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Abstract: Biofouling control on human-made structures and seagoing technologies that minimize
environmental impacts is a major focus of research in marine industries. However, the most widely
used antifouling (AF) method is still copper-based coatings. Some “eco-friendly” approaches are
commercially available but have been scarcely tested in natural conditions, especially high-energy
environments. We conducted a replicated long-term field experiment in a highly wave-exposed, high
productivity coastal environment to test three untreated materials used in maritime industries, two
traditional copper-based AF coatings, and two materials offered as “eco-friendly” AF in the market
(i.e., a slow-copper release and a self-adhesive, fiber-covered, skin-like coating). We showed that
biofouling cover and biomass increased at similar rates over time among all untreated materials,
including the skin-like AF. The two traditional copper-based AF coatings and the slow-release AF
paint both showed similarly low biofouling biomass and richness, demonstrating their efficacy after
12 months in the field. Although the “eco-friendly” slow-release technologies are not completely
innocuous to the environment, we suggest this approach over the more environmentally aggressive
traditional copper paints, which are the most widely used in aquaculture and shipping industries
today. However, further research is needed to test whether their environmental impact is significantly
lower in the long-term than traditional AF paints, and therefore the search for non-toxic coating must
continue. The fortuitous settlement and growth of sea urchins in our experiments also suggest that a
combination of “eco-friendly” AF and biological control would be possible and should be further
investigated. The skin-like coatings must be tested under different environmental conditions, and
they are not recommended in wave-exposed coastal habitats.

Keywords: marine biofouling; replicated field experiments; subtidal habitats; grazing and biological
control; upwelling ecosystems; tunicates; barnacles

1. Introduction

Marine biofouling is the community of organisms that establishes, grows, and accumu-
lates on natural or artificial surfaces immersed in sea water. Biofouling growth begins with
the rapid formation of microbial biofilms on substrates, followed by settlement of macroin-
vertebrate larvae and macroalgal spores, which grow, gain biomass, and overgrow the
original biofilm [1,2]. As the succession progresses over months and years, the composition
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of species changes and larger body size species which usually are competitively dominant
in the interference for space [3,4] tend to dominate the substrate [5]. Problems caused by
biofouling—such as increased corrosion, higher biomass (weight), increased drag forces,
introduction of invasive species, lower flow, and deoxygenation—are commonly reported
by the aquaculture and shipping industries [6,7] due to the incredibly detrimental economic
impacts they have in those industries [8]. The emerging marine renewable energy industry
(MRE) and the development of mechanical energy converters are especially afflicted by
biofouling [9]. To counter these difficulties, different biofouling control strategies have been
proposed: chemical, mechanical, biological, electrochemical, and surface modification [10].
The chemical control known as coating is currently the most common antifouling (AF)
strategy, is designed to be effective against various taxa and environmental conditions and
has comparatively long durability. These AF coatings are based on an active principle and
a matrix. The former consists of one or more toxic biocides that target the early stages of
the fouling species (since adult organisms are usually more resistant to these products)
while the matrix has the binders, solvents, and auxiliary compounds that provide sup-
port, adhesion, and durability to the active components [11]. The most widespread active
principles are copper oxide (Cu2O), Cu(I) thiocyanate, and Zn(II) oxide [12], while the
developed matrices include the soluble, contact leaching, self-polishing copolymer (SPC)
and fouling-release matrix coatings [6]. Since all toxic chemical AF strategies come at a cost
for the environment, there is broad interest in eco-friendly strategies that do not pollute as
much [6,13,14].

The release of high concentrations of these biocide compounds into the environment
poses a danger to marine organisms [14–17]. It is estimated that over 15 × 106 kg/year of
copper is introduced to the ocean environment by AF paints worldwide [18]. Consequently,
research focuses on developing coatings that either release fewer compounds into the
environment, physically modify the surface without chemically active components, or
incorporate active components that are produced by local organisms [13,19]. However,
the use of natural broad-spectrum antifoulants is still far from commercialization [5,19].
Copper oxide nanoparticles are both marketed for use in antifouling paints as an “eco-
friendly” alternative and found in commercially available coatings [20]. Based primarily
on laboratory studies, the manufacturers insist that nanoparticles can be retained in the
paint matrix, reducing leaching and increasing the timespan of AF efficacy. However, their
efficacy and durability under natural (field) conditions and diverse forms of biofouling have
scarcely been tested. Nanoparticle paints with ZnO are also now available; similar to other
zinc-based coatings, they are marketed as “eco-friendly” alternatives [21]. Caution must be
exercised in real applications, however, as recent research suggests that there is no clear
advantage of nanoparticulate Zn or Cu in antifouling coatings, relative to traditional micro-
sized formulations, either in their efficacy or toxin release characteristics [21]. Another
strategy for reducing Cu2O leaching is the controlled depletion polymer (CDP), which has
a controlled and stable release over time and increases the AF efficacy lifespan [22].

