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Abstract: The best way to stop the introduction of non-indigenous species (NISs) is by preventing
their transport. In the case of ship hulls, this may be accomplished by managing entrainment onto
the hull. This study was designed to examine the role of hull husbandry, i.e., cleaning and grooming,
in fouling community structure and to determine the effect of husbandry on the recolonization of
surfaces after a transplant was performed. A series of panels were placed at two locations along
the east coast of Florida (Port Canaveral and Sebastian Inlet) that are typified by distinct fouling
communities. Panels were subjected to one of three treatments: groomed weekly, cleaned every two
months, or freely fouling. After four months, all panels were cleaned and transplanted between
sites; no further husbandry was performed. Fouling community composition and coverage was
characterized at monthly intervals both before and after transplantation. Hull husbandry was found
to affect coverage and composition, with groomed panels carrying a lower cover of macrofouling in
general. The effect of the original location on subsequent fouling composition and recolonization by
specific organisms was confirmed for encrusting bryozoans, barnacles, sponges, and tunicates. Hull
husbandry also affected subsequent fouling with specific preferences shown for surfaces that had
been groomed, cleaned and undisturbed.
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1. Introduction

Ships, through hull, ballast, and niche fouling, are an important vector for the intro-
duction of non-indigenous species (NISs) [1-7]. Despite selecting for a smaller subset of
species than ballast water, hull and niche fouling are potentially more important vectors,
since those species are more likely to survive transport and their control is not legislated [8].
Prevention through vector control and reducing the size, range, and potential dispersal
of an outbreak is the best way to mitigate the risk of introducing NISs [1,9,10]. Hull hus-
bandry may offer a way to reduce the risk that hull conditioning will lead to increased
transfer of NISs.

The use of risk analysis to predict NISs is relatively new. Biosecurity refers to a
regulatory framework intended to prevent, reduce, and manage invasive species; it includes
border surveillance to identify exotic species, quarantine to prevent invasion, response
when transported exotics are found, and control of established pests [11]. One of the
first steps is to identify the vector and determine the likelihood that organisms will be
entrained, transported, and established in the new environment [11-13]. The risk of
successful invasion increases as the density or frequency of release increases; it also depends
on the combination of fouling community characteristics (i.e., composition, dispersal
method, growth form, reproductive status, amount of fouling), the processes that occur
during or prior to transit (i.e., the length of the voyage, maintenance history, age and
condition of antifouling coating, speed, survivorship during vessel passage) and the match
or mismatch between the donor and recipient ports. If environmental conditions in the
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recipient environment are conducive to survival of the invader, the risk of invasion should
increase with increasing time spent in that port [4].

Preventing invasion is the primary tool of risk management and may be accomplished
through the prevention of exposure, enhancement of vector immunity, and quarantine
and sanitation of infected vectors [10,11]. The International Maritime Organization (IMO)
has begun to work on a framework designed to decrease the transfer of NISs [7]. Many
countries have also begun to develop laws emphasizing the importance of hull condition
for ships entering their territorial waters. The best practice that has been identified is to
maintain the ship as free from fouling as is practical [7,14-17]. In addition to preventing or
decreasing the transfer of invasive species, a ship with a clean hull will also have improved
hydrodynamic performance and energy efficiency and decreased maintenance costs and
greenhouse gas emissions [14,17-22].

The typical solution to a fouled ship hull is cleaning. The efficacy of cleaning varies by
species, but in general is most effective against biofilms and algae, moderately effective
against mussels and other animals attaching with a byssus, and least effective and most
variable against cementing and mobile species [23,24]. Cleaning has been shown to affect
microbial diversity and macrofouling community structure [25,26]. This is especially
noticeable when organisms are imperfectly removed. The rapid regrowth of algae from
fragments (macro and micro) has been shown on ship hulls [23]. In other cases, the
removal of calcareous fouling led to a rapid growth of hydroids [27], possibly because the
disturbance of cleaning favors certain, often non-native or poorly competing species, over
others [28]. On Navy ships, surfaces that had been cleaned three times or more refouled
rapidly, despite the presence of intact antifouling coatings. This was attributed to the
presence of a leached layer that was unable to be removed after three cleanings [27].

Hull cleaning is reactive; requires a diver, which introduces health and safety risks; and
can damage coatings [7,14,15,21,29]. Cleaning may damage or roughen coatings [23], creat-
ing a patchwork of different topographies. Barnacles are known to preferentially recruit
to crevices, pits, and grooves when appropriately scaled to the size of the larvae [30-32].
The fouling green algae, Ulva linza, were found to not only prefer to settle in the bot-
tom of pits but also to select the corner where the side of the pit meets the bottom [33].
Corals have been found to recruit preferentially in grooves left by the grazing activity
of Echinometra mathaei [34] and into empty burrows of Lithophaga curta [35]. Survivorship
is higher in pits, grooves, and crevices that are close to the size of the larvae and pro-
vide refuge from predation, scouring, and removal by water action [36,37]. This cue is
considered much more important to non-colonial organisms, such as barnacles and tube
worms, because colonial organisms such as bryozoans can survive partial mortality, quickly
outgrow the refuges and are, therefore, less benefitted by them [37].

