to the header tank through a degassing column.
Another heat pump (5 HP) was occasionally used to supplement
system heating or chilling capacity. Distribution loops fed the 40
replicate tanks (15 L plastic buckets) equipped with standpipes;
the loop returned excess water to header tanks through the
degassing columns. The water used in the experimental tanks
was either returned to a header tank through a drain or
discarded. Water was renewed in each header tank using float
valves to ensure that water was replaced at the same rate as it
was disposed of.

Distribution loops brought water to each experimental tank
using an individual automated system (Figure 2). Each system
consisted of a three-way ball valve, with one side connected to
a cold circuit and the other to a warm circuit, using flexible
tubing and quick connectors. The proportional opening of each
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valve (thus, changing temperature over a continuum of possible
temperatures within the range of the difference between the cold
and warm circuits) was controlled by an actuator activated by a
proportional-integral-derivative temperature controller. Desired
temperatures were programmed into the controllers and the
system continuously adjusted the valve opening to maintain the
target temperature. Water sources were easily changed from
saltwater to freshwater (or vice-versa) using quick connectors,
allowing mimicking transitions between marine and freshwater
environments. Independent data collectors (Onset HOBO, model
UA-001-08) were placed in each aquaria and header tanks at
the beginning of each experimental run to gather temperature
measurements at 15 min intervals.

Treatments and Experimental Runs
We used the experimental laboratory system to mimic various
conditions endured by hull fouling organisms during transits
between marine and freshwater systems. Mussels were first
transferred from the husbandry tank to experimental tanks
(20 mussels per tank) filled with water at conditions identical
to those in husbandry tanks. Water temperature was then
gradually increased or decreased by maximum daily increments
of 2◦C (Kilgour et al., 1994; Clements et al., 2018), until the
desired treatment temperature was reached (“Acclimatization
A” in Figure 3). Once reached, it was held constant until
all replicates reached their own target (“Acclimatization B” in
Figure 3). Twenty-four hours later, water sources were switched
and temperature settings adjusted; this resulted in a ∼20-min
transition period to the exposure conditions (“Exposure” in
Figure 3). These conditions were maintained until > 50% of the
mussels (of those alive at the end of the acclimatization period)
died for a particular replicate (LC50; Waller et al., 1993). Once
this was reached, original conditions were restored for 5 days
(“Recovery” in Figure 3) or until all individuals were dead.

We used a total of 13 transit scenarios with temperatures
ranging from 5 to 25◦C. For blue mussels, treatments included
acclimatization in marine water at 5◦C, exposure to freshwater
at 5◦C, and recovery in marine water at 5 ◦C; this treatment
was termed 5–5 (i.e., Acclimatization-Exposure); using the same
terminology, the other treatments were 5–10, 10–5, 10–10, 10–
15, 15–10, 15–15, 15–20, 20–15, 20–20, 20–25, 25–20, and 25–25.
The treatments were the same for zebra mussels, but the order
of exposure to freshwater and marine water was reversed in
these scenarios. Recovery conditions were the same as those
during acclimatization. In addition, control treatments, where
the acclimatization conditions were maintained for the duration
of the experiment, were conducted at 5, 10, 15, 20, and 25◦C.
Because the range of water temperatures (5–25◦C) exceeded the
capacities of our heating and cooling devices, the treatments
were divided into two experimental blocks: the cold blocks with
temperatures of 5–10–15◦C (conducted in winter 2019) and
the warm blocks with temperatures of 15–20–25◦C (conducted
in fall 2018). Within each temperature block, all treatments
and controls were replicated in two separate tanks for both
species, and the procedure was repeated over two separate runs,
resulting in four replicates of each treatment. Note that the 15–15
treatments and controls at 15 ◦C were completed for each block.

FIGURE 3 | Representation of an experimental trial involving blue mussels
(Mytilus edulis) in a 10–15 treatment replicate, showing the variation in water
temperature and salinity and the timing of the experimental phases. Units for
the different variables are presented in parentheses in the figure legend.