Ecological control of biofouling is also possible for some specific applications. Here,
species interactions keep the most harmful fouling species in check, usually reverting
ecological succession to initial stages. Several studies considering fouling on marine
structures have shown the potential of biological control alone [23] and in combination
with other AF methods [24]. For example, grazing (apparently due to sea urchins) reduces
biofouling cover and biomass on artificial structures [23,25,26]. Grazers can also reduce
biofouling growth within shellfish aquaculture farms [26–28] and may provide control for
invasive algae [29,30]. Thus, biological control, combined with other AF methods, seems
promising for some applications [31].

Most knowledge about biofouling and most experimental tests of AF methods have
been conducted in the laboratory or in wave-protected habitats, usually within bays and
port harbors. The requirements of the MRE, oceanic aquaculture, desalination, and other
industries are rapidly expanding this knowledge to high-energy environments [32–35]. We
conducted a replicated field experiment over more than one year in a highly wave-exposed
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environment to test biofouling colonization and accumulation rates on three different
materials typically used in the shipping, aquaculture, and desalination industries. In
addition, we tested two traditional (non-ecofriendly) copper-based AF coatings that are
the most widely used in the industry, and two AF strategies labeled “eco-friendly” (a
skin-like coating that modifies substrate surface and a copper slow-release AF paint). The
experiment was followed for 15 months at two different depths to assess both changes
in the relative performances of these varied strategies and the performance of the differ-
ent materials and AF strategies over the ecological succession towards dominant sessile
species [33]. Through the course of the field experiment, an unexpected and massive
recruitment of the black omnivorous sea urchin Tetrapygus niger occurred, allowing us
to obtain a preliminary assessment of the potential for sea urchin grazing as a biological
control for biofouling biomass.

2. Materials and Methods
2.1. Study Site, Environmental Variables

The study was conducted in the Bay of Cartagena, a section of the central Chilean
coast that is fully exposed to the predominant incoming waves propagating from the
south (http://www.oleaje.uv.cl/pronostico.htm, accessed on 29 December 2022) (Figure 1).
While the Chilean shore is characterized by a strong coastal upwelling of subsurface, cold,
nutrient-rich waters, the Bay of Cartagena is in an upwelling shadow, with slightly warmer
waters (1–2 ◦C), slightly fewer nutrients, and more frequent phytoplankton blooms than at
sites to the north and south [36–38]. The general hydrographic characteristics of the study
site—including broad patterns of circulation related to wind forcing, phytoplankton, wave
regimes, and riverine inputs—have been previously described [36,39–44]. In addition, the
encrusting community of wave-exposed environments and successional trends at different
depths have been previously described [32,33].
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Figure 1. (A) Map of study site at Bay of Cartagena in central Chile. (B) Position of the four moorings
(the plates are facing the compass direction). (C) Seawater average temperature at 5 m deep between
October 2018 and December 2019.

2.2. Mooring, Testing Frames, and Monitoring Schedule

In October 2018, we deployed four moorings at 20–21 m bottom depths spread over ca.
80 m and separated by ca. 20 m (Figure 1 and Supplementary Materials Figure S1). Each
mooring consisted of a 150 kg weight and a high-tenacity Dynema rope. A subsurface buoy
at about 1 m deep at the end of the line, and two small (50 cm diameter) buoys along the

http://www.oleaje.uv.cl/pronostico.htm
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rope were used to keep the line tense, even during passing waves. Testing frames were
made of 2.5 cm diameter hydraulic-rated polyvinyl chloride (PVC), forming a 70 × 40 cm
rectangle [32]. At each mooring, two testing frames were deployed, one at 5 m deep, above
the seasonal thermocline [36,39], and the other one at ca. 15 m deep, below the thermocline
(Supplementary Materials Figure S1). Temperature loggers (Onset Tidbit®) were attached
to one mooring line, which recorded the temperature every 10 min at ca. 2 m depth, above
the first frame, and at ca. 19 m depth, below the deeper frame.

2.3. Materials and Antifouling Treatments

Experimental treatments were applied to 10 × 10 cm plates that were attached with
stainless steel bolts to the PVC testing frames at each depth. A total of seven treatments
were deployed randomly in testing frames at each depth and four moorings. First, three
different traditional and untreated materials were tested. The first was 4–6 cm thick acrylic
plates (Plexiglass®) that were evenly roughened by sanding the plate surface. This material
has been widely used in previous studies of encrusting organisms in Chile [32,33,45–47] and
serves as a reference for biofouling settling. The second was a steel (Steel A32) construction
plate used in the shipping industry and MER converters, and the third was a stainless
steel (Steel 304) construction plate used in several seagoing applications. The Steel A32
plates rusted within few months, causing the metal to laminate and peel off the plate with
organisms attached. As a result, these plates were not included in the analyses described
below, leaving only two untreated materials to be compared. Second, we compared two
market-available AF strategies labeled “eco-friendly”. The first was a modified substrate
surface coating known as Micanti. This is a nylon fiber and polyester film with a furry
texture and a two-component water-based adhesive marketed as an “eco-friendly” “hairy”
solution to fouling, primarily for the shipping industry. It is advertised as suitable for all
circumstances (i.e., moored or sailing). The second is Seavoyage 100 CDP Sherwin-Williams
(CDP), a copper-based, slow-release (controlled wear polymer), AF paint marketed as
“eco-friendly”. Like all copper-based paints, it can pollute the environment in the mid-
to long-term but has gained the “eco-friendly” label, so we refer to it as such. The third
and fourth materials we considered were two widely available copper-based AF paints
that have not been designated eco-friendly, Seavoyage A/F-21 Sherwin-Williams (F21) and
Ocean Jet 33 (OJ33). Treatment chemical characteristics, applications, and manufacturer
descriptions are presented in Supplementary Materials Table S1. Steel plates (A36) with AF
were painted in San Antonio, Chile, following the same procedures used in ships. The steel
surface roughness (RMS) was 6.6 µm [32].