In-water cleaning is assumed to increase the risk of introducing alien species through
the survival and growth of defouled fragments and the release of propagules [4,23,38].
Approximately 62% of organisms removed during in-water cleaning using scrapers and
soft cloths were found to be viable, whereas only an average of 23% of those removed
during shore-based cleaning were viable [39]. However, survival is species-specific, highly
dependent on fragment size, and negatively affected by turbidity, sedimentation, and
predation [38,40]. The cleaning method depends on the type of ship, with yachts primarily
defouled using hand-held scrapers, whereas larger vessels are cleaned using diver-operated
multi-brush vehicles [4]. Soft-bodied organisms were less damaged and had higher viability
and survivorship when cleaned in water using scrapers, whereas multi-brush tools tend
to crush and fragment defouled material [4,39]. Additionally, intact organisms may be
dislodged from the hull by divers and equipment and fall to the bottom, where survival is
possible [4]. For some organisms, physical disturbance, such as that experienced during
in-water cleaning, will trigger spawning. The probability of successful introduction for
propagules is increased by both the density and frequency of release [4]. In-water cleaning
has been banned in some countries and ports because of concerns with toxin release and the
release of alien species [4,41]. Restrictions on in-water cleaning may act as a disincentive to
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defoul, which could lead to increased risk from heavily fouled ships visiting a port with
intact fouling assemblages [4,24].

Despite the potential drawbacks, cleaning offers benefits, including a reduction in fuel
consumption and greenhouse gas emissions, the ability to maintain speed, the ability to
extend the longevity of coating systems and delay dry docking, simplified hull inspection,
reduced volume of waste in dry dock, the continued efficiency of sonar operations, and
hydroacoustic stealth, which is required for military vessels to complete missions. In-water
cleaning creates a cleaner unfouled space than transit alone; therefore, hull cleaning is
preferable to no husbandry as a way to prevent the transportation of NISs [24]. Cleaning or
grooming performed when fouling is still at the biofilm stage has the potential to reduce
environmental impact and remove marine organisms frequently enough that they are
unable to adhere tightly [42,43].

A gentle, proactive, mechanical, regularly repeated form of hull cleaning known as
grooming has recently been studied as a method to control hull fouling [17,21,22,44-47].
Even as early as 1977, the potential benefits of a fully automated grooming system were
recognized [42]. However, grooming has now been shown to maintain surfaces free of the
majority of fouling and debris for extended periods of time [17,44-47].

It has been shown that prior fouling can condition a silicone surface and alter the
community and the response of specific organisms that recolonize after transplant [48].
The question now is whether this effect can be altered with different levels of husbandry.
The purpose of this experiment is threefold. The first is to investigate the effect of different
husbandry methods on fouling community structure. The second is to investigate how
husbandry affects recolonization after transplant. The third is to investigate how the
original location affects recolonization after transplant. The specific hypotheses tested were:
(1) groomed surfaces will have lower fouling cover than cleaned or ungroomed surfaces;
(2) cleaned surfaces will have lower fouling cover than ungroomed surfaces; (3) fouling
communities that develop on transplanted panels will more closely resemble the original
fouling community; and (4) fouling communities on panels that had experienced prior
grooming or cleaning will recolonize similarly to freely fouling panels after transplant in
terms of cover and composition.

2. Materials and Methods
2.1. Study Sites

Two sites along the east coast of Florida, USA were used in this experiment (Figure 1):
Port Canaveral at Poseidon Pier on Canaveral Air Force Base and Sebastian, 3 miles north
of the Sebastian Inlet.

2.2. Panel Preparation

Three coatings were selected for this experiment: International Intersleek 700 (IS700),
International Intersleek 900 (IS900), and Dow Corning 3140 (DC3140). The two Intersleek
coatings are historic, commercially available silicone coatings that have extensive exper-
imental records. IS700 contains an oil additive to improve release properties. 15900 is
a fluorinated silicone coating that creates an amphiphilic surface with regions of differ-
ing surface energy. It was developed to improve release characteristics against fouling
groups, such as diatoms, that attach strongly to silicone coatings. The final coating, DC3140
is a pure, silicone caulk with no additives, that was included as an unaltered silicone
standard [49-51].

