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The majority of ships are coated with antifouling paint. These coatings can fail to
completely protect from fouling due to mismatches between paint type and duty cycle,
the presence of biocide tolerant fouling organisms, improperly applied, old or damaged
paint, etc. Grooming antifouling coatings can provide a solution. Five commercially
available antifouling coatings were applied to panels. Half of the replicates were
groomed weekly, the other half were immersed and allowed to freely foul, undisturbed.
Photographs were taken and panels were visually assessed monthly. Over the period of
two years, all the undisturbed panels became fouled with a diverse community of
macrofouling organisms including encrusting and arborescent bryozoans, barnacles,
tube worms, oysters, tunicates and more. The groomed panels remained clean of
macrofouling for an extended period of time, up to two years depending on the
coating. Cover of biofilm was also low on groomed panels. Grooming was effective at
maintaining different antifouling paints clear of macrofouling and decreasing cover of
biofilms for up to two years of immersion.

Keywords: grooming, antifouling, copper, copper-free, non-indigenous species
INTRODUCTION

Grooming is the gentle, proactive, habitual, mechanical maintenance of the submerged portion of
ship hulls to maintain them free of the majority of fouling and debris (Tribou & Swain, 2010; Hearin
et al., 2015; Hunsucker et al., 2018a; Hunsucker et al., 2018b; Hunsucker et al., 2019; Swain et al.,
2022). Fouling increases drag, fuel costs, maintenance costs and wear and tear on ships, greenhouse
gas emissions and increases the risk of entrainment and transfer of non-indigenous species (NIS)
(Dafforn et al., 2011; Schultz et al., 2011; McClay et al., 2015; Davidson et al., 2016; Hunsucker et al.,
2018b; Hunsucker et al., 2019). Typically fouling on ships is controlled using coatings, the majority
of which contain antifouling biocides (Martin and Ingle, 2009; Dafforn et al., 2011; Tribou and
Swain, 2017). Antifouling coatings can fail to completely protect from fouling due to mismatches
between paint type and duty cycle, the presence of biocide tolerant fouling organisms, improperly
applied, old or damaged paint and many others (Davidson et al., 2009; Dafforn et al., 2011; IMO,
2011; Sylvester et al., 2011; Davidson et al., 2016).

Between dry docking, the solution to a fouled ship hull has been to clean the hull. Hull cleaning is
reactive, requires a diver operated device, which introduces health and safety risks, and can damage
coatings and introduce non-indigenous species (NIS; IMO, 2011; McClay et al., 2015; Hearin et al.,
2016; Hunsucker et al., 2018b; Scianni and Georgiades, 2019). Despite these drawbacks, cleaning can
increase the life of the hull coating and return ships to near clean conditions (Schultz et al., 2011;
in.org May 2022 | Volume 9 | Article 8365551
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McClay et al., 2015; Georgiades et al., 2018; Hunsucker et al.,
2018b; Hunsucker et al., 2019). Grooming has been proven to
proactively provide the benefits of cleaning, without the risk of
coating damage. Additionally, the ship is maintained free of
fouling and does not show loss of performance associated with
fouling (Hearin et al., 2015; Hearin et al., 2016; Tribou and
Swain, 2017; Hunsucker et al . , 2018b; Scianni and
Georgiades, 2019).

Most ships have coatings containing copper (Martin and
Ingle, 2009; Dafforn et al., 2011; Tribou and Swain, 2017). Due
to concerns with copper accumulation in many ports, new
biocides have been introduced to the market. Different biocides
are more effective against some organisms, as organisms can
become tolerant to biocides. Some examples include
Amphibalanus amphitrite, Watersipora subtorquata and Bugula
neritina which have all been shown to be tolerant to copper
biocides (Weiss, 1947; Johnston and Keough, 2002; Piola and
Johnston, 2006a; Piola and Johnston, 2006b; McKenzie et al.,
2011; McElroy et al., 2017). Biocidal antifouling coatings use
different modes of action to release their biocides. Ablative
coatings work by a dissolution of the matrix, which slowly
releases the biocide at a decreasing level over time as a leached
layer builds up. Self polishing coatings work by hydrolysis of the
paint matrix, resulting in a slow consistent release of biocide as
long as there is sufficient movement of water over the hull (Lewis,
1998; Chambers et al., 2006; Almeida et al., 2007; Dafforn et al.,
2011; Georgiades et al., 2018). Grooming may make antifouling
coatings more efficient by minimizing the leached layer and
maintaining high efficiency of biocide release (Tribou and
Swain, 2017).