Over the course of the experiment, the salinity of marine water
varied between 25 and 30 PSU whereas the salinity of freshwater
remained constant at 0.4 PSU. From the transfer of mussels from
the husbandry tanks to reaching the initial treatment temperature
in experimental tanks, mussel activity was observed to verify that
they were able to adapt and function (filter, feed, defecate) for all
treatments. The presence of feces or pseudofeces was taken as a
sign of normal mussel functioning.

Measurements
Shell lengths of all mussels were measured with digital
calipers before being placed into experimental aquaria
(mean ± SD = 54.83 ± 2.89 and 24.56 ± 2.23 mm for blue
and zebra mussels, respectively, n = 1,600). Once all mussels
were in their respective aquaria, temperature and pH were
taken twice daily. Ammonia and calcium levels were checked
regularly and randomly in aquaria using commercial water
testing kits. Mussels were fed once per day with the same mixture
of liquid algae as in the husbandry tanks during all phases of
the experiment, and feces were removed daily. Observations of
mussel filtering activity were recorded following a chart based
on stress evaluation (Nichols, 1992), and dead individuals were
counted and removed from the experimental tanks. This was
performed twice daily over the entire course of the experiment.

Statistical Analyses
Non-negligible mortality was observed in the control treatments
for zebra mussels; we therefore used survival analysis to evaluate
the effect of temperature on survival, with a separate analysis for
each temperature block. We used the proportion of individuals
still alive over time (pooled over all replicates from both runs)
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and ran Kaplan-Meier log-rank tests followed by Holm-Sidak
multiple comparisons.

The proportion of individuals filtering (taken as a proxy
for mussel activity) for control treatments was analyzed using
two-way factorial ANOVAs with the fixed factor Temperature
and the random factor Run. Similarly, the proportion of
individuals filtering during the acclimatization, exposure, and
recovery phases were analyzed separately with two-way factorial
ANOVAs with the fixed factor Treatment and the random
factor Run. The dependent variable for the analyses of filtering
activity was the average number of individuals observed filtering
during the twice-daily observations for each replicate. Time
to > 50% mortality and proportion of individuals still alive
after the recovery period were also analyzed with two-way
factorial ANOVAs with the fixed factor Treatment and the
random factor Run. All ANOVAs were conducted for each
species and block combination separately. Assumptions of
homoscedasticity and normality of residuals were evaluated
using Bartlett and Kolmogorov-Smirnov tests, respectively, and
appropriate transformations were applied when assumptions
were not met. Non-significant (p > 0.25) interactions between
Treatment and Run were pooled with the error term and
calculations of the F-ratio for Treatment were done using
this pooled error term. Following detection of a significant
Treatment effect, multiple comparisons were done using Tukey
post hoc tests.

RESULTS

The experimental system successfully recreated the desired
temperatures for the colder treatments (cold block); although
some outliers were detected, means and ranges were close
to the targets with no overlap among treatments (Figure 4).
More deviations from the target temperatures were detected
in the warmer treatments (warm block). In particular,
variability was high for the 20◦C target temperature for
both marine and freshwater and the 25◦C target could not
be reached (mean ± SD; marine 23.58◦C ± 1.49; n = 28,
and freshwater 23.77◦C ± 1.47; n = 28). Still, means
among target conditions were largely different from one
another and only a few replicates overlapped with other
treatments (Figure 4).

In general, blue mussel survival was higher than that for
zebra mussels in the control and experimental tanks for all
temperatures. Blue mussels in the control treatments showed
high survival with ∼ 2% mortality (10 out of 480 individuals)
during the experimental periods (hence data not analyzed nor
presented). In contrast, higher mortality was observed in zebra
mussels control tanks with up to 55% dying in the warmer
conditions (Figure 5). Survival of zebra mussels differed among
temperature treatments for both the cold and warm blocks (Cold:
Log-Rank Test = 7.62, df = 2, p = 0.02; Warm: Log-Rank
Test = 16.20, df = 2, p < 0.001). In the cold block, multiple
comparisons revealed that survival was lower at 5◦C compared
to 10◦C; all other pairs of treatments did not differ significantly.
In the warm block, all temperature treatments were significantly

FIGURE 4 | Measured temperatures in the experimental tanks in relation to
the different target combinations of temperature and salinity. Replicates
represent the mean temperature of a phase (i.e., Acclimatization B, Exposure,
or Recovery). Boxes represent 25th and 75th percentiles, lines show median,
error bars show 5th and 95th percentile, and dots show outliers.