Polyvinylchloride (PVC) panels measuring 10.16 x 20.32 cm (4 x 8 in) were prepared.
They were washed to remove residues and roughened with a 320 grit wet/dry sand paper
to prepare them for coating. The panels were coated on both sides. The first coat was a
barrier epoxy 0.2 mm (8 mils) wet film thickness (WFT). Forty-eight panels were coated
with DC3140 at a WFT of 0.5 mm (18 mils), 48 with IS700 and the remaining with IS900.
Both international coating systems were coated according to manufacturer’s specifications
(tie coat WFT 0.15 mm (6 mils), top coat WFT 0.2 mm (8 mils)). Panels were divided into
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three different treatments: uncleaned or freely fouling (U); cleaned (C), which were scraped
every two months to remove macrofouling; and groomed (G), which were lightly brushed
with a rotating tool weekly. Panels were identified with colored zip-ties denoting starting
location, transplant location, and treatment, then randomized and placed onto PVC pipe
frames for immersion the field sites. Frames were set up so that one panel from each
treatment was on each frame with one replicate facing north and the other facing south.
Each site received two frames spaced on the immersion platform with four replicates of
each treatment.

Figure 1. Map showing the location of the study sites, the two test barges and a diagram of the frame
layout. Panels are suspended horizontally on PVC frames and suspended on the test barges.

2.3. Field Testing

Panels were immersed starting in March 2011 at Sebastian and Port Canaveral. Frames
were removed from the water weekly so that grooming could occur on the appropriate
panels. Every month, panels were pulled from the water, photographed, and visually
assessed according to ASTM 6990. In this method, the total percent cover and cover of
specific taxa directly attached to the panel are visually estimated in the field. Data were
reported as total percent cover of macrofouling, and cover of specific taxonomic groups (i.e.,
hydroids, barnacles, tube worms, etc.) is presented separately. Visual assessment occurred
before cleaning or grooming was performed, to assess the fouling that had accumulated
since the last treatment. Cleaning occurred on the appropriate panels every two months.
After four months, panels were transplanted among sites. One set of panels from each
treatment was transplanted, one set remained in the original location. Prior to transplanting,
all panels were scraped with a plastic putty knife, wiped with a microfiber cloth and cleaned
of all visible fouling, regardless of whether they were transplanted to the new location or
remained in the original location. Identifying zip-ties were swapped with new ones to
remove any possible remnants of fouling organisms. Once the panels had been cleaned,
they were placed in a specialized holder which suspended them over ice in a cooler for
transport. Transplanted panels were out of water for less than 24 h. After transplant,
all panels were allowed to foul freely with visual assessment performed monthly. The
experiment ran until September 2011.

2.4. Statistical Analysis

Data were entered into Primer-e for community analysis using SIMPER analysis of
dissimilarity. To determine specific differences, ANOVAs were run. Before panels were
transplanted, two-way repeated measures ANOVAs were run using location and treatment
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as factors. After transplant, three-way ANOVAs were run using origination, transplant and
treatment as factors.

3. Results
3.1. Salinity and Temperature

Sebastian and Port Canaveral present different environments to settling organisms.
The temperature was similar between the two sites, while the salinity was very different
(Figure 2). Both sites are seasonal and subtropical; Sebastian’s average temperature is
255 °C + 6.2 whereas Port Canaveral’s is 25.4 °C £ 3.2. However, Sebastian is a more
brackish and lagoonal site with an average salinity of 30.1 & 3.7. Port Canaveral, on the
other hand, is in the inlet and is much more oceanic with an average salinity of 35.5 &= 1.4.
Salinity at Sebastian was more variable, over time, than Port Canaveral.
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Figure 2. Environmental conditions at Sebastian and Port Canaveral: (a) Temperature, (b) Salinity.

3.2. Community—Pre-Transplant

The fouling communities that developed before the panels were transplanted varied by
site and treatment. In Sebastian, communities were dominated by arborescent bryozoans,
barnacles, tube worms, and sponges. Those in Port Canaveral were dominated by encrust-
ing and arborescent bryozoans, tube worms, and tunicates. Macrofouling on uncleaned
and cleaned panels accumulated quickly in a site-specific manner, whereas groomed panels
had low macrofouling cover. Despite similarities in overall pattern, the three coatings had
differences in the magnitude of fouling and so were considered separately.

On IS700, the fouling community differed by treatment and site, although differ-
ences were not apparent until month 3 (Figure 3). On uncleaned panels, macrofouling
increased in Sebastian until July, when it decreased. This pattern was repeated on the
cleaned panels with similar organisms, although fouling never reached the cover it had
on uncleaned panels. Groomed panels were primarily fouled with biofilms, although low
levels of macrofouling were present and were dominated by arborescent bryozoans and
hydroids. The fouling community in Port Canaveral on uncleaned panels also increased
but dropped off in June only to rebound in July with an increase in the cover of encrusting
bryozoans. Cleaned panels showed a clear drop in fouling in the first month after cleaning;
however, fouling quickly rebounded in July and cover was only slightly less than that on
the uncleaned panels. Groomed panels were even more dominated by biofilms on IS700 in
Port Canaveral, although a low cover of arborescent bryozoans and hydroids was present.
Uncleaned panels had the most unique fouling communities in June, primarily due to
biofilms, arborescent bryozoans (cleaned panels only), tube worms (groomed panels only)
and tunicates. In July, uncleaned and cleaned treatments were similar, whereas groomed
surfaces were more than 50% dissimilar. These differences were primarily due to biofilms,
hydroids, encrusting bryozoans, and sponges (cleaned panels only).
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Figure 3. Fouling community structure on IS700 at Sebastian (a—c) and Port Canaveral (d—f). The
first column (a,d) are the uncleaned panels, the second (b,e) are cleaned, and the third (c,f) are the
groomed panels. The X-axis is the sampling month and the Y-axis is average percent cover.