The International Maritime Organization has started working
on a framework to decrease the transfer of invasive species on
ship hulls. The framework highlights how practices that control
and manage biofouling can reduce the risk of transferring non-
indigenous species, improve hydrodynamic performance and
may enhance energy efficiency and reduce ship emissions
(IMO, 2011). Many countries are beginning to develop laws
concerning hull condition of ships entering their territorial
waters. The best practice is maintaining the ship hull as free of
fouling as is practical (IMO, 2011; McClay et al., 2015; Scianni
and Georgiades, 2019; Georgiades et al., 2020). Grooming has
been shown to maintain a standard ablative copper antifouling
coating free of macrofouling for up to 12 months and to decrease
the amount of biofilm (Hearin et al., 2015; Hearin et al., 2016;
Tribou and Swain, 2017; Hunsucker et al., 2018a; Hunsucker
et al., 2019). The purpose of this study was to determine the
ability of grooming to maintain five different commercial
antifouling coatings free of fouling over long periods of time.
METHODS

All coatings were applied according to manufacturer’s
instructions as a complete system. Coatings consisted of one
ablative copper (ACA), two self-polishing copper formulations
(SPC1 & SPC2) which were supplied by Naval Surface Warfare
Frontiers in Marine Science | www.frontiersin.org 2
Center – Carderock Division (NSWC – Carderock) as part of the
intersite calibration project. The intersite calibration project is a
regularly repeated test, performed at various test sites around the
world (regularly Florida, California, Hawaii, Singapore, etc.). The
same set of coatings undergo static immersion and are compared
in terms of biofouling accumulation, community structure and
fouling adhesion (Swain et al., 2000). Also included were two
copper free formulations (CF1 & CF2) which were coated at
Florida Institute of Technology (FIT). All coatings had three
replicates that were immersed at the FIT static immersion test
platform at Port Canaveral, Fl. A set of epoxy panels was
included as a negative control. An additional set of three
replicates of the antifouling coatings were randomized and
placed on a backing plate which was installed on the FIT
grooming test platform adjacent to the static immersion test
platform. These coatings were groomed weekly using the robotic
grooming robot described in (Hearin et al., 2015; Hearin et al.,
2016; Hunsucker et al., 2018b; Hunsucker et al., 2019). No epoxy
was included in the grooming because it has been shown to foul
too quickly for grooming to be effective (Tribou and Swain, 2010)
and could damage the grooming tool/brushes. The ACA coating
is a standard which has been extensively tested (Tribou and
Swain, 2015; Hearin et al., 2015; Hearin et al., 2016; Hunsucker
et al., 2019).

Panels were assessed monthly over the span of two years. The
static panels were removed from the water, photographed and
visually assessed for percent cover (ASTM D6990, 2020). There are
two data gaps (8/15 & 1/16) for the ungroomed CF coatings and the
EPX where data was not able to be collected. The grooming panels
were photographed in situ by a diver with a camera fitted with a
water box. This enabled clear pictures regardless of water clarity and
maintained the pictures at a set standoff distance and image size.
Photographs were visually assessed in the lab following the same
method as the static panels. Results are reported in terms of
macrofouling cover and cover of specific taxonomic groups (i.e.:
hydroid, encrusting bryozoan, barnacle, etc.). To compare fouling at
the community level, a principal component analysis was run on the
monthly average cover data. A series of one way ANOVAs was used
to compare macrofouling cover and fouling cover by specific
taxonomic groups.
RESULTS

Macrofouling cover was significantly higher on the ungroomed
than the groomed surfaces (One-way Anova, p<0.05; Figure 1).
Groomed surfaces did not accumulate macrofouling until nearly
two years immersion. Ungroomed surfaces began to accumulate
macrofouling after only a few months, despite biocides. Epoxy
was typically 95% covered with macrofouling and greater,
showing that fouling pressure was diverse and high throughout
the experiment. The only exception was CF2. This copper-free
coating began to accumulate macrofouling on the groomed
surfaces after 11 months. Upon closer examination, the
groomed replicates had begun to wear through, as shown by
the appearance of light colored epoxy barrier coat. Despite this,
May 2022 | Volume 9 | Article 836555
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the groomed surfaces were able to be maintained in a clean
condition at least 6 months longer than the ungroomed surfaces.