FIGURE 5 | Survival of zebra mussels, Dreissena polymorpha, in control
treatments at the various acclimatization temperatures for the cold (blue lines)
and warm (red lines) blocks. Values represent the proportion of the total
individuals alive over time out of 80 individuals (2 runs × 2 replicates × 20
individuals). Dots show the moment when the shortest of the two runs ended.

different from each other with decreasing survival with increasing
temperature (Figure 5).

Blue mussels showed high filtering activity, regardless of
temperature. Blue mussel activity in the control treatments
was unrelated to temperature (Table 1) with ∼50 and 40% of
individuals filtering in the cold and warm blocks, respectively
(Figure 6A). For control zebra mussels in the cold block,
between 20 and 30% of individuals were observed filtering with
a significant increase in activity with increasing temperatures
(Table 1 and Figure 6A). In the warm block, control zebra
mussels spent most of their time with their valves closed,
with ∼15% of individuals observed filtering, irrespective of
temperature (Figure 6A).
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FIGURE 6 | Filtration activity of marine blue mussels (Mytilus edulis) and
freshwater zebra mussels (Dreissena polymorpha) in the control treatments at
different temperatures (A) and during the acclimatization (B) and recovery (C)
phases of the experiment. Bars show mean (+SE, n = 4) proportion of
individuals observed filtering and columns not sharing a common letter (within
a Block and Species combination) are significantly different (Tukey post hoc
tests). Vertical lines show the separation between the cold and warm blocks.

During the acclimatization phase, treatment had no influence
on filtering activity of blue mussels in either block (Table 2).
Irrespective of temperature, mussels spent about 60 and 40%
of the time filtering in the cold and warm blocks, respectively
(Figure 6B). Filtering of zebra mussels during the acclimatization
phase was significantly influenced by temperature in the cold,
but not the warm block (Table 2). In the cold block, there
was a gradual increase in filtering activity from ∼20 to 40%
with increasing temperature whereas ∼20% of individuals were
filtering in all treatments during the warm block (Figure 6B).
With the exception of one specimen, all mussels of both species
had their valves closed during the exposure phase, thus the data
was not analyzed nor presented. Finally, during the recovery
phase, treatment had no significant effect on blue mussel activity

TABLE 1 | Results of two-way factorial ANOVAs evaluating the effect of
temperature on the filtration activity of blue mussels (Mytilus edulis) and zebra
mussels (Dreissena polymorpha) in the control treatments.

Source of variation df MS F p

Blue mussels

Cold blocks

Run 1 8.76 E-3 2.06 0.20

Temperature 2 1.10 E-2 0.75 0.57

Run × Temperature 2 1.46 E-2 3.43 0.10

Residuals 6 4.26 E-3

Warm blocks

Run 1 3.87 E-4 0.06 0.81

Temperature 2 9.67 E-3 1.60 0.26

Run × Temperature Pooled with error term

Residuals 8 6.04 E-3

Zebra mussels

Cold blocks

Run 1 2.58 E-4 0.43 0.54

Temperature 2 1.88 E-2 12.72 0.07

Run × Temperature 2 1.48 E-3 2.41 0.17

Residuals 6 6.13 E-4

Warm blocks

Run 1 4.80 E-2 46.81 <0.001

Temperature 2 3.31 E-3 3.22 0.09

Run × Temperature Pooled with error term

Residuals 8 1.03 E-3

Significant effects (p < 0.05) are indicated in bold.

in either block (Table 2) although there were trends of decreasing
activity with increasing temperature in both blocks (Figure 6C).
Very few zebra mussels were filtering during the recovery phase
and the data was thus not analyzed (Figure 6C).

