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Abstract: Ship biofouling is recognized as a significant pathway for the introduction and spread
of invasive organisms. The in-water cleaning of ship hulls generates wastewater that includes
antifouling paint residues and biofouling organisms, which inevitably leak into the marine envi-
ronments, resulting in substantial adverse effects on marine ecosystems. To assess the impact of
hull cleaning wastewater (HCW) on microalgae, we conducted microcosm experiments using HCW
including attached microalgae. The experiments consisted of a total of 12 combined trials, includ-
ing the following groups: ambient seawater as a control, the 5% HCW group (HCW), and the 5%
HCW + nutrient addition group (HCW+N), conducted at temperatures of 15 and 20 °C, respectively.
The Chl. a concentrations in the water column in the control group exhibited maximum values
onday 1 (5.24 ug L1 at15°Cand 12.37 ug L~1 at 20 °C), but those of the treatments were at low
levels, below 2 ug L1 atboth temperatures. On the other hand, the Chl. a concentrations on plastic
plates were higher in the treatments than in the control group. Specifically, the Fv/Fm ratio in the
water column, which indicates photosynthetic activity, was significantly higher in the control group
compared to both the HCW and HCW+N groups at 15 and 20 °C (p < 0.05). This suggests that
the growth of water column phytoplankton was inhibited following HCW inoculation. However,
there were no significant differences in the Fv/Fm on plastic plates between the control and HCW
treatment groups, implying that the periphyton maintained a high photosynthetic capacity even in
the presence of HCW treatments. The elution of particulate copper in HCW was observed, which
was considered as the main reason for the growth of phytoplankton. Our study results suggest that
the runoff of HCW in the marine environment has a greater negative effect on phytoplankton than
on periphyton, which can lead to changes in microalgae community composition and a decrease in
productivity in the marine environment. Therefore, it is crucial to manage HCW runoff based on
scientific assessments to minimize the ecological risks associated with the removal of biofilm or slime
from ship biofouling during in-water hull cleaning.

Keywords: ship biofouling; hull cleaning wastewater (HCW); ecological risk assessment; microcosm

1. Introduction

In aquatic ecosystems, the discharge of ballast water and the transportation of bio-
fouling by international ships have been identified as major pathways for the introduction
and spread of marine invasive species [1-3]. Consequently, there has been increasing
pressure to impose stricter regulations on international shipping concerning the release of
pollutants, including unwanted marine organisms, into the water. One such effort is led
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by the International Maritime Organization (IMO), which aims to minimize the transfer of
invasive aquatic species through ships” ballast water and sediments (BWM Convention).
As a result, the International Ballast Waters Management Convention, officially known
as “the International Convention for the Control and Management of Ships’ Ballast Water
and Sediments”, was recently enacted (IMO, 2017). However, in the context of ship bio-
fouling, management measures are still lacking (IMO, 2012). Fortunately, the biofouling
guidelines established by the GloFouling Partnerships Project are a positive step in the
broader initiatives taken by the IMO. These guidelines provide valuable recommenda-
tions on general measures to mitigate the risks associated with biofouling for all types of
ships. They are directed at various stakeholders, including ship cleaning and maintenance
operators, independent inspection organizations, ship repair, dry-docking and recycling
facilities, and other relevant parties [4-6]. Therefore, the IMO Guidelines for the control
and management of biofouling play an important role in reducing the spread of invasive
species in marine ecosystems.

Marine biofouling organisms settle and grow on the immersed surfaces of ships
or underwater structures, and form communities in various biogenic habitats [7]. This
colonization process is particularly intense in coastal or shallow waters, as it is influenced by
environmental factors such as temperature, salinity, and nutrient levels [1,8,9]. Biofouling
typically occurs when a ship’s hull is submerged in water [1,10]. When organisms attach
themselves to the ship’s hull, they increase frictional resistance on the immersed surface,
resulting in reduced ship speed. Consequently, maintaining a certain speed requires higher
fuel consumption, leading to the increased release of carbon dioxide and pollutants into
the atmosphere [11,12]. These various biological, economic, and environmental threats
induced by biofouling raise the need for regulation.

Recently, in-water hull cleaning, such as via the use of remote operated vehicles (ROVs)
and scuba divers, has been applied as a method to overcome the cost and time limitations
of the traditional dry-docking hull cleaning method [13]. The in-water hull cleaning process
generates paint particles, including heavy metals and booster biocides applied to prevent
biofouling, as well as attached organisms, as by-products [14]. In particular, in-water
hull cleaning inevitably results in the leakage of the in-water hull cleaning wastewater
(HCW) into the marine environment, requiring biological risk assessment and management
of HCW. In particular, microalgae, which are small but important primary producers
in the marine ecosystem, within HCW are more difficult to collect during the in-water
hull cleaning process due to their size. Prior to implementing regulations and effective
management strategies for ship hull biofouling, it is crucial to gather comprehensive
scientific data and assess the potential risks of seawater contamination associated with
in-water hull cleaning methods. To achieve this, the biofouling guidelines established
by the GloFouling Partnerships Project provide valuable insights. One key tool utilized
in these guidelines is the Infection Modes and Effects Analysis (IMEA), which assesses
and ranks various sub-components of vessels based on their environmental suitability, the
occurrence of marine organisms, and the likelihood of detection [15,16]. By conducting
IMEA assessments for each ship, valuable information is obtained regarding the presence
and abundance of marine organisms, measured through wet biomass analysis.