On IS900, fouling was lower and the similarity between sites higher than on IS700.
Differences were primarily due to a higher cover of tunicates and encrusting bryozoans
on uncleaned and cleaned panels in Port Canaveral and a higher cover of tube worms
on uncleaned panels in Sebastian (Figure 4). Fouling did not differ greatly between treat-
ments until July, when dissimilarity increased to greater than 40%. On uncleaned and
cleaned panels in Sebastian, fouling cover increased until June when it leveled out. In Port
Canaveral, uncleaned and cleaned panels were more variable, with cover increasing in May,
leveling out for June and increasing again in July. Groomed panels had very little cover
of macrofouling and were dominated by biofilms. In July, the three treatments differed
primarily because of biofilms, encrusting bryozoans, tube worms (only uncleaned and
cleaned), and sponges.

a. b. c.
100 100 100
9]
3
S 50 50 50
c
3
] 0 T T 1 0 T T 1 0 T T |
& Apr May Jun Jul Apr May Jun Jul Apr May Jun Jul
(Imo) (2mo) (3mo) (4mo) (Imo) (2mo) (1mo) (2mo) (1wk) (1wk) (1wk) (1wk)
d. e. f.
100 100 100
@
>
8 50 50 50
c
3
] 0 T T 1 0 T T 1 0 T T 1
& Apr  May Jun Jul Apr  May Jun  Jul Apr May Jun Jul
(1mo) (2mo) (3mo) (4mo) (1mo) (2mo) (1mo) (2mo) (1wk) (1wk) (1wk) (1wk)

D Biofilm . Algae D Hydroid D Encrusting Bryozoan D Arborescent Bryozoan
D Barnacle D Tube Worm [j Mollusc C] Sponge D Tunicate D Sea Anemone
Figure 4. Fouling community structure on IS900 at Sebastian (a—c) and Port Canaveral (d—f). The

first column (a,d) are the uncleaned panels, the second (b,e) are cleaned and the third (cf) are the
groomed panels. The X-axis is the sampling month and the Y-axis is average percent cover.
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Fouling on DC3140 was more variable, both between sites and among treatments and
heavier than on the commercial silicones (Figure 5). Differences in fouling between sites
were primarily due to arborescent bryozoans, hydroids, and tunicates. Treatments began to
show dissimilarities as early as May. Fouling on uncleaned and cleaned panels in Sebastian
increased until June, when macrofouling cover dropped. In Port Canaveral on uncleaned
panels, macrofouling increased rapidly to almost 100% cover then decreased slightly in
July. Cleaned panels showed a large increase in fouling cover in May, followed by a rapid
decrease in cover in June and a smaller increase in July. Cover on groomed panels was
lower and consisted primarily of biofilms; however, macrofouling cover was higher on
panels in Sebastian and was primarily due to hydroids and arborescent bryozoans. In
June, there were large dissimilarities between uncleaned and groomed surfaces (78.68)
and uncleaned and cleaned panels (58.43) with smaller differences between cleaned and
groomed surfaces (45.17). These differences were due to biofilms, arborescent bryozoans,
and tunicates. Differences may have been due to the amount of time the surfaces were
exposed without any treatment; the uncleaned panels had been exposed 3 months whereas
the cleaned panels had been treated only 1 month earlier and the groomed panels had only
1 week of fouling accumulated. In July, there was an overall decrease in dissimilarity among
treatments, although surfaces remained distinguishable. The differences were primarily
due to biofilms, hydroids, encrusting bryozoans, sponges, and tunicates.
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Figure 5. Fouling community structure on DC3140 at Sebastian (a—c) and Port Canaveral (d—f). The
first column (a,d) are the uncleaned panels, the second (b,e) are cleaned and the third (cf) are the
groomed panels. The X-axis is the sampling month and the Y-axis is average percent cover.