Time to reach 50% mortality following exposure to adverse
conditions varied significantly among treatments for both species
and block combinations (Table 3). Blue mussel LC50 was up
to 2 weeks in the coldest treatments, whereas the maximum
LC50 observed for zebra mussels was 1 week. The general trend
for both species and blocks was a gradual decrease in survival
time with increasing temperatures (Figure 7). In particular,
exposure temperature, rather than acclimatization temperature,
was the main determinant of survival time. Generally, survival
times of mussels were more similar among treatments with a
common exposure temperature (e.g., 5–5 and 10–5) than among
treatments with similar acclimatization temperatures (e.g., 10–10
and 10–15; Figure 7).

Of those individuals that survived the exposure phase,
the proportion that survived through the recovery phase was
generally higher for blue mussels in colder conditions than
those in warmer ones and it tended to decrease with increasing
temperatures (Figure 8); the trend was significant in the cold
(data arcsin-square-root transformed), but not the warm block
(Table 3). Very few zebra mussels survived to the end of the
recovery phase in the cold block and none in the warm block
(Figure 8); Treatment had no significant effects for the cold block
(Table 3) and data was not analyzed for the warm block.
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TABLE 2 | Results of two-way factorial ANOVAs evaluating the effect of treatments on the filtration activity of blue mussels (Mytilus edulis) and zebra mussels
(Dreissena polymorpha).

Source of variation df MS F p MS F p

Cold blocks Warm blocks

Acclimatization (blue mussels)

Run 1 9.27E-3 2.44 0.13 1 1.00E-6 3.9E-4 0.98

Treatment 6 1.70E-3 0.45 0.84 6 1.88E-3 0.47 0.81

Run × Treatment Pooled with error term 6 4.04E-3 1.67 0.20

Residuals 20 3.81E-3 14 2.42E-3

Acclimatization (zebra mussels)

Run 1 3.51E-3 1.27 0.27 1 0.18 95.32 <0.001

Treatment 6 3.27E-2 11.82 <0.001 6 9.53E-4 0.15 0.98

Run × Treatment Pooled with error term 6 6.30E-3 3.29 0.03

Residuals 20 2.77E-3 14 1.91E-3

Recovery (blue mussels)

Run 1 9.09E-3 0.29 0.59 1 3.09E-2 2.11 0.17

Treatment 6 5.78E-2 1.88 0.13 6 7.67E-2 3.07 0.10

Run × Treatment Pooled with error term 6 2.49E-2 1.71 0.19

Residuals 20 3.08E-2 14 1.46E-2

Significant effects (p < 0.05) are indicated in bold.

TABLE 3 | Results of two-way factorial ANOVAs evaluating the effect of treatments on the survival of blue mussels (Mytilus edulis) and zebra mussels
(Dreissena polymorpha).

Source of variation df MS F p df MS F p

Cold blocks Warm blocks

Time to 50% mortality (blue mussels)

Run 1 78.89 66.14 <0.001 1 1.51 2.56 0.13

Treatment 6 41.43 34.74 <0.001 6 12.06 20.43 <0.001

Run × Treatment Pooled with error term Pooled with error term

Residuals 20 1.19 20 0.59

Time to 50% mortality (zebra mussels)

Run 1 7.51 6.44 0.02 1 1.08 3.85 0.06

Treatment 6 14.73 12.64 <0.001 6 1.41 5.04 0.002

Run × Treatment Pooled with error term Pooled with error term

Residuals 20 1.17 20 0.28

Recovery (blue mussels)

Run 1 1.53E3 4.97 0.04 1 8.28E2 0.26 0.62

Treatment 6 1.07E3 3.48 0.02 6 2.02E3 2.31 0.17

Run × Treatment Pooled with error term 6 8.75E2 2.71 0.06

Residuals 20 3.07E2 14 3.22E2

Recovery (zebra mussels)

Run 1 1.59E2 2.78 0.12

Treatment 6 2.20E2 1.79 0.25

Run × Treatment 6 1.23E2 2.15 0.11

Residuals 14 5.71E1

Significant effects (p < 0.05) are indicated in bold.