In response to the global issue, our study aims to provide scientific evidence related
to the regulation and management of HCW by investigating the effects of HCW leakage
on microalgae communities in the water. Specifically, we focused on the biological risk
assessment and evaluated the potential regrowth ability of attached microalgae in seawater
environments following in-water hull cleaning. The objectives of our study were threefold:
(1) to assess the succession process of attached microalgae and the time-series attachment
of detached microalgae after in-water cleaning; (2) to investigate the time-dependent
concentration changes of biocides in HCW and their effects on microalgae; and (3) to
determine the response of attached microalgal communities to temperature and nutrient
conditions. The findings from our study will provide valuable insights for the management
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of HCW runoff, with the aim of effectively and reliably removing biofouling organisms
from ship hulls in coastal waters and international port systems.

2. Materials and Methods
2.1. Field Sampling

Hull in-water cleaning was conducted by scuba divers on an international commercial
ship at Busan New International ports, Korea, from 29 to 30 August 2022. Ship-specific
details and log notes related to hull cleaning were obtained. Biological and environmental
factors were examined in shipside harbor water. Water temperature, salinity, pH, and
dissolved oxygen conditions were measured using YSI EXO2 Sonde probes (Yellow Springs,
OH, USA) around cleaning site. During the collection process, divers attached 0.5 x 0.5 m
quadrats to the hull surface using magnets and cleaned the surface using a hard brush
(Figure 1a). The hard brush cleaning tool was connected to a tube, and the HCW was
pumped to the land through a suction pump along with ambient seawater. This cleaning
process was repeated ten times at regular intervals, covering the entire ship from the bow to
the stern (Figure 1a). As a result, we collected 180 L of HCW from international commercial
ships, which contained paints and microorganisms. The HCW was gently mixed, divided
into 20 L bottles, and transferred to the laboratory.

Measurement items
(Field survey)

Hull cleaning wastewater

(HCW) 1.Water temperature

2.8alinity

3.DC(dissolved oxygen)
: 4.pH

. 5.Nutrients

6.Chlorophyll a
m 7.Phytoplankton

Hard cleaning with brush

(b) [JDO 15°C &0 20°C

Control 5% HCW 5% HCW+N  Control 5% HCW 5% HCW+N

Figure 1. Experimental design. Photos and schematic illustrating the procedure for in-water hull

Beaker

cleaning by a scuba diver using a hard brush, along with the collection of hull cleaning wastewater
(HCW), and measurement items in-field (a). The top photos in (a) are, from left, the international
commercial ship, in-water hull cleaning by divers, and HCW collection on land. Indoor microcosm
experiments including the installation of plastic plates for the monitoring of attached and unattached
microalgae, with three different experimental groups (control with ambient seawater around hull
cleaning site, 5% HCW treatments, 5% HCW with nutrient addition treatment) under two temperature
conditions (15 and 20 °C) (b). Schematic illustrating of sampling method for attached microalgae
from plastic plates (c).
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2.2. Microcosm Experiments

The microcosm experiments were conducted with three groups: (i) a control group
with only ambient seawater around the in-water hull cleaning site; (i) an HCW treatment
group with 5% HCW (HCW); and (iii) a nutrient addition HCW treatment group with 5%
HCW (HCW+N) (32 uM nitrate+nitrite, 2 uM phosphate, and 32 uM silicate were added
on day 0). The experiments were performed in 10 L polypropylene (PP) boxes, and acrylic
plastic plates (4 x 15 x 0.5 cm) were installed in each box to assess the potential for the
reattachment of microalgae (Figure 1b,c). The experiments were carried out under two
different temperature conditions (15 °C and 20 °C) with a 12 h light and 12 h dark photope-
riod, providing a photon flux density of 250 pmol m~2 s~1. Environmental parameters,
including temperature, salinity, pH, and dissolved oxygen (DO), were measured using
YSI EXO2 Sonde probes (Yellow Springs, OH, USA). Water samples were collected using
a 50 mL syringe and filtered through GF/F filters (diameter: 47 mm, pore size: 0.7 um;
Whatman, UK) for the analysis of dissolved inorganic nutrients (nitrate+nitrite, ammonia,
phosphate, and silicate). To harvest the attached microalgae, two plastic plates from each
PP box in each experimental group were sampled by cleaning with sterile filtered seawater
(50 mL) while rubbing with sterilized nitrile gloves. Chlorophyll a (Chl. 4) and Fv/Fm were
measured using a PHYTO-PAM Phytoplankton Analyzer (Walz; PHYTO-ED, Effeltrich,
Germany) for both phytoplankton in the water and periphyton on the plastic plates. The
maximum quantum yield (Fv/Fm) was measured for each microcosm on days 1, 4, 7, 10, 14,
and 22. Fv (variable fluorescence) was calculated as the difference between the fluorescence
levels of Fo and Fm. Fo represents the minimum level of fluorescence emitted in the absence
of photosynthetic light at open reaction centers, while Fm corresponds to the maximum
fluorescence yield induced by a saturation light pulse at closed reaction centers of PSII.