2.4. Successional Treatments and Monitoring Protocol

To test for differences in ecological succession in the above treatments, we performed
three exposure time treatments: (a) exposure in the field for 6 months, during the first phase
of the experiment (first six months (First6): October 2018–April 2019), (b) exposure in the
field for approximately 6 months during the second phase of the experiment (second six
months (Second6): April 2019–January 2020), and (c) exposure for 15 continuous months
(yearly: October 2018–January 2020). This allowed us to assess temporal differences among
materials and antifouling treatments during short- and long-term exposure. Thus, at
each experimental frame, depth, and mooring, 14 plates were deployed; 7 of them were
removed after 6 months and replaced with new ones, and the other 7 were monitored while
submerged throughout the experiment. The size and the hydraulic behavior of the frame
did not allow us to include replication within the frames, so plates across the four moorings
were considered replicates. This is consistent with a randomized complete block design
with material treatments and successional times (see below) applied to one replicate plate
within each block [48].

Before deployment, each plate was weighed on a scale, both dry and submerged in
water, and then individually marked with a serial number. To monitor the experiment,
plates were photographed in situ by SCUBA divers every 3 months. Every 3–4 months, we
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removed the plates from their frames, aboard the research boat of the Estación Costera de
Investigaciones Marinas (ECIM), we carefully cleaned the sides and weighed each plate.
Then, we recorded species cover with a 10 × 10-cm quadrat with 100 intersection points.

We removed each plate after its predetermined immersion times (ca. 6 or 15 months)
and taken to the Biocorrosion and Biofouling Laboratory at ECIM. There, we drained the
plates for 1 min and weighed them. We obtained the total biofouling mass by subtracting
the plate’s initial mass. We then identified and quantified the main encrusting species
under a stereo microscope using the same protocol as used on the boat (i.e., 10 × 10 cm
quadrat with 100 intersection points). We then photographed the tops and sides of each
plate (see Supplementary Materials Table S2).

2.5. Data Analyses

During the experiment, we observed a massive settlement and growth of the black
sea urchin Tetrapygus niger on all plates, especially at shallower depths (see results below).
Settlement of T. niger was unusually high in the 2019 recruitment season (see Supplementary
Materials Figure S2). The small settlers were apparent by December 2018, roughly 60 days
after the experiment had been deployed. Since this was a natural occurrence (although
it had not been seen the previous 3 years at the same site [33]), we did not remove the
sea urchins in order to leave other settlers undisturbed. We continued monitoring the
experiment until September 2019, so our results reflect community succession under the
grazing pressure of sea urchins. To assess the impact of urchins on sessile organisms, in
September 2019 (317 days after the experiment began), we carefully removed all urchin
recruits and juveniles from both the plates and frames, and then continued to monitor
the experiment again in January 2020. Thus, we conducted the analyses described below
separately. The two distinct periods—before manual urchin removal and after—may be
considered as observations of sessile species patterns with grazing pressure and without
grazing pressure, respectively.

2.6. Biofouling Biomass

Because the time between monitoring events varied due to sea conditions, we divided
each plate’s total biofouling mass by days elapsed, thus obtaining a rate of mass accumula-
tion expressed as grams per day in 100 cm2 [33]. As shown before, total biofouling weight is
a better indicator of biofouling risks than surface cover, since in these environments, sessile
species quickly cover entire substrata, despite major compositional changes through succes-
sion [33]. Before analyses, we averaged each replicate plate’s multiple weight observations
obtained during on-board measurements, simplifying analyses and eliminating the need
for repeated measures. We performed separate analyses for the period before sea urchin
recruits and juveniles were manually removed (first 317 days) and for the observations
collected 139 days after removal.

We performed a three-way factorial analysis of variance (ANOVA) on mean biofouling
biomass accumulation (g/day/100 cm2 ± SE), considering the traditional materials and AF
treatments (Steel A32 was dropped from analyses), the three successional treatments (First6,
Second6, and Yearly), and the two depths as fixed orthogonal factors, applied within each
block (testing frame). We performed separate a priori orthogonal contrasts [49] at 5 and
15 m deep to test the specific hypotheses about main effects stated in Table 1. In case of
interactions, we used the corresponding orthogonal contrasts for the interaction (see [50]).
Before analyses, biomass data were logit-transformed for the first 6 months to satisfy the
ANOVA’s homoscedasticity assumptions.
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Table 1. Specific hypotheses and planned orthogonal contrasts for main effects treatments at
each depth.