DISCUSSION

Using an innovative experimental system, we demonstrated
that well-known biofouling organisms may survive for days
to weeks through a combination of inhospitable conditions,
particularly at cooler temperatures. This is, to our knowledge,

the first time that survival and recovery of biofouling organisms
have been tested experimentally in scenarios recreating transits
between freshwater and marine environments using two variables
(temperature and salinity). These results are important for RA
exercises, which have been used as tools to target interventions
where the potential to prevent invasions is the greatest
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FIGURE 7 | Time to > 50% mortality of marine blue mussels (Mytilus edulis)
and freshwater zebra mussels (Dreissena polymorpha) during the exposure
phase of the experiment. Bars show mean (+SE, n = 4) and columns not
sharing a common letter (within a Block and Species combination) are
significantly different (Tukey post hoc tests). Vertical lines show the separation
between the cold and warm blocks; capital letters are for blue mussels and
lowercase for zebra mussels.

(Lodge et al., 2016; Roy et al., 2018). RAs typically base the risk of
a pathway on the level of similarity in environmental conditions
between the origin and recipient systems (Hayes and Barry, 2008;
Floerl et al., 2009; Chan et al., 2012). Emphasis has been put on
temperature and salinity as those variables are usually considered
key in delimiting geographic ranges of aquatic organisms (Keller
et al., 2011; Chan et al., 2013; Havel et al., 2015). Our results
suggest that RAs tend to underestimate the risk associated with
a transit when it involves a transition between freshwater and
marine environments. For example, in previous assessments,
a ship with a LPoC in freshwater would be assigned as “low
risk” when entering a marine port (Bailey et al., 2012; Chan
et al., 2012; Adams et al., 2014; Linley et al., 2014). Survival
was affected by temperature during the exposure phase, with
both species showing greater survival in colder conditions. This
may be due to the bivalves’ defense mechanism, by which they
can shut their valves tight under stress and isolate themselves
from adverse conditions for an extended time period (Kramer
et al., 1989). In such situations, bivalves would be dependent
on the oxygen reserves they were able to capture in their
valves; given that metabolic activity decreases with decreasing
temperatures (Seed and Suchanek, 1992; Braby and Somero,
2006; Anestis et al., 2010), temperature during the exposure phase
would determine how long individuals can last on such reserves.
While substantial mortality occurred during simulated transits,
a significant proportion of individuals survived and recovered
in most scenarios tested. These results highlight that exposure
to marine or freshwater (for freshwater and marine species,
respectively) is no guarantee of a risk-free transit, in particular
during short trips in cold waters. We therefore recommend
that future RAs take into consideration the travel history of a
ship (voyage length and general environmental characteristics
of transit route) and the identity of the species being assessed

rather than simply the LPoC. Furthermore, RAs are tools used
to reduce the risks of NIS being transported to, and established
in, new environments. However, in cases where high numbers of
NIS are already present (likely established through biofouling),
such as in California and New Zealand (Cranfield et al., 1998;
Kospartov et al., 2008; Ruiz et al., 2011), RAs have supported
the implementation of biofouling regulations (Georgiades et al.,
2020; Scianni et al., 2021). However, reactive measures to remove
or treat biofouling on ships in an environmentally responsible
manner, and testing methods for jurisdictional approvals, are
still under development (Scianni and Georgiades, 2019; Tamburri
et al., 2020, 2021).

The effects of salinity and temperature variation have been
evaluated for many types of organisms (Hoyaux et al., 1976;
Berezina, 2003; Braby and Somero, 2006; Calliari et al., 2008; van
der Gaag et al., 2016; Bertrand et al., 2017). Such experiments
typically evaluate how organisms are affected when one or the
other of these variables is increased or decreased, how they
react to long exposures to various environmental conditions or
a combination of the two. The innovative approach we used
allowed changes in salinity and temperature to be performed
rapidly to recreate transitions between different environments
as experienced by fouling organisms during transits along
vessel pathways. That is, to evaluate the capacity of fouling
aquatic NIS to survive and acclimate to realistic scenarios
of increasing/decreasing salinities and temperature, followed
by a return to the initial conditions (e.g., marine A to
freshwater to marine B).