For the community analysis of periphyton, a 30 mL sample from the plastic plate was fil-
tered through a polycarbonate membrane filter (diameter: 47 mm, pore size: 0.22 um; Isopore).
Genomic DNA (gDNA) was then extracted from the filters using the DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) and quantified using Quant-IT PicoGreen (Invitrogen, Carlsbad,
CA, USA). To prepare a sequencing library, the V8 and V9 hypervariable regions of the 185
rRNA gene were amplified using Illumina Metagenomic Sequencing Library protocols. The
input gDNA (2 ng) was PCR-amplified with 5x reaction buffer, 1 mM dNTP mix, and 500 nM
each of the universal Illumina-tagged forward (V8f: 5'-ATAACAGGTCTGTGATGCCCT-
3') [17] and reverse (1510r: 5-CCTTCYGCAGGTTCACCTAC-3') [18] PCR primers, using
Herculase II fusion DNA polymerase (Agilent Technologies, USA). The PCR cycle condi-
tions were as follows: 30 s at 98 °C (initial denaturation); 32 cycles of 10 s at 95 °C, 30 s at
54 °C, and 45 s at 72 °C (amplification); and 10 min at 72 °C (final extension). The puri-
fied first PCR product was obtained using AMPure beads (Agencourt Bioscience, Beverly,
MA, USA).

Following purification, 2 pL of the first PCR product was subjected to a second PCR
amplification for final library construction using the NexteraXT Indexed Primer. The
cycle conditions for the second PCR were the same as those for the first PCR, except
that only 10 amplification cycles were performed. The second PCR product was purified
using AMPure beads. The final purified product was quantified using qPCR following
the qPCR Quantification Protocol Guide (KAPA Library Quantification kits for Illumina
Sequencing Platforms) and assessed for quality using the TapeStation D1000 ScreenTape
(Agilent Technologies, Waldbronn, Germany). Paired-end sequencing (2 x 300 bp) was
carried out by Macrogen using the MiSeq™ platform (Illumina, San Diego, CA, USA).
Sequencing adaptors and barcodes were removed using Cutadapt [19]. To correct errors
resulting from amplicon sequencing, the reads were filtered based on quality scores and
then trimmed using the DADA2 package version 1.18.0 [20] in R software version 4.0.3 [21].
The forward and reverse reads were truncated at 250 bp and 200 bp, respectively. Filtering
was performed to remove reads with an expected error of 2 or more base pairs. After
merging the paired-end reads and correcting sequencing errors, PCR chimeric artifacts
were removed using the consensus method of DADA? to infer amplicon sequence variants
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(ASVs). The PR2 database v.4.14.0 [22], which contains the 185 rRNA gene sequences, was
used as the training set for taxonomic classification using the assign Taxonomy function in
the DADAZ2 package.

To count and identify microalgae, subsamples were gently mixed and loaded onto a
Sedgewick-Rafter counting chamber. Phytoplankton in the water column and periphyton
on the plastic plates were counted using a light microscope (Carl Zeiss; 37081 Gottingen,
Germany) at 200 x magnification, and identification was performed at 400x magnification.

2.3. Chemical Analysis

To analyze the dissolved metals, a sample was filtered through a filter with a pore size
of 0.45 pm and then acidified to a pH below 2 using nitric acid (HNOj3). The SeaFAST SP3
system (Elemental Scientific, Omaha, NE, USA) was employed to remove the seawater ma-
trix and pre-concentrate the metals, and an inductively coupled plasma mass spectrometer
(ICP-MS, Thermo Scientific, Bremen, Germany) was utilized for analysis. The system was
calibrated using standard solutions ranging from 0.05 to 40 ug L~! for each element. The
processed samples were injected, and the peak areas corresponding to different elements
were quantified based on the standard calibrations. For the analysis of the particulate
phase, particles collected on MCE membrane filter paper with a pore size of 0.45 um were
transferred to a Teflon digestion vessel and digested with 0.9 mL of HNO3, 0.9 mL of HF,
and 0.2 mL of HCIO,4. After the reaction, the residue was dissolved in 1% HNOj3; and
analyzed using ICP-MS. The methods used for metal analysis were described in detail in a
previous study by Soon et al. [23].

2.4. Statistical Analysis

To assess the effect of HCW on microalgae, the non-parametric Kruskal-Wallis test
with Bonferroni correction for post hoc pairwise comparisons (p = 0.017, corresponding
to p < 0.05/3) was performed to compare Chl. a concentrations and Fv/Fm in the water
columns and plastic plates across the different experimental groups. The Mann-Whitney
U-test was performed to compare Chl. a concentrations, Fv/Fm, and dissolved metal
concentrations between the different temperatures (15 °C vs. 20 °C). Statistical significance
was defined as a p-value less than 0.05. All statistical analyses were performed using SPSS
version 17.0 (SPSS, Inc., Chicago, IL, USA).