Biofilm cover was uniformly low to absent on groomed panels
after grooming (Figure 2). On ungroomed surfaces, the entire
Frontiers in Marine Science | www.frontiersin.org 3
surface not covered with macrofouling was typically covered
with biofilm. That biofilm was usually thick and silty. On
groomed surfaces, the biofilms that remained after grooming
were thin and lacked surface debris. The biofilm on groomed
FIGURE 1 | Comparison of macrofouling cover among the different coatings. Error bars represent one standard error, n=3 replicate panels for each coating and
grooming condition.
FIGURE 2 | Comparison of biofilm cover among the different coatings. Error bars represent one standard error, n = 3 replicate panels for each coating and grooming condition.
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surfaces often resembled a surface stain, with no visible
thickness (Figure 5).

Coatings differed in terms of macrofouling composition (One-
way Anova, p<0.05; Figures 3–5). On ungroomed copper
coatings, dominant macrofouling primarily consisted of
encrusting bryozoans in the genus Watersipora and the barnacle
Amphibalanus amphitrite. On the copper free coatings, dominant
macrofouling primarily consisted of the arborescent bryozoan
Bugula neritina and tube worms in the genus Hydroides.
Composition on epoxy consisted of hydroids, encrusting and
arborescent bryozoans, barnacles, tube worms, oysters, sponges,
Frontiers in Marine Science | www.frontiersin.org 4
tunicates and sea anemones (Figures 3, 5). The PCA (Figure 4)
shows that most of the groomed surfaces cluster relatively closely
together and are distinct from the ungroomed surfaces. The
ungroomed surfaces are less closely grouped, but still make up
one group, distinct from the groomed surfaces. The differences
between groomed and ungroomed surfaces are primarily due to
the cover of macrofouling and biofilms, with a lesser contribution
from barnacles and tube worms. The first Principal Component is
Macrofouling and accounted for 60% of the variability. The second
split was Biofouling (24.6%) and the final split (8.8%) consisted of
barnacles and tube worms combined.
A B
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C

FIGURE 3 | Comparison of fouling composition among the coatings. The left graphs (A, C, E, G, I, K) represent ungroomed surfaces, the right graphs (B, D, F,
H, J) represent groomed surfaces. Coating order is as follows: ACA (A, B), SPC1 (C, D), SPC2 (E, F), CF1 (G, H), CF2 (I, J) and EPX (K). Bio, Biofilm; Hyd,
Hydroid; Enc Bry, Encrusting Bryozoan; Arb Bry, Arborescent Bryozoan; Barn, Barnacle; TW, Tube Worm; Mol, Mollusc; Spo, Sponge; Tun, Tunicate; SA, Sea
Anemone.
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DISCUSSION

Grooming has proven time and again to be an effective way to
maintain ship hull coatings free of macrofouling. Previous
experiments have focused on an ablative copper coating found
on 90% of US Navy Ships, and have successfully kept
macrofouling off the surfaces for up to 12 months (Martin and
Ingle, 2009; Hearin et al., 2015; Tribou and Swain, 2017). This
experiment looked at the efficacy of grooming on five
commercially available, biocide containing, antifouling coatings
over two years. These coatings included the previously tested
ablative copper coating, two self-polishing copper coatings and
two copper-free formulations. All coatings were able to be
maintained free of macrofouling for 11 to 24 months using
weekly grooming. Ungroomed coatings began to accumulate
macrofouling after one to two months immersion, with greater
than 50% cover in as little as four and as much as 12 months.