This study focused on bivalves, which are known for their
tolerance to adverse conditions, including rapid changes in
salinity and temperature (Schoffeniels and Gilles, 1972; Hoyaux
et al., 1976). Moreover, for mussels (including M. edulis),
sequential heat stress events can even enhance their survival
and make them more resistant to subsequent exposures (Lenz
et al., 2018). Even when heat treatments are used and extreme
temperatures are applied as a biofouling treatment technique,
mussels have shown to be extremely resistant, with larger mussels
generally being more resistant than smaller ones (Rajagopal et al.,
2005b; Piola and Hopkins, 2012). Zebra mussels can survive
extended periods of high temperatures (around 30◦C) but only if
their acclimatization temperatures are also elevated (between 15
and 20◦C; Spidle et al., 1995). Our results agree with this observed
tolerance to higher temperatures in blue mussels, however, zebra
mussels did not perform well in the warmer treatments.

Additionally, zebra mussels can adapt to increasing salinities,
especially at cooler temperatures (3–12◦C) and can gradually
acclimate to a combined 20◦C/8 PSU, but only after a year of
incremental changes in the environment (Mackie and Kilgour,
1992; Kilgour et al., 1994). They have also been shown to live
at 8–12 PSU in the Caspian region (Strayer and Smith, 1992),
and survived 6 days at salinities of 7.5 PSU and higher (van
der Gaag et al., 2016). Our treatments were performed to mimic
vessel transit and the acute changes in environmental conditions
that a hull fouling community may experience, with changes in
salinity occurring at a much faster rate. Any potential tolerance
shown by zebra mussels in the Kilgour et al. (1994) study
would likely be diminished by the speed of change at which
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FIGURE 8 | Proportion of marine blue mussels (Mytilus edulis) and freshwater
zebra mussels (Dreissena polymorpha) still alive after 5 days of the recovery
phase. Bars show mean (+SE, n = 4) and columns not sharing a common
letter (within a Block and Species combination) are significantly different (Tukey
post hoc tests). Vertical lines show the separation between the cold and warm
blocks.

they are exposed while in-transit. Nevertheless, for short transits
between colder regions, we show that this species can still tolerate
rapid salinity changes. Therefore, zebra mussels accumulated
on transiting vessels may be subjected to selection pressure
where individuals that have a higher resistance to temperature
(Spidle et al., 1995) may actually increase this tolerance through
acclimation, similar to what was observed in blue mussels by Lenz
et al. (2018); similarly, an increase in tolerance to salinity was
observed in the freshwater golden mussel Limnoperna fortunei
(Sylvester et al., 2013).

Biofouling communities are diverse and their resistance
to inhospitable conditions likely varies widely among species.
Organisms that possess ways to physically isolate themselves
from harsh environmental conditions, such as bivalves,
gastropods, barnacles, and some bryozoans, may weather
inhospitable conditions for several days (e.g., up to 18 days
for M. galloprovincialis; Atalah et al., 2016 and 34 days for
the oyster Crassostrea gigas; Hopkins et al., 2016). By contrast,
mortality may occur very rapidly in soft-bodied taxa such
as tunicates, sponges, or cnidarians and in taxa that lack a
capacity to osmoregulate, such as echinoderms (Coutts et al.,
2010a,b; Chan et al., 2016). Survival time under different
environmental conditions for most taxa is still unknown and
this information would be valuable to include in RAs for
biofouling species (Keller et al., 2011; Ibáñez et al., 2014). Once
the tolerance of a wide array of species is known, future RAs
could include a weighting resistance factor in their calculation
according to species type. For instance, a higher risk score to
shelled organisms (e.g., bivalves and barnacles), and a lower
score to non-shelled/soft tissue organisms (e.g., tunicates and
cnidarians). Such adjustments could address assumptions that
are commonly used in RA exercises (Bailey et al., 2012; Chan

et al., 2012; Adams et al., 2014; Linley et al., 2014) where it is
assumed that survival of fouling communities is low when the
environmental conditions of the last port of call differ from
recipient ports.