3.3. Treatment Effects—Pre-Transplant

In general, grooming was successful at keeping panels clean. When only macrofouling
was considered, groomed surfaces always had significantly lower fouling than uncleaned
or cleaned surfaces on 15700, IS900, and DC3140 (Figures 6-8, respectively). This was
true in May, June, and July. Additionally, many specific organisms showed the same
pattern (i.e., biofilms, encrusting bryozoans, arborescent bryozoans, barnacles, tube worms,
sponges, and tunicates; data not shown). However, hydroids did not follow this trend
(Figure 9). Depending on the time and the coating, either cleaned or groomed surfaces had
significantly higher cover than uncleaned, which is the opposite of the normal pattern.
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Figure 6. Differences in average, total macrofouling cover on IS700 due to treatment. (a) In May,
groomed panels had significantly lower macrofouling cover than uncleaned (Sebastian p = 0.001;
Port p < 0.001) or cleaned (Sebastian p = 0.002; Port p < 0.001) panels at both locations. (b) In June at
both locations, uncleaned panels had higher macrofouling cover than cleaned or groomed panels
and cleaned panels had higher cover than groomed panels (p < 0.001). (c) In July at Sebastian,
cleaned panels had significantly higher cover than uncleaned (p = 0.04) or groomed (p < 0.001)
panels and uncleaned panels had significantly higher cover than groomed (p = 0.02) surfaces. At
the Port, groomed (p < 0.001) panels had significantly lower macrofouling cover than uncleaned or
cleaned panels. Error bars represent one standard error. The X-axis is treatment and the Y-axis is
average percent cover. Treatments are uncleaned (U), cleaned (C) and groomed (G). The time in the
parenthesis is elapsed time since treatment. Letters above the bars denote statistical significance (i.e.,
As are statistically similar to, but significantly different than, Bs).
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Figure 7. Differences in average total macrofouling cover on IS900 due to treatment. (a) In May in
Sebastian, cleaned panels had higher cover of macrofouling than groomed panels (p < 0.01). In Port
Canaveral, groomed panels had significantly lower cover than uncleaned and cleaned ones (p < 0.001).
(b) In June in Sebastian, uncleaned panels had significantly higher cover than cleaned (p = 0.004) and
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groomed (p < 0.001) panels; cleaned panels had significantly higher cover than groomed (p < 0.001)
panels. In Port Canaveral, groomed panels had significantly lower cover than uncleaned (p = 0.001)
and cleaned (p < 0.001) panels. (c) In July in Sebastian, groomed panels had significantly lower cover
than uncleaned or cleaned (p < 0.001) panels. In Port Canaveral, uncleaned panels had significantly
higher cover than cleaned (p = 0.006) and groomed (p < 0.001) panels; cleaned panels had significantly
higher cover than groomed panels (p < 0.001). Error bars represent one standard error. The X-axis
is treatment and the Y-axis is average percent cover. Treatments are uncleaned (U), cleaned (C) and
groomed (G). The time in the parenthesis is elapsed time since treatment. Letters above the bars
denote statistical significance (i.e., As are statistically similar to, but significantly different than Bs).
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Figure 8. Differences in average, total macrofouling cover on DC3140 due to treatment. (a) In May,
macrofouling cover was significantly lower on groomed than on uncleaned or cleaned panels at both
locations (p < 0.001). (b) In June in Sebastian, macrofouling cover on groomed panels was significantly
lower than on uncleaned or cleaned panels (p < 0.001). In Port Canaveral, uncleaned panels had
the highest cover and groomed panels the lowest (p < 0.001). (c¢) In July in Port Canaveral, cover
was significantly higher on uncleaned and cleaned panels than groomed panels (p < 0.001); cover on
uncleaned panels was significantly higher than on cleaned panels (p < 0.001). Error bars represent
one standard error. The X-axis is treatment and the Y-axis is average percent cover. Treatments
are uncleaned (U), cleaned (C) and groomed (G). The time in the parenthesis is elapsed time since
treatment. Letters above the bars denote statistical significance (i.e., As are statistically similar to, but
significantly different than, Bs).

3.4. Location Effects—Post-Transplant

Original location affected re-colonization after transplant for several organisms
(Figure 10). Encrusting bryozoans had significantly higher cover on 15700 in August
on panels that had come from Port Canaveral than on those that remained in Sebastian.
Barnacles always had higher cover on panels from Sebastian once panels were transplanted
to Port Canaveral on all three coatings. On cleaned IS700 in September, the cover of sponges
was significantly higher on panels from Port Canaveral. The cover of tunicates was signifi-
cantly lower on panels from Sebastian in August on IS900 once panels were transplanted to
Port Canaveral.



J. Mar. Sci. Eng. 2023, 11,478

10 of 17

a.
)
>
]
o
1S
3
2
Sebastian Sebastian
c. d.
25 A B A 15 A B
§ 20
10
8 15
2T . I
g . e N . lm
u C G u C G u C G u C G
(3mo)|(1mo)|(1wk)|(3mo)|(1mo)|(1wk) (4mo)|(2mo)|(1wk)|(4mo)|(2mo)|(1wk)
Sebastian Port Sebastian Port
e. f.
12 A B A 60 A A B A B B
5 10 50
3 8 - 40
2 61 30 A
g 4 20 -
? 5] © g W
o 0 == % |+| 0 I—I_‘ ’_I_| [
U (o G U C G U (o G U C G
(3mo)|(1mo)|(1wk)|(3mo)|(1mo)|(1wk) (4mo)|(2mo)|(1wk)|(4mo)|(2mo)|(1wk)
Sebastian Port Sebastian Port