Treatment Main Effects Hypotheses Planned Contrasts

Exposure time

Biomass accumulation means are different
between early and late succession

First6 and Second6
versus
Yearly

Biomass accumulation means are different
between the first and second parts of

the experiment

First6
versus

Second6

Traditional maritime industry materials and
AF coatings

Traditional materials are different from
copper-based, not eco-friendly, AF coatings

Acrylic and SS316
versus

OJ33 and F21

“Eco-friendly” strategies and copper-based,
not eco-friendly, AF coatings

“Eco-friendly” strategies are different from
copper-based, not eco-friendly AF coatings

Micanti and CDP
versus

OJ33 and F21

“Eco-friendly” AF strategies The two “eco-friendly” strategies
are different

Micanti
versus
CDP

To examine whether the response to urchin removal was similar among treatments
and depths, we calculated the biofouling biomass accumulation rate (g/day/100 cm2 ± SE)
for the observations collected in January 2020, after urchin removal, and analyzed results
with a two-way ANOVA randomized block design with materials and AF treatments
(acrylic, stainless steel, Micanti, CDP, F21, and OJ33) and depths (5 and 15 m) as fixed
factors, and mooring as block. Biomass accumulation rate was square root transformed
to obtain normality and homoscedasticity. One mooring line was lost due to storms, so
we conducted the analysis using 3 mooring replicates. We performed a Tukey post-hoc
test. In this case, the results refer to effects on recovery of the biofouling community after
removing grazers.

2.7. Biofouling Cover

We calculated mean total biofouling cover per plate (%) with all species pooled, (ex-
cluding biofilms) for all monitoring dates with complete datasets for the yearly successional
exposure treatment. The design included only the material and antifouling treatment and
the two depths as fixed factors, but with multiple repeated observations on each plate for
the period before sea urchin removal. We analyzed these data with a repeated measures
analysis of variance (RM-ANOVA) after checking for sphericity with the Mauchly criteria.
We did not analyze total cover in the two 6-month exposure treatments. A simple two-way
ANOVA with material and AF treatment and depth was used to analyze total cover after
sea urchin removal.

The cover of the dominant three sessile species—Austromegabalanus psittacus (Molina,
1782), Obelia geniculata (Linnaeus, 1758), and Pyura chilensis (Molina, 1782)—accounted for
22–100% of the total cover. These analyses, conducted as described above for total cover,
considered only the acrylic, stainless steel, and Micanti treatments because the species were
found at very low cover in the other treatments (see Section 3). We constructed all graphics
and performed all statistical analyses in R [51,52].

2.8. Biofouling Community Analyses

To characterize community compositional differences and general structure among ma-
terial treatments and exposure months, we conducted multivariate ordinations on species
abundances (cover) using the Bray Curtis distance method and non-metric multidimen-
sional scaling. To test for statistical significance, we conducted a permutational analysis
of variance (PERMANOVA) [53] followed by pairwise a posteriori tests using the false
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discovery rate (FDR) correction [54]. For the multivariate analyses, we used the R package
vegan v2.5-7 [55]. After ensuring normality and homoscedasticity, we conducted separate
one-way analyses of variance on richness and the Shannon diversity index to compare
richness and diversity among treatments. We considered treatment and depth as fixed
factors and used Dunn’s post-hoc test to establish the pattern of differences.

3. Results

The main species of biofouling communities at different treatment were biofilm, Obelia
geniculata, Austromegabalanus psittacus, and Pyura chilensis. We included the complete list of
species and their maximum cover percentage throughout the experiment in Supplementary
Materials Table S3. We removed the steel treatment for all analyses due to the high
percentage of surface oxide (Supplementary Materials Table S3), which accelerated the
corrosion process, although we had periodically removed biofouling biomass along with
corroded metal (see Supplementary Materials Figure S3). The corrosion and biomass loss
in Steel A32 treatment can be explained by the deterioration of the coating that favors the
alteration of the electrical conductivity of materials [56].

3.1. Biofouling Biomass

During natural succession, the mean biomass accumulation rates (g/day/100 cm2)
(Figure 2) at 5 m were higher on acrylic, stainless steel, and Micanti plates after ~120 days
and higher on the same treatment plates at 15 m deep after ~180 days. After ~365 days of
deployment, sea urchins were removed from all plates at both depths. The mean biofouling
biomass accumulation rates on the acrylic, stainless steel, and Micanti treatments all
increased significantly at 5 m (Figure 2).

Succession
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Figure 2. Biofouling biomass accumulation rate (g/day/cm2 ± SE) in the 100 cm2 plates recorded
during 15 months at the two depths of deployment. Plates were replaced. The bottom scheme shows
when sea urchin recruits were first observed in the experimental moorings, and when they grew
and increased in abundance on the plates. The shading shows biomass trajectories after sea urchin
manual removal on day 317 of the experiment.