Organisms may have different tolerance to biocides. This is
suggested by the different dominant organisms on the copper
and copper-free coatings. Ungroomed copper coatings were
dominated by Amphibalanus amphitrite and the encrusting
bryozoan Watersipora species complex. Both taxa are reported
to be tolerant of copper and both are NIS at this site (Weiss,
1947; Piola and Johnston, 2006a; McKenzie et al., 2011; McElroy
et al., 2017; Tribou and Swain, 2017). Ungroomed copper-free
coatings were dominated by Hydroides tube worms and Bugula
Frontiers in Marine Science | www.frontiersin.org 5
neritina (NIS). There are no reports in the literature of organism
tolerance to these alternative biocides, however, B neritina and
serpulid polychaetes have been reported to be copper and
pollution tolerant (Johnston and Keough, 2002; Piola and
Johnston, 2006a; Piola and Johnston, 2006b). Grooming was
effective at preventing macrofouling accumulation, regardless of
growth form. Groomed surfaces were free of low growing forms
(tube worms and encrusting bryozoans), higher growth forms
(barnacles) and softer growth forms (tunicates and
arborescent bryozoans).

Biofilms that remain after grooming were thin, patchy and
lacked adhered sediment. On ungroomed surfaces, biofilms
tended to cover all open space, were thick and had a fluffy
appearance due to attached sediment and flocculated material.
This was previously reported and quantified by Hunsucker et al.
(2018a) who found that groomed biofilms were significantly
thinner, with a different composition and had lower drag than
ungroomed ones. The thin, adherent biofilm left behind after
grooming has been labeled tenacious biofilm, to differentiate it
from standard biofilms accumulated during static immersion
(Hearin et al., 2015; Hearin et al., 2016; Hunsucker et al., 2018a).

The length of effect of grooming varied among the coatings.
The copper coatings remained macrofouling free and with very
low biofilm cover, consisting primarily of low-form, tenacious
biofilms for the full two years. SPC2 was especially effective, with
only low cover of biofilm over the entire experiment. The
FIGURE 4 | PCA comparing the fouling communities on groomed (triangles) and ungroomed (squares) coatings.
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copper-free coatings were more variable. CF2 was ended early
because of excessive coating loss, as observed in the wear through
of the coating. By the end of the experiment, CF1 was also
starting to show coating loss. No estimate of coating loss on the
ungroomed surfaces could be made because of the high cover of
macrofouling hiding the surface of the coatings. The copper
coatings did not have visible coating loss and maintained high
efficacy. This has been shown in previous experiments, where
coating loss was similar among groomed and ungroomed
ablative copper coatings over a six year study (Tribou and
Swain, 2017). Coating thickness could not be measured in this
study because base panel material was not metallic and
destructive methods could not be performed on the static
panels, which were part of a larger experiment. However,
observationally, copper coatings did not show evidence of the
loss of even the top layer of coating. Additionally, no plume of
paint was observed during grooming as is often observed
during cleaning.

The push to replace highly toxic tributyl tin (TBT) led to an
increase in copper based ship hull coatings and increased interest
in developing alternative biocides. Recently, attention has turned
to controlling invasive species transport on ship hulls. IMO
developed guidelines to manage biofouling to manage
introduction of non indigenous species (IMO, 2011).
Frontiers in Marine Science | www.frontiersin.org 6
This standard recommends that ship hulls be maintained as
free of fouling as is practical (IMO, 2011). In response many
countries, including New Zealand, Australia and the United
States, have begun to develop or have developed hull
biofouling standards for ships to enter territorial waters with a
clean hull (Cunningham et al., 2019; Scianni and Georgiades,
2019; Georgiades et al., 2020). Grooming was shown, in this
experiment, to maintain five antifouling coatings clean of
macrofouling for extended periods of time. A ship could fulfill
“clean hull” requirements in a hull management plan through
the use of hull grooming.
CONCLUSIONS

Grooming provides long term control of macrofouling on five
different antifouling coatings. All copper coatings remained
essentially free of macrofouling and with reduced biofilms for
two years. The copper-free coatings worked well with grooming,
until the coatings began to wear through. This provides many
potential benefits including lower fuel costs and less wear and
tear on engines due to reduced drag, less green house gas
emissions and a reduced chance of transporting invasive
species due to reduction of macrofouling on the hull.
FIGURE 5 | Representative images of the panels over the duration of the experiment. UN is ungroomed, GR is groomed. Panels measured 15x30.5 cm (6x12”).
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