Figure 9. Differences in average cover of hydroids on IS700 (a,b), IS900 (c,d), and DC3140 (e,f). (a) In
June on IS700 in Sebastian, cover of hydroids was significantly higher on cleaned than on groomed
panels (p = 0.004). In Port Canaveral, cover of hydroids was significantly higher on cleaned than
on uncleaned (p < 0.001) and groomed panels (p = 0.003). (b) In July on IS700 in Sebastian, cover
of hydroids was significantly higher on groomed than on uncleaned or cleaned panels (p < 0.001);
cover was higher on cleaned than on uncleaned panels (p = 0.04). In Port Canaveral, cover on
groomed panels was higher than on uncleaned or cleaned panels (p < 0.0010. (¢) In June on IS900 in
Port Canaveral, cover of hydroids was significantly higher on cleaned than on uncleaned (p < 0.001)
or groomed panels (p = 0.007). (d) In July on IS900 in Port Canaveral, cover of hydroids was
significantly higher on groomed than on uncleaned panels (p = 0.002). (e) In June on DC3140 in Port
Canaveral, cover of hydroids was significantly higher on cleaned than on uncleaned or groomed
panels (p < 0.001). (f) In July on DC3140 in Sebastian, cover of hydroids was significantly higher on
groomed than on uncleaned or cleaned panels (p < 0.001). In Port Canaveral, cover of hydroids on
uncleaned panels was significantly lower than on cleaned (p < 0.001) or groomed (p = 0.004) panels.
Error bars represent one standard error. The X-axis is treatment and the Y-axis is average percent
cover. Please note the Y-axes vary. Treatments are uncleaned (U), cleaned (C) and groomed (G).
The time in the parenthesis is elapsed time since treatment. Letters above the bars denote statistical
significance (i.e., As are statistically similar to, but significantly different than, Bs).

3.5. Treatment Effects—Post-Transplant

Prior treatment affected re-colonization after transplant for many organisms, with
a preference for uncleaned, cleaned and groomed panels. A significant preference for
uncleaned and cleaned surfaces was found for macrofouling in general on DC3140 in
September at Port Canaveral. Additionally, in September on DC3140, uncleaned surfaces



J. Mar. Sci. Eng. 2023, 11,478

11 of 17

in Sebastian had significantly higher cover of encrusting bryozoans than the cleaned and
groomed ones (Figure 11). Barnacles and sponges showed a preference for cleaned surfaces
(Figure 12). The cover of barnacles in August on IS900 in Sebastian and Port Canaveral
was significantly higher on cleaned panels than on uncleaned and groomed ones. In
September, the cover of sponges was significantly higher on cleaned than on uncleaned and
groomed panels on 15700 in Port Canaveral when looking at panels that originated in Port
Canaveral and on IS900 in Sebastian. A preference for groomed surfaces was also found
(Figure 13). In August on IS700 in Sebastian, the cover of macrofouling was significantly
higher on groomed than on uncleaned panels. This was primarily due to a significantly
higher cover of hydroids on groomed panels than on uncleaned and cleaned ones. This
significant preference for groomed surfaces over uncleaned and panels by hydroids was
also found on DC3140 in September in Sebastian. Unlike the pattern found in August on
IS900, barnacles had significantly higher cover on groomed than on uncleaned and cleaned
panels in September on IS700 in Sebastian.
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Figure 10. Differences in fouling due to prior location. (a) Cover of encrusting bryozoans in Sebastian
on Groomed IS700 in August was lower on panels from Sebastian than on those that came from Port
Canaveral (p = 0.002). (b) Cover of barnacles in Port Canaveral on IS700 in August was higher on
panels from Sebastian than on those from Port Canaveral (p = 0.038). (c) Cover of barnacles in Port
Canaveral on cleaned IS900 in August was higher on panels from Sebastian than on those from Port
Canaveral (p < 0.001). (d) Cover of barnacles in Port Canaveral on DC3140 in August was higher on
panels from Sebastian than on those from Port Canaveral (p = 0.042). (e) Cover of sponges in Port
Canaveral on cleaned IS700 in September was lower on panels from Sebastian than on those from
Port Canaveral (p = 0.012). (f) Cover of tunicates in Port Canaveral on IS900 in August was lower
on panels from Sebastian than on those from Port Canaveral (p = 0.033). The X-axes are treatments;
the Y-axes are average percent cover. Please note the Y-axes differ. Letters above the bars denote
statistical significance (i.e., As are statistically similar to, but significantly different than, Bs).
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Figure 11. Differences in fouling due to prior husbandry, uncleaned dominance. (a) Cover of macrofoul-
ing on 3140 at Port Canaveral in September was significantly higher on uncleaned and cleaned panels
than on groomed ones on panels that came from the Port (p < 0.001). (b) Cover of encrusting bryozoans
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on 3140 at Sebastian in September was significantly higher on uncleaned than on cleaned or groomed
panels (p = 0.011). The X-axes are treatments; the Y-axes are average percent cover. Please note that
Y-axes vary. Treatments are uncleaned (U), cleaned (C) and groomed (G). The time in the parenthesis
is elapsed time since cleaning and transplant. Letters above the bars denote statistical significance
(i.e., As are statistically similar to, but significantly different than, Bs).
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Figure 12. Differences in fouling due to prior husbandry, cleaned dominance. (a) Cover of barnacles
on IS900 at Sebastian in August was significantly higher on cleaned panels than uncleaned ones
on panels that came from Sebastian (p < 0.05). (b) Cover of barnacles on IS900 at Port Canaveral
in August was significantly higher on cleaned than on uncleaned and groomed panels on panels
that came from Sebastian (p < 0.001). (c) Cover of sponges on IS700 at Port Canaveral in September
was significantly higher on cleaned panels than on uncleaned and groomed ones on panels of Port
origin (p < 0.05). (d) Cover of sponges on IS900 at Sebastian in September was significantly higher on
cleaned panels than on groomed ones (p = 0.024). The X-axes are treatments; the Y-axes are average
percent cover. Please note that Y-axes vary. Treatments are uncleaned (U), cleaned (C) and groomed
(G). The time in the parenthesis is elapsed time since cleaning and transplant. Letters above the bars
denote statistical significance (i.e., As are statistically similar to, but significantly different than, Bs).
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Figure 13. Differences in fouling due to prior husbandry, groomed dominance. (a) Macrofouling
cover on IS700 at Sebastian in August was significantly higher on groomed than on uncleaned panels
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(p = 0.004). (b) Cover of barnacles on IS700 at Sebastian in September was significantly higher on
groomed than on uncleaned and cleaned panels (p < 0.05). (c) Cover of hydroids on IS700 at Sebastian
in August was significantly higher on groomed than uncleaned and cleaned panels (p = 0.007).
(d) Cover of hydroids on 3140 at Sebastian in September was significantly higher on groomed than
on uncleaned panels (p = 0.017). The X-axes are treatments; the Y-axes are average percent cover.
Please note that Y-axes vary. Treatments are uncleaned (U), cleaned (C) and groomed (G). The time in
the parenthesis is elapsed time since cleaning and transplant. Letters above the bars denote statistical
significance (i.e., As are statistically similar to, but significantly different than, Bs).