For the plates exposed for 12 months (before sea urchin removal), we found significant
differences in the mean biofouling biomass accumulation (g/day/100 cm2 ± SE) in exposure
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time (p < 0.001), treatments (p < 0.001), depths (p < 0.001) and the interaction between expo-
sure time and treatments (p < 0.001) (see Figure 3 and Supplementary Materials Table S4.1).
However, we did not find differences between the interaction exposure time-depth (p = 0.641),
treatment-depth (p = 0.331), and exposure time–treatment-depth (p = 0.171) (see
Supplementary Materials Table S4.1).
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Figure 3. Mean biomass accumulation (g/day/100 cm2 ± SE) in the different experimental materials
and coatings over 12 months of exposure at the two depths of deployment, before urchin removal.

Likewise, we found significant differences in mean biomass accumulation (g/day/
100 cm2 ± SE) in some of the linear a priori contrasts analyzed (Table 1 and Figure 4). In
the exposure time treatment, the mean biomass accumulation was different during early
versus late succession (planned contrast First6 and Second6 versus Yearly, p < 0.001). The
mean biomass accumulation was also different between the first and second 6-month
periods (planned contrast First6 versus Second6, p < 0.001). For treatments, materials
without AF coatings were different to materials with copper-based, not eco-friendly, AF
coatings (planned contrast untreated materials acrylic and SS316 versus treated materials
OJ33 and F21, p < 0.001). “Eco-friendly” AF coatings also were different to copper-based,
not eco-friendly, AF coatings (planned contrast OJ33 and F21 versus Micanti and CDP,
p < 0.001). Finally, the two “eco-friendly” coatings were significantly different (planned
contrast Micanti versus CDP, p < 0.001). The copper-based, not eco-friendly, AF coatings
were not significantly different from one another (planned contrast F21 and OJ33, p = 0.91)
(see Figure 4 and Supplementary Materials Table S4.1).

The interaction between exposure time and treatments showed that difference between
the mean biomass accumulation of treated and untreated materials can be explained by
the exposure time (p = 0.022). However, exposure time cannot explain the differences in
mean biomass accumulation between copper-based, not eco-friendly, AF coatings (F21
and OJ33) versus “eco-friendly”, AF coatings (Micanti and CDP; p = 0.746). Similarly,
exposure time also does not explain the differences of mean biomass accumulation between
the “eco-friendly”, AF coatings (Micanti and CDP, p = 0.717) and the copper-based, not
eco-friendly, AF coatings (F21 and OJ33, p = 0.659).
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Figure 4. Mean biomass accumulation (g/day/100 cm2 ± SE) on each plate, deployed at differ-
ent times during the first and second 6 months of the experiment at the two deployment depths.
(A) Untreated materials (acrylic versus stainless steel), (B) the two “eco-friendly” AF strategies (Mi-
canti versus CDP), and (C) the two not eco-friendly AF paintings (F21 versus OJ33). Note the different
y-axis scales.

We found that mean biomass accumulation differed significantly between treated
(F21 and OJ33) and untreated materials (acrylic and stainless steel), as well as between
copper-based, not eco-friendly, AF coatings (F21 and OJ33) and “eco-friendly” AF coatings
(CDP and Micanti). These differences are explained by the two experiment periods (i.e.,
first and second 6 months exposure, p < 0.0001 and p = 0.005, respectively). However, these
two periods do not explain the differences in mean biomass accumulation between the
“eco-friendly”, AF paintings (CDP versus Micanti, p = 0.077) nor between the copper-based,
not eco-friendly, AF coatings (F21 versus OJ33, p = 0.976) (see Figure 4 and Supplementary
Materials Table S4.1).

The randomized block designs we performed to analyze the indirect effect of urchin
removal on the mean biofouling biomass accumulation showed significant differences
between treatment (p = 0.0005) and depth (p = 0.012), but not mooring (p = 0.583) nor the
treatment–depth interaction (p = 0.306) (Supplementary Materials Table S4.2). Although
the interaction was not significant, it should be noted that, after urchin removal, Micanti
at 5 m deep differed from the CDP, F21, and OJ33 treatments at 5 and 15 m deep. The
treatments that varied the most after urchin removal were Micanti versus CDP, F21, and
OJ33 (Supplementary Materials Table S4.2, Tukey post-hoc test, p < 0.008) and stainless
steel versus F21 (Supplementary Materials Table S4.2, Tukey post-hoc test, p = 0.042).

3.2. Biofouling Cover and Dominant Species

The acrylic, stainless steel, and Micanti treatments reached maximum cover percentage
of ~100% at 5 and 15 m deep before and after urchin removal (12 and 15 months, respec-
tively) (Figure 5). After 15 months, the mean cover percentage of sessile species during the
natural succession (12 months) on the AF painting plates at 5 m was less than 15% (CDP),
8% (F21), and 19% (OJ33), while at 15 m, mean coverage was less than 4% (CDP), 6% (F21),
and 3% (OJ33). After the urchin removal, the treatments reached a mean cover percentage
of 33% (CDP), 11% (F21), and 12% (OJ33) at 5 m, and 12% (CDP), 8% (F21), and 13% (OJ33)
at 15 m (Figure 5).