The higher survival of mussels under colder conditions may
have important consequences from a NIS management point of
view. With Arctic ice cover decreasing, the Northwest Passage
is expected to see an increase in international shipping traffic
(Dawson et al., 2020; Copland et al., 2021). While the Arctic
was historically deemed a region with comparatively lower risk
to invasion, it may play an increasing role in the spread of NIS.
Since water remains cold, even during the summer months when
most shipping activity occurs, biofouling organisms may be able
to survive for much longer periods of time (when compared to
more temperate locations), due to decreased metabolic activity.
Many organisms may spawn upon arrival in coastal areas
where conditions are somewhat warmer or offer more nutrition
than more offshore locations (Minchin and Gollasch, 2003).
Combining this with good survival due to cold temperatures in
transit could lead to significant spawning events within recipient
ports or harbors. Yet, factors other than temperature and salinity
may influence the survival of fouling organisms and, as a result,
their risk profiles. Factors such as vessel speed, proximity to
major vectors or bioinvasion hotspots, or antifouling systems
(Coutts et al., 2010a; Sylvester et al., 2011; Ulman et al., 2019)
were not considered in this study. Furthermore, it is unknown
how changes in water temperature and salinity could affect the
assemblage of biofouling organisms, and how this community
may in turn affect fouling mussels, considering their tertiary level
in the temporal succession of biofouling phases (preceded by
biofilm as primary and hard encrusting organisms and some soft
algae as secondary fouling phases; Arndt et al., 2021, and the
references therein).

Zebra mussel survival was likely underestimated in our study.
We encountered difficulties at maintaining captive zebra mussels
in good condition, as illustrated by the steady mortality rate
in control treatments and husbandry tanks, as well as limited
filtering activity. It has been previously shown that tolerance of
zebra mussels maintained in experimental setups can be affected
by collection season, water quality conditions of locations where
mussels are collected, type of food, and length of time in captivity
(Kilgour and Baker, 1994, and the references therein). Kilgour
and Baker (1994) also observed sub-optimal health in mussels
kept under laboratory conditions, possibly due to inadequate
temperature and/or feeding. Although temperatures between 14
and 26◦C are believed optimal for zebra mussel feeding (Lei et al.,
1996), zebra mussels have been maintained under laboratory
conditions at temperatures between 4 and 24◦C (Nichols, 1992).
In our study, we verified, through filtering and production
of feces, that the food given was adequate. It was, however,
observed that zebra mussels in all experimental treatment and
control tanks produced very little byssus, compared to blue
mussels which produced byssus in both; thus, zebra mussels may
have exposed themselves more often to inhospitable conditions
when trying to produce byssus, leading to greater sensitivity
(Rajagopal et al., 2002, 2005a). Thus, we hypothesize we may
have used individuals that could have been affected by any of
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these stress sources, making it possible that mussels in better
condition would have yielded even longer survival times.

Results of this study clearly show that LPoC protocols for RAs
of hull fouling organisms may underestimate the resistance of
certain biofouling organisms which transit between freshwater
and marine environments. Overly simplistic assumptions
may affect overall assessment reliability, possibly resulting in
misleading conclusions, depending on the organism being
assessed. Hull fouling risk assessment accuracy could be
improved by the inclusion of ship travel history (in addition
to LPoC) and a resistance factor depending on species type and
life history. This study also offers new insight on the role of
low temperature during transit, highlighting the future potential
role of the Arctic as a route for the spread of NIS. These factors
may play an important role in increasing the probability of
introduction, and thus calculated risk, since organisms may
successfully transition from ports that would previously have
been considered to have a low probability for successful transfer
due to poor environmental match.
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