3. Results
3.1. Abiotic Factors and Fate of Metal in Microcosms

The initial abiotic factors were measured as follows: temperature (21.6 °C), salinity
(34.3), dissolved oxygen (6.87 mg L~1), and pH (8.12). In the 15 °C treatment, the initial
temperature was adjusted to 15 °C from 21.6 °C on day 2 in all three microcosm groups, and
it was subsequently maintained within a similar range (Figure 2a). In the 20 °C treatment,
the temperature was well regulated at 20 °C in all three microcosms (Figure 2b). Salinity
exhibited a similar temporal increasing pattern between the 15 °C and 20 °C treatments,
possibly due to evaporation over time (Figure 2d). The DO levels ranged from 6.8 to 9.5 mg
L~ ! in the 15 °C treatment and from 6.8 to 8.2 mg L.~! in the 20 °C treatment. Relatively
high DO levels were recorded between days 2 and 7, with the peak DO level observed in the
HCW+N treatment of the 15 °C treatment on day 7 (Figure 2e,f). The pH levels ranged from
8.14 to 8.48 in the 15 °C treatment and from 8.13 to 8.62 in the 20 °C treatment, showing
similar patterns in both temperature treatments. The pH was relatively high between day 7
and 10, gradually decreasing towards the later period (Figure 2g,h).
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Figure 2. Temporal changes in environmental factors at 15 °C (left) and 20 °C (right). Each panel
represents the following parameters: temperature (a,b), salinity (c,d), dissolved oxygen (e,f), and pH
(g/h). The error bars represent the variation in duplicates.

The concentrations of heavy metals, including chromium (Cr), manganese (Mn), iron
(Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd), lead (Pb),
and barium (Ba), are presented in Table 1. Except for Cu, the concentrations of most of the
dissolved heavy metals on day 22 were higher than those of HCW stock on day 0 in all
experimental groups. In addition, the dissolved Cu concentrations at 15 °C and 20 °C were
6.60 £+ 0.07 pg L~! and 7.39 + 1.29 ug L~ in the control group, 22.34 4 0.77 pg L~ and
36.68 + 0.39 ug L~! in the HCW, and 33.37 & 2.13 pg L ! and 48.69 + 3.90 ug L~ in the
HCW+N. The particulate HCW stock on day 0 had higher concentrations compared to the
dissolved HCW stock, particularly for Fe (2715 4 90 pg L=1), Cu (4264 + 92 ug L 1), Zn
(146 £ 8 pg L~ 1), and Pb (32 + 1 ug L~1). The concentrations of Cr, Mn, Co, Ni, As, and Cd
in the particulate HCW were significantly higher compared to the dissolved HCW, with Cr
showing an 18-fold increase, Mn showing a 3-fold increase, Co showing a 6-fold increase, Ni
showing a 2-fold increase, As showing a 5-fold increase, and Cd showing a 29-fold increase
at 15 °C. At 20 °C, a similar trend in heavy metal concentrations was observed, but the
difference between 15 °C and 20 °C was not substantial (p > 0.05; Mann—Whitney U-test).
Regarding the dissolved heavy metals, when comparing temperatures within the same
microcosm treatments, most metals, including Ni, Cu, Zn, As, Cd, Pb, and Ba, exhibited
higher concentrations at 20 °C compared to 15 °C. However, there were exceptions where
Cr and Co did not show significant differences. Additionally, in the control group, the
concentrations of Mn and Fe at 15 °C were higher than those at 20 °C. In contrast, at 20 °C,
the concentrations of Mn, Co, Ni, and Zn in the HCW group were higher compared to
those in the HCW+N group.
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Table 1. Heavy metal concentration in dissolved phase of hull cleaning wastewater (HCW) stock
solution on day 0 and different experimental groups on day 22, and in the particulate phase of HCW
stock solution on day 0 from in-water cleaning by scuba divers.

Metal (ug L—1)

Cr Mn Fe Co Ni Cu Zn As Cd Pb Ba
Stgfck 009+ 326+ 023+ 001+ 046+ 5061 920+ 058+ 001+ 004+ 3.00+
0.00 0.05 0.00 0.00 000  +007 001 0.02 0.00 0.00 0.01
HCW
Control 038+ 321+ 069+ 004+ 167+ 660+ 2089 109+ 004+ 034+ 856+
. 0.10 0.67 0.35 0.01 0.20 007  +£909 040 0.01 0.03 2.47
gow 016% 499+ 036+ 004+ 125+ 2234 1508 050+ 003+ 020+ 598+
0.02 0.37 0.07 0.02 070  +077 +£393 007 0.00 0.00 0.08
Dissolved Howen 021+ 627+ 043+ 005+ 133+ 3337 1874 060+ 004+ 023+ 726+
phase 0.05 0.34 0.13 0.00 010  +213 +£810 012 0.00 0.08 0.49
Contro] 038% 186+ 037+ 004+ 389+ 739+ 2656 1244 006+ 036+  10.83
20°C 0.10 112 0.01 0.01 3.01 1.29 +713 006 0.01 0.01 +0.81
How  031F 6304 050+ 013+ 498+ 3668 3‘101 077+ 005+ 02+ 1022
0.01 036 0.07 0.04 185 £039 o 0.27 0.00 005  +£036
Howen 034F 503+ 081+ 006+ 251+ 4869 2400 1214 005+ 023+ 1059
0.10 0.05 0.42 0.00 039  +390 +£043 011 0.01 002  +£129
Particulate Stgfk 385+ 1265 27145 028+ 345+ 426;537 14642 3594+ 097+ 3199 965+
phase How 013 022 £895 000 0.01 ores 770 004 003  +094 098