We did not find significant differences in biofouling mean cover percentage of sessile
species at 12 months between acrylic, stainless steel, and Micanti treatments at 5 and 15 m
(RM-ANOVA, p = 0.09; Supplementary Materials Table S5). Furthermore, after the urchin
removal, we did not find significant differences between these treatments at either depth
(ANOVA, p > 0.07, Supplementary Materials Table S5).
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Figure 5. Mean cover percentage (% ± SE) in the 100 cm2 plates recorded during 15 months at
the two depths of deployment. Biofilms cover data was removed. The shade represents biomass
accumulation rates post-sea urchin removal.

The main sessile biofouling species we encountered were Austromegabalanus psittacus,
Obelia geniculata, and Pyura chilensis. After 15 months at 5 m, the mean coverage of Obelia
geniculata was high (>98%) for the first months on stainless steel and Micanti, and Pyura
chilensis also showed a gain in coverage in the same treatments (56.3% and 91%, respec-
tively) (Figure 6A). Obelia geniculata showed the same pattern on acrylic plates (96%) in
the first months, but after the sixth month, both Austromegabalanus psittacus (36.5%) and
Pyura chilensis (7.3%) increased their average coverage. The CDP, F21, and OJ33 treatments
showed the lowest average cover percentage of these three species throughout the entire
experiment at this depth. At the end of the experiment, Obelia geniculata and Austromegabal-
anus psittacus showed an average coverage of 11% and 6.5% in CDP, 2.3% and 1.3% in F21a,
and 6% and 1.7% in OJ33, respectively. Pyura chilensis did not appear on the CDP, F21, and
OJ33 treatment plates throughout the 15 months of exposure.

At 15 m, Obelia geniculata showed higher mean coverage (>85%) for 4 months, when
Austromegabalanus psittacus increased its coverage on acrylic (37%) and stainless steel (41%)
plates; Obelia geniculata showed higher coverage (92%) for 6 months on Micanti, when Pyura
chilensis gained coverage (33%) at the end of the experiment (Figure 6B). At 15 m deep,
CDP, F21, and OJ33 treatments showed a low average coverage of these species throughout
the experiment (i.e., less than 5%).

In summary, at 5 m, the mean coverage of Austromegabalanus psittacus is most affected
by depth, Obelia geniculata is most affected by treatment (although Micanti does not have
an AF effect), and Pyura chilensis favors Micanti.

The main biofouling species in CDP, F21, and OJ33 treatments were biofilm, Obelia
geniculata, Antithamnion densum (M. Howe, 1914), and Austromegabalanus psittacus (Molina,
1788). On CDP treament plates, Aulacomya ater (Molina, 1782), Heterosiphonia spp., and
Sycon spp. also recruited. F21 hosted Heterosiphonia spp. and Semimytilus algosus (Gould,
1850), and OJ33 had Aulacomya ater and a member of the family Kallymeniaceae.
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Figure 6. Mean cover (% ± SE) of the most abundant sessile biofouling species, Austromegabalanus
psittacus, Obelia geniculata, and Pyura chilensis, observed on acrylic, stainless steel, Micanti, CDP, F21
and OJ33 plates, during 15 months at the two depths of deployment (A) 5 m and (B) 15 m. Gray
shadow shows trajectories post-sea urchin removal.

3.3. Biofouling Community

Differences in the similarity of biofouling communities after 12 months of exposure
were significant at 5 m (PERMANOVA, df = 5, p = 0.001, Figure 7A), and 15 m (PER-
MANOVA, df = 5, p = 0.001, Figure 7B). At 5 m, we observed two groups with similar
composition: group 1 (acrylic, stainless steel, and Micanti) (FDR post-hoc tests, adjusted p >
0.8) and group 2 (CDP, F21, and OJ33) (FDR post-hoc tests, adjusted p > 0.5). Both groups
showed significant differences between them (FDR post-hoc tests, adjusted p = 0.015) (see
Supplementary Materials Table S5). At 15 m, we observed three groups: group 3 (acrylic
and stainless steel), group 4 (Micanti), and group 2 (CDP, F21, and OJ33) (FDR post-hoc
tests, adjusted p = 1.0). All groups showed statistical differences between them (FDR
post-hoc tests, adjusted p = 0.015) (see Supplementary Materials Table S5).

After the first 6 months of exposure, differences in the similarity of biofouling com-
munities were significant at 5 m (PERMANOVA, df = 5, p = 0.001, Figure 7C) and two
groups were observed: group 1 (FDR post-hoc tests, adjusted p = 1) and group 2 (FDR
post-hoc tests, adjusted p = 1) (Supplementary Materials Table S5). We also found sig-
nificant differences in the similarity of biofouling communities at 15 m (PERMANOVA,
df = 5, p = 0.001, Figure 7D). Micanti differed from all other treatments (FDR post-hoc tests,
adjusted p < 0.04), while CDP, F21, and OJ33 were similar to each other (FDR post-hoc tests,
adjusted p > 0.96).