4. Discussion

This research has shown that hull husbandry practices affect fouling community
composition. Grooming maintains surfaces at a low level of macrofouling, with biofilms
occupying most of the exposed surface. Uncleaned and cleaned surfaces collected more
types and higher cover of macrofouling. This is in line with a previous study which found
that ungroomed silicone began to accumulate macrofouling after 78 days whereas frequent
grooming was able to maintain silicone panels with low levels of biofilm for 120 days, when
the experiment was ended [44]. Although the research presented here was short-term,
previous research has shown the long-term efficacy of grooming in maintaining surfaces
free of macrofouling, albeit using a different grooming tool [17,44,45,52].

Unlike grooming, cleaning did not affect fouling community structure or percentage
of cover greatly when compared with the uncleaned freely fouling treatment. On the
two commercial coatings, dissimilarity between cleaned and uncleaned surfaces was low
and only increased when panels had been cleaned one month prior to sampling. On DC3140,
the cleaned and uncleaned surfaces were more than 50% dissimilar in June, one month after
panels had been cleaned, and only 40% dissimilar in July, when the uncleaned panels had
4 months of accumulated fouling and the cleaned ones had 2 months” accumulation. Except
for June IS700, when cleaned and groomed surfaces were relatively similar, groomed panels
were always less similar to uncleaned and cleaned panels than they were to each other.
More specifically, uncleaned panels were significantly more fouled than groomed panels
57 times. Cleaned panels were significantly more fouled than groomed panels 38 times.
Uncleaned panels were only significantly more fouled than cleaned panels five times,
generally the first inspection after a cleaning. This is in contrast to other studies, which
have found that cleaned surfaces attract up to six times more recruitment than surfaces
with intact fouling assemblages and those that had been cleaned and sterilized [4,10].

The consistent exception to the pattern of lower fouling on groomed panels is hydroids,
which had significantly higher cover on groomed surfaces than on uncleaned or cleaned
ones. Previous research has shown that the removal of calcareous fouling can lead to
a rapid growth of hydroids [27]. Surfaces that are not cleaned or groomed are heavily
fouled and likely gain protection by the usurpation of space, predation on larvae, and
larval avoidance [10]. Conversely, cleaning and even more so, grooming open primary
space for colonization and species that can colonize rapidly and tolerate disturbance will be
favored [28,53]. Plentiful primary space favors the dominance of poor space competitors by
changing the system from one that is space-limited and competition-driven to a propagule
supply-limited settlement-driven one; it also improves survival and subsequent growth [53].
The results seen here suggest that hydroids prefer disturbed areas because they are quick
to invade and occupy open space but not able to compete when space is limiting.