3.2. Biotic Factors in Microcosms

The total chlorophyll a (Chl. a), which is used as an indicator of algal biomass and
growth, exhibited different patterns over time between the water column and the plastic
plate. In the control group of the water column, there were two peaks: 5.24 ug L~! at 15 °C
and 12.37 pug L~! at 20 °C on day 1 (Figure 3a). In particular, after reaching the maximum
Chl. a concentration at 20 °C, there was a significant decrease with increasing culture time.
On the other hand, at 15 °C, the Chl. a levels remained consistently high between day 1
and 14. Furthermore, throughout the experimental period, the Chl. a concentrations in
the control group were consistently higher compared to those in the HCW and HCW+N
treatments at both temperatures.

’ [T control (15°C) [ HCw (15°C) [l HCW+N (15°C) Control (20°C) ] HCw (20°C) [l HCW+N (20°C) |

1(b)
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Total chlorophyll a in water (ug L")
[
Total chlorophyll a on plastic (ug cm™2)

0 1 4 7 10 14 22 1 4 7 10 14 22
Elapsed time (days) Elapsed time (days)
Figure 3. Temporal changes in total chlorophyll a in the water column (a) and on plastic plates (b) at
different temperature levels (15 °C = blue colors; 20 °C = red colors) for the control group (light color),
HCW treatment (medium color), and HCW+N treatment (deep color). The error bars represent the
variation in duplicates.

On the plastic plates, the control group exhibited relatively low levels of Chl. a
compared to both the HCW and HCW+N treatments. At 15 °C, Chl. 4 ranged from 0.38 ug
cm~2 to 25.23 pg em 2, while at 20 °C, it ranged from 0.54 ug cm~2 to 24.40 pug cm~2. In



J. Mar. Sci. Eng. 2023, 11, 1414

8 of 15

the control group at both temperatures, Chl. a remained at low levels from day 1 to day
7, gradually increasing until the last day of the experiment. In the HCW group at 15 °C,
the first peak of Chl. a occurred on day 4 at 3.90 pug cm 2, followed by a second peak of
5.47 pg cm~2 on day 10, and then reached 4.22 pg cm ™2 on the final day. At 20 °C, the first
peak of Chl. a was observed on day 7 at 5.33 pg cm 2, followed by a second peak on day
14, and it finally reached 4.70 y1g cm~2 on the last day. In the HCW+N group, at both 15 °C
and 20 °C, Chl. a gradually increased from day 1 to day 14, reaching the maximum values
of 25.23 pg em~2 and 24.40 ug cm 2, respectively, on day 15. Throughout the experimental
period, the Chl. a in the HCW+N treatment was consistently 3.5 to 4.0 times higher than
that of the HCW treatment at both temperatures. Overall, there was a similar time series
change in Chl. a between the control and HCW treatments, but the Chl. 4 in the HCW+N
treatment showed significantly higher levels compared to the HCW treatment at both 15 °C
and 20 °C.

The comparative analysis of total Chl. a and Fv/Fm is presented in Figure 4. In the
water column, the concentration of Chl. a was significantly higher in the control group
(3.51 £ 0.15 ug L' at 15 °C and 4.52 + 0.40 ug L~! at 20 °C) compared to both the HCW
group (0.55 + 0.11 pg L=! at 15 °C and 0.59 & 0.19 ug L~! at 20 °C) and the HCW+N group
(0.50 £ 0.04 pg L1 at15°C and 0.46 + 0.04 ug L~1 at20°C) (p < 0.01; Kruskal-Wallis
test). However, on the plastic plates, the HCW+N group (12.74 4 4.56 ug cm~2) exhibited a
higher concentration of Chl. a compared to the control group (3.13 + 0.54 g cm~2; p < 0.01)
and the HCW group (3.15 £ 0.52 pg cm~2; p < 0.05) in the 15 °C treatment. Similarly, in
the 20 °C treatment, the HCW+N group (13.47 + 3.12 ug cm™~2) showed a higher Chl. a
concentration compared to the control group (3.00 + 0.59 ug cm~2; p < 0.001) and the HCW
group (3.81 = 0.71 ug cm ™2, p < 0.05) (Figure 4a,b). There was no significant difference
in total Chl. a in the water column between the same experimental conditions under
different temperature conditions (Mann-Whitney U-test, p > 0.05). Similarly, the Fv/Fm
values in the water column were higher in the control group (0.50 & 0.05 at 15 °C and
0.39 & 0.03 at 20 °C) compared to both the HCW group (0.13 £ 0.04 at 15 °C and 0.20 £ 0.05
at 20 °C) and the HCW+N group (0.15 £ 0.01 at 15 °C and 0.13 £ 0.01 at 20 °C) (p < 0.05)
(Figure 4c,d). However, there were no significant differences in Fv/Fm values on the plastic
plates between the control group and both treatments at 15 °C and 20 °C (p > 0.05).
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Figure 4. Boxplot of total chlorophyll 4 (a,b) and Fv/Fm (c,d) in the water column (left side) and on
the plastic plate (right side) for the control, HCW, and HCW+N treatments at different temperature
levels during the entire experiment. Asterisks indicate significant differences between treatments
(* p <0.05,** p <0.01, *** p < 0.001).
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3.3. Phytoplankton and Periphyton Community in Microcosms