After the second 6 months of exposure, the similarity of biofouling communities were
significant at 5 and 15 m (PERMANOVA, df = 5, p = 0.001, Figure 7E,F), but it was not
possible to discriminate which groups that differed from each other based on FDR post-hoc
tests (see Supplementary Materials Table S5).
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Figure 7. Compositional similarity of the different treatments, that include traditional materials,
“eco-friendly”, and not eco-friendly AF strategies. Non-metric multidimensional scaling (NMDS)
ordination plots based on abundance data using Bray–Curtis distances at two depths: 5 m deep
(A) during 12 months of exposure (stress = 0.139), (C) first (stress = 0.110) and (E) second 6 months of
exposure (stress = 0.044), and 15 m (B) during 12 months of exposure (stress = 0.121) and (D) first
(stress = 0.140) and (F) second 6 months of exposure (stress = 0.038). The shape represents the different
depths (circles for 5 m, triangles for 15 m), surrounded by the ellipse of the 95% confidence interval.

We also found significant differences for richness (p = 0.004) and diversity (p < 0.0001)
between the treatments at 5 m deep (Figure 8A,B). Diversity divided into two groups:
acrylic-stainless steel-Micanti and CDP-AF21-OJ33. For richness, it was impossible to
separate treatments into groups through post-hoc tests. At 15 m, we found significant
differences for richness (p < 0.0001) and diversity (p = 0.001) between the traditional
maritime industry materials and AF coatings (Figure 8C,D). Richness divided into two
groups: acrylic-stainless steel-Micanti and CDP-AF21-OJ33. For diversity, it was also
impossible to separate treatments into groups through post-hoc tests.
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Figure 8. Mean richness (A,C) and Shannon diversity index (B,D) between treatments (mean + SE)
at two depths (5 and 15 m). Letters a and b above SE bars indicate significant differences (among
treatments from the Dunn’s test with an experiment-wise error rate of 0.05).

4. Discussion

In this study, the dominant species and composition of the biofouling community
succession were similar to previous studies conducted in central Chile [32,33]. Biofilms
and Obelia geniculata were the first colonizers, and as succession progressed, substrata were
dominated primarily by Austromegabalanus psittacus and Pyura chilensis. Unlike previous
studies, the large sea urchin Tetrapygus niger happened to be recruited in large numbers
on our experimental plates over the course of the experiment (Supplementary Materials
Figure S2). As a result, we glimpsed the potential effect of sea urchin grazing as a biological
control of biofouling biomass. Here, we first discuss the experimental results comparing
materials and coatings, for which the experiment was designed, and then we consider the
preliminary assessment of sea urchin grazing.

Our study contributes to the much-needed comparison between “eco-friendly” and
not eco-friendly AF treatments over extended periods in situ. We showed that biofouling
cover and biomass increased at similar rates over time among all untreated materials,
including the skin-like AF. The two traditional copper-based and the slow-release, “eco-
friendly”, AF paints showed similarly low biofouling biomass and richness, demonstrating
their efficacy after 12 months in the field and at different depths. The vast majority of
readily available AF paints use copper and zinc in the copper oxide and zinc oxide forms
as biocides [57]. Studies conducted in diverse marine ecosystems have demonstrated the
efficacy of AF against the local flora and fauna [32–34] as well as the short-term AF effect
in culture systems [16,32,33,57]. Still, its efficacy in open water and over long periods
(years) is understudied, as is the efficacy of more eco-friendly compounds. A recent
study compared eco-friendly strategies with copper-based, not eco-friendly, AF coatings
in natural environments in the Baltic Sea over one year [58], showing that eco-friendly
silicone foul release coatings (FRCs) perform equally well or significantly better than
copper coatings. Our study takes this research a step further by comparing the long-term
efficacy of “eco-friendly” and not eco-friendly AF treatments in highly wave-exposed
environments. It has been suggested that contrasting color differences may impact the
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establishment of a biofouling communities, at least in short-term tests of AF coatings. The
study [59] showed that fouling species exhibit significantly higher settlement by Ulva spp.
and spirorbis tube worms on black plastic surfaces compared to white plastic surfaces
when exposed at shallow (ca. 40 cm) depths in comparatively short (14 days) experimental
trials. The mechanisms producing such differences are unclear and the authors do not
offer an explanation, but they may be related to differences in solar radiative heat gains or
rugosity between black and white plates. Our study compared three coatings with different
colors: CDP (red), OJ33 (red), and F21 (blue) in a highly wave-exposed environment. We
did not observe differences in cover or biomass at either depth after a few weeks exposure.
Together with previous studies with different materials [32,33], color does not seem to play
any significant role in biofouling establishment and growth, at least not after few weeks
and at depths beyond few centimeters.