This research has reaffirmed that the prior location affects fouling community compo-
sition after a transplant. For organisms that responded to the prior location, two patterns
of cover were seen. Encrusting bryozoans, barnacles, and tunicates all had significantly
higher cover on panels which came from a location that had originally had high cover
of these organisms. Conversely, sponges had higher cover on panels that were not trans-
planted. These patterns follow those seen in a previous transplant experiment for barnacles,
tunicates, and sponges [48]. The research presented here is also in agreement with research
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performed in Australia on biocide-containing coatings, which found that encrusting bry-
ozoans, barnacles, and sponges responded to cues or the remains of fouling communities
from the marina where they were dominant before the transplant [10].

Finally, this research has shown that the effect of husbandry on fouling community
structure continues after transplant and the cessation of any treatment. On 3140 in Port
Canaveral two months post-transplant, uncleaned and cleaned panels had higher cover
of macrofouling than the groomed ones, which follows pre-transplant patterns. However,
on IS700 in Sebastian one month post-transplant, macrofouling cover was significantly
higher on groomed panels than on uncleaned ones, primarily due to the high cover of
hydroids on these panels. In fact, hydroids continued to have significantly higher cover
on panels that had been groomed than on uncleaned or cleaned panels, which follows the
pre-transplant patterns. After transplant on DC3140, encrusting bryozoans had higher
cover on the uncleaned than the cleaned or groomed panels, despite this coating having
a uniformly low cover of encrusting bryozoans before transplant. For sponges, cover
was higher on cleaned panels, but this result was only significant for groomed panels in
Sebastian. The effect of husbandry on barnacles was variable post-transplant. In Sebastian
and Port Canaveral, cover of barnacles was higher on cleaned panels than on uncleaned
ones and groomed ones in August on IS900. On IS700, however, groomed panels had
higher cover of barnacles than the uncleaned and cleaned ones.

Previous research has shown that recruitment is highest on panels that have been
cleaned. Organisms that responded favorably to cleaning included bivalves, tunicates,
encrusting bryozoans, hydroids, tube worms, and sponges [10]. The research presented
here shows that for barnacles, sponges, and hydroids, cleaning and grooming enhance
recruitment post-transplant. In this study, encrusting bryozoan cover was significantly
higher on panels that had been uncleaned prior to transplant; however, previous studies
found that encrusting bryozoans were one of the organisms most enhanced by cleaning [10].
Additionally, tube worms and tunicates were highly enhanced by cleaning in the previous
study [10]; whereas in this study, husbandry did not affect recruitment of these organisms
after transplant.

Non-indigenous and particularly invasive species are one of the greatest threats to
marine biodiversity; they are a contributor to environmental change through their role as
ecosystem engineers, they are a threat to environmental and human health, and the rate
of introductions is increasing [1]. Due to the cost of mitigation and near impossibility of
eradication once an introduction has occurred, prevention is the best way to mitigate the
negative effects from NISs [1,9,10]. Unfortunately, it is impossible to completely prevent
the introduction of alien species, so methods to reduce the risk and manage invasions are
needed [1]. Cleaning may not be an effective method of vector control. Cleaned surfaces
rapidly recolonize [4,10] and are quickly indistinguishable from uncleaned surfaces. Ad-
ditionally, fragments of tunicates, sponges, bryozoans, and whole organisms dislodged
during in-water cleaning have been found to be viable [39]. Sterilization was the only effec-
tive measure for reducing the rate of recruitment to AF paints [10]. Grooming is effective at
lowering the recruitment of most fouling organisms. However, colonization if grooming
ceases is rapid, since surfaces are not sterilized and cues are not removed. Therefore,
grooming is a good vector-management solution and will potentially mitigate the risk of
transporting and introducing alien species as long as the cycle continues uninterrupted.

5. Conclusions
This research has shown that:

- Hull husbandry affects fouling accumulation with groomed surfaces generally having
the lowest cover.

- Original location affects recolonization after transplant. Encrusting bryozoans, bar-
nacles, and tunicates all had significantly higher cover on panels which came from a
location where these organisms originally dominated, whereas sponges had higher
cover on panels that stayed in place.
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- Hull husbandry affects recolonization after transplant and the discontinuance of
treatment. Encrusting bryozoans preferred surfaces that had been freely fouling,
barnacles and sponges preferred surfaces that had been cleaned, and hydroids showed
a continuing preference for surfaces that had been groomed.

- Grooming maintains surfaces free of macrofouling for long periods of time [17,48].
Once grooming stops, hydroids and potentially other taxa colonize these surfaces
preferentially. The best way to lower the risk of transporting and introducing NISs is
to continue grooming. This maintains hulls in a clean condition, which is on target to
become an international biosecurity requirement [7,16].
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