Overall, in the control group’s water column, the phytoplankton communities were
predominantly composed of diatoms, specifically Pseudo-nitzschia spp. and Cylindrotheca
spp., at both 15 °C and 20 °C. However, in the HCW and HCW+N treatments, the abun-
dances of phytoplankton in the water column remained relatively low until day 7, indicating
that they did not adapt well to the presence of HCW (Figure 5). The diatom Pseudo-nitzschia
spp- accounted for 0.08 x 10° to 1.00 x 10° cells L' at 15 °C and 0.08 to 2.58 x 10° cells
L~ at 20 °C, and subsequently, Cylindrotheca species became dominant (maximum density:
1.85 x 10° cells L~ at 15 °C and 2.48 x 10° cells L~! at 20 °C) during the middle and later
stages of the experiment. In the HCW and HCW+N treatments, although a clear dominant
species succession trend was not observed in the initial stages, Halamphora spp. consis-
tently maintained a low abundance throughout the experiment. In contrast, on the plastic
plates, the attached microalgal communities in the control group were mainly dominated
by Cylindrotheca, while in the HCW and HCW+N treatments, Halamphora spp. dominated.
In the 15 °C treatment, the abundance of Cylindrotheca spp. in the control group gradually
increased, reaching 0.63 x 10° cells cm~2 on day 10, and then rapidly increased to a maxi-
mum abundance of 8.45 x 10° cells cm~2 on day 14. On the plastic plates of the HCW and
HCW+N experiments, the abundance of Halamphora spp. followed a similar time series
pattern in both groups. The maximum abundances of attached microalgae in the HCW and
HCW+N treatments were 5.75 x 10° cells cm 2 and 13.3 x 10° cells cm 2, respectively, on
day 14 (Figure 5c). Similarly, at 20 °C, although the time series patterns of the attached
microalgal communities were similar between the HCW and HCW+N treatments, the abun-
dance in the HCW+N treatment was higher than that in the HCW treatment, indicating that
the periphyton were able to grow more rapidly under high nutrient conditions.
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Figure 5. Temporal changes in total microalgae abundance (at the genus level) in the water column
((a,b); x10° cells L~1) and on the plastic plates ((c,d); x 106 cells cm2) at 15 °C (above) and 20 °C
(below) in the control, HCW, and HCW+N treatments. The background colors of each genus text
represent different phytoplankton groups: light blue = Bacillariophyceae; light orange = Dinophyceae;
light yellow = Cryptophyceae; green = Oligohymenophorea; pink = Chlorodendrophyceae; brown =
Trebouxiophyceae; light sky = Euglenophyceae; dark orange = Thermococcaceae.
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The attached microalgal communities showed similar trends to those seen in the mi-
croscopic analysis, except for minor small-sized cells. Halamphora spp. was predominantly
present on the plates in most microcosms, except in the control group. Consistent with the
microscopic analysis, at the initial stage of 15 °C, Halamphora spp. had a relative abundance
of 53% in HCW, while Tetraselmis dominated with 27% in HCW+N. This trend became more
pronounced at 20 °C, where Berkeleya spp. replaced Halamphora spp. in HCW and HCW+N,
accounting for 22% and 31%, respectively, while Halamphora spp. accounted for 30% and
29%, respectively. In the later stages, Halamphora spp. exhibited a high relative abundance
of 53% and 50% at 15 °C for HCW and HCW+N, respectively, and 49% in HCW at 20 °C,
becoming the predominant species in most cases. Additionally, in the control group at
20 °C, on day 4, Skeletonema and Picochlorum accounted for 24% and 21%, respectively
(Figure 6).
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Figure 6. Temporal changes (day 0, day 4, and day 14) in the relative abundance (%) of the attached
microalgal community (at the genus level) on the plastic plate at different temperature levels in the
control, HCW, and HCW+N treatments (background colors of each genus text: light blue = Bacillario-
phyceae; light orange = Dinophyceae; light yellow = Cryptophyceae; light green = Trebouxiophyceae;
green = Chlorodendrophyceae; pink = Dictyochophyceae; brown = Thermococcaceae; light sky =
Mamiellophyceae; dark orange = Chloropicophyceae; grey = others).