As our results showed, after sea urchin removal, the biomass and cover of the bio-
fouling community resets in the acrylic, stainless steel, and Micanti treatments. Previ-
ous studies on the grazing effect on biofouling communities included herbivores such
as mollusks [24,29,60], echinoderms [24,26,27,29,31], crustaceans [27,30], and some fish
species [29]. Some studies showed that grazing can reduce the biofouling biomass by about
70% and the cover by about 80% [23,24]. Other studies showed that sea urchins significantly
reduced the weight of fouling on shellfish aquaculture structures by about 74% [26], and by
about 50% independent of biological control organism density [27]. None of these studies
evaluated different AF paints, and therefore our study contributes to this body of research,
although that was not its original objective. Our study showed an increase in biomass
accumulation rate at 5 and 15 m after sea urchin removal in traditional materials (55% and
17%, respectively) and “eco-friendly” and copper-based, not eco-friendly, AF coatings (6%
and 3%, respectively). Although biocontrol approaches such as grazing are eco-friendly,
our results showed that acrylic, stainless steel, and Micanti treatments require alternative
risk mitigation strategies like AF coatings with slow-release technology to reduce biomass
cover on artificial structures.

The mean biofouling biomass accumulation (g/day/100 cm2) was affected by exposure
time, treatment, depth, and the interaction between exposure time and treatment. Previous
research in open systems showed also that exposure time [45–47,61], depth [32,33,61,62],
and substrate [32–34] affect the biofouling community assemblage. In our experiment, the
biomass accumulation means were different during early versus late succession, and during
the 6 month experiment with and without sea urchins. This shows the role grazing plays in
controlling biofouling biomass; however, grazing does not eliminate the biofouling problem
and must be combined with surface modification strategies that prevent larval settlement.

Depth also affects biofouling biomass, probably due to changes in hydrodynamics,
drag and lift forces, as well as tidal and wave regimes that influence the larval and nutrient
supplies [62,63]. We found that at 5 m, the biofouling community gained higher biomass
than communities at 15 m. This result could also be explained by differences in the
oxygen availability [64] at both depths as the deepest frames were beneath the oxycline.
Similar differences in biomass and cover by depth were previously described in the same
environment [33], suggesting a persistent pattern.

Regarding the treatments, the main sessile biofouling species were Austromegabalanus
psittacus, Obelia geniculata, and Pyura chilensis on traditional maritime industry materials
(i.e., acrylic and stainless steel) and AF coatings. These species were previously reported
for the same area [32,33]. In our experiment, we show that the CDP, AF21, and OJ33
AF coatings inhibit the growth of large organisms such as Austromegabalanus psittacus
and Pyura chilensis and reduce the coverage of the hydrozoan Obelia geniculata after one
year of exposure. Given the low biomass and cover values for the CDP, AF21, and OJ33
treatments after one year of exposure, we expected diversity to be lower than the other
treatments (acrylic, stainless steel, and Micanti) as our result indicated. Additionally, we
expected communities between these three treatments to be relatively similar. In contrast,
we expected that acrylic would present greater richness, diversity, and dispersion in the
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similarity of their communities since acrylic is a widely used material for evaluating
composition and succession in benthic systems [32,33,45–47].

Previous studies showed that the OJ33 AF coating prevents any colonization by
macrofoulers for more than 7 months under high energy environmental conditions [32].
The CDP AF coating serves as a non-settlement control for multiple-choice larval settlement
experiments [65]. However, the present study is the first report for AF21 coating, a paint
brand widely used in Chile and throughout the world. Furthermore, we showed that
Micanti—an “eco-friendly” AF coating—favors Pyura chilensis growth, despite the fact
that Micanti AF is advertised as suitable for all circumstances worldwide (i.e., moored
or sailing). Our results showed that for moored conditions, this “eco-friendly” strategy
is not ideal because it favors the biomass increase of local biofouling communities under
moderate waves and currents in central zone conditions. More studies are required to
prove its efficacy in sailing conditions.

5. Conclusions

Our results indicate that traditional maritime industry materials and a skin-like “eco-
friendly” coating can accumulate biofouling biomass and cover over time at similar rates.
The two copper-based, AF paints and the slow-release, “eco-friendly” copper-based paint
all showed similar efficacy in controlling biofouling biomass and reduction of biofouling
community richness and diversity, which did not decline with depth. Although the slow-
release, “eco-friendly” technologies are not completely innocuous to the environment, we
recommend this approach over the traditional copper paints, which are both more envi-
ronmentally aggressive and the most widely used in aquaculture and shipping industries
today. However, further research is needed to test whether their environmental impact is
significantly lower in the long-term than traditional AF paints, and therefore the search
for non-toxic coatings must continue. The mechanical action of skin-like coating did not
reduce biofouling and is not recommended in this environment. Our results also suggest
that the inclusion of biological control by sea urchins, even in suspended structures, holds
potential and should be further investigated.
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posteriori tests using false discovery rate (FDR) correction. Table S7 Richness and diversity analyses.
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