4. Discussion

The majority of in-water hull cleaning machines typically use rotating brushes op-
erated by scuba divers and remotely operated vehicles (ROVs) to remove biofouling.
However, during the cleaning process, biofouling organisms and antifouling (AF) paint can
be released into the water column, potentially causing negative impacts on marine ecosys-
tems. In particular, the release of biofouling organisms raises concerns about the potential
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dispersal of alien species to other biological regions. Antifouling paints are commonly used
on commercial ships to prevent the growth of biofouling organisms, allowing the ships to
maintain optimal performance while spending extended periods in seawater. However,
the biocides present in these paints can slowly leach out into the surrounding seawater as
it penetrates the paint surface [24,25]. Furthermore, if effluent release during the in-water
cleaning process is not properly managed, the biocides in antifouling paint can have a
significant impact on aquatic organisms. In order to assess the potential effects of biocides,
including heavy metals, in antifouling paint on unattached and attached microalgae, as well
as to understand the succession process of attached algae over time under different nutrient
and water temperature conditions, we designed our microcosm study using the effluent
from in-water hull cleaning. Prior to conducting this study, we conducted an assessment
using HCW from the research vessel (R/V) Isabu of the Korea Institute of Ocean Science and
Technology (KIOST). The assessment involved using iron attachment plates coated with
antifouling paint as the attached substrates (Unpublished data). Our preliminary results
indicate that the applied antifouling paint significantly inhibited the regrowth of biofouling
microorganisms due to the leaching of metals and biocides mixtures from the iron plates.
This suggests that the newly applied antifouling paint severely damaged the microalgae.
As an alternative approach, we evaluated the time series attachment characteristics of
attached microalgae using acrylic plastic plates without any biocides constituents. Through
this alternative approach associated with the IMEA method, we can assess the potential
regrowth ability of attached microalgae and obtain valuable information to predict the
natural impact on marine microorganisms during the in-water hull cleaning process, which
is relevant to biological risk assessment.

It is well established that certain heavy metals found in antifouling paints, such as lead,
copper, and zinc, not only impact marine organisms directly, but also pose ecosystem risks
due to their potential for bioaccumulation [26]. In particular, the paint particulate associated
with wastewater effluent from in-water hull cleaning can lead to the release of dissolved
heavy metals into the surrounding environment over time under natural conditions [23,27].
These dissolved heavy metals can have significant impacts on marine organisms, due to
the leaching of metals from sinking paint particles onto the bottom sediment [28,29]. In
our study, we compared the levels of particulate heavy metals and dissolved heavy metals
in the HCW generated during in-water hull cleaning using microcosm experiments. Our
results show that while the concentrations of particulate-associated heavy metals remained
extremely high, the levels of dissolved heavy metals remained relatively low. Considering
the dose of HCW, the initial concentrations of dissolved Cu in the 5% HCW and HCW+N
treatments should have been one fifth of level in the stock solution of HCW on day 0.
Interestingly, at the end of the microcosm experiment (22 days later), the concentration of
dissolved heavy metals was estimated to be higher than the initial concentration (Table 1),
suggesting a gradual elution of metals from particulate during the incubation period,
leading to a significant shift towards the dissolved phase. This phenomenon aligns with
the findings of Soon et al. [23,27], who demonstrated that particles in wastewater effluents
can be effectively reduced by up to 90% using a filtration system with an 8 um mesh
size. This implies that the settled paint particulate including heavy metals present in
bottom sediments can pose a threat to benthic marine organisms in areas where in-water
cleaning using scuba and ROV is conducted without capture systems. In our study, the
particulate fragments including paints and biofouling organisms in HCW stocks obtained
during in-water hull cleaning suggest the sedimentation of these particles into the sub-
marine sediment (Table 1; Figure 6). Indeed, such paint particles can continuously release
dissolved heavy metals into the seabed over a prolonged period, potentially exerting
negative effects on macrofauna in the Busan International Port of Korea, which is situated
in close proximity to the dry dock [29]. High levels of heavy metals have been observed
in the vicinity of the dry dock in Yeongdo, Busan, resulting from their leaching during
ship hull cleaning activities using hydroblasting [22,27,29]. According to the ecosystem
health assessment of benthos conducted by Kim et al. [29], the density and biomass of
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benthic macroinvertebrates were significantly lower in the vicinity of Yeongdo, Busan,
where the concentrations of heavy metals remained high due to effluent from ship hull
cleaning by hydroblasting [23,27]. These findings highlight the potential risks associated
with both in-water cleaning and dry-dock cleaning, particularly in areas close to biofouling
cleaning activities using hydroblasting methods. As a result, if the dredging of polluted
sediments is not carried out, the heavy metal contaminants can gradually be released
into the seabed, particularly in enclosed inner bays, leading to a significant and chronic
impact on the surrounding marine organisms and ecosystems. Therefore, during in-water
cleaning and dry-dock cleaning processes, the mixtures of paint and biocides, along with
other harmful chemical contaminants, have the potential to be released into the marine
environment. This can create localized “hotspots” of chemical contamination within port
systems. Consequently, the proper management of hull cleaning wastewater (HCW) during
in-water cleaning is crucial to minimize the risk associated with the removal of biofouling
from ships.

The microbial community, including microalgae, is known to be highly sensitive to
metal contamination [30-32]. It is well-established that paint and biocide mixtures in
wastewater can be significantly toxic to marine organisms, with the degree of toxicity
depending on the specific chemical composition [26,30,33]. In the present study, the concen-
trations of metals in the particulate phase were relatively high, with Cu (4264 + 92 ug L™1),
Fe (2715 4+ 90 ug L 1), Zn (146 + 8 ug L™ 1), and Pb (32 + 1 ug L~!) being the most promi-
nent. After the microcosm experiments, the concentration of dissolved Cu was found to be
the highest, followed by Zn. These two heavy metals, Cu and Zn, are commonly used in an-
tifouling paints [34-36], and previous studies by Soon et al. [23,27] also reported their high
abundance in HCW, which is consistent with our findings. The concentration of dissolved
Fe, compared to the initial concentration, remained relatively low in the later stages of the
experiment, indicating the rapid uptake of dissolved Fe by microalgae. As highlighted
in the reference [37,38], Fe is a crucial metal for microalgae growth, primarily through
biological uptake. This suggests that the elevated levels of dissolved Cu and Zn were
primarily due to the elution of these metals from the particulate form present in the paint,
emphasizing the importance of developing capture systems in ship hull cleaning processes
conducted by ROVs. These cleaning systems play a vital role in minimizing the release
of paint particulate matter and various microalgal species into the marine environment,
considering the potential risks associated with the wastewater.

The microalgae in the water column of the control group exhibited rapid growth on
day 2, while the microalgae in both HCW treatment groups remained at low levels on
day 7. Notably, the Fv/Fm in the water column, which indicates photosynthetic activity,
was significantly higher in the control group compared to both the HCW and HCW+N
treatments at both 15 and 20 °C (p < 0.05). This suggests that the photosynthetic activity
of phytoplankton in the water column was inhibited after the inoculation of HCW, lead-
ing to the inhibition of their growth (Figure 3). However, on the plastic plates, the Chl.
a concentrations (indicative of the biomass of attached microalgae) of HCW treatments
showed a marked increase, particularly in the HCW+N treatment. Interestingly, unlike
phytoplankton in water column, there were no significant differences in the Fv/Fm ratio
of the attached microalgae on the plastic plates between the control and HCW treatments
(p > 0.01; Figure 4). This implies that the periphyton community, such as benthic diatoms,
had a high photosynthetic capacity even in the presence of HCW containing biocides.
Therefore, our findings suggest that phytoplankton in the water column can be negatively
affected by HCW, while the periphyton is not severely affected by HCW. Furthermore, this
negative effect on phytoplankton community can alter the composition of the microalgae
community. When the distribution scale of microalgae (phytoplankton—water column,
periphyton—attached substance) in the marine environment is considered, the phytoplank-
ton in the water column contributes more to productivity [39], indicating that the negative
impacts of HCWs can lead to reduced productivity in the marine environments.
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Overall, the water column microalgae in the control group were predominantly com-
posed of diatoms, such as Pseudo-nitzschia spp. and Cylindrotheca spp. The Pseudo-nitzschia
spp. exhibited relatively high abundance during the initial to middle stages, but decreased
towards the late stage. In contrast, C. closterium showed a lower abundance during the
initial to middle stages, but gradually increased towards the late stage. The rapid growth
of Pseudo-nitzschia spp. is typically associated with the introduction of nitrogen sources in
coastal waters [40—43]. In our mesocosm study, similar to previous findings, Pseudo-nitzschia
spp. exhibited rapid growth during the initial stage, but gradually declined as the nutrient
levels decreased. On the other hand, Cylindrotheca species are capable of thriving even
in low-nutrient environments [43,44]. The biomass of Cylindrotheca in the control group
remained low in the water column. On the plastic plates, the attached benthic microalgae
in the control group were exclusively composed of C. closterium. These attached microalgae
gradually increased in abundance during the middle stage (day 7) and reached maximum
densities in the late stages at 15 and 20 °C. This indicates that C. closterium is capable of
thriving under conditions of low to moderate nutrient levels in the absence of attached
microalgae. On the other hand, in the treatment groups (HCW, HCW+N), the benthic
diatom Halamphora gradually increased towards the late stage even in the water column. In
addition, in the NGS analysis, the three diatoms Halamphora, Berkeleya, and Navicula also
constituted an average of 12, 11, and 8% in HCW stock, respectively. Unlike the control
group (below 4%), the composition ratios of these three diatoms on the plastic plates were
41 £ 11% in Halamphora, 19 £ 7% in Berkeleya, and 15 £ 7% in Navicula on average, on days
4 and 14 in the treatments. In particular, Halamphora dominated on the plastic plates in the
HCW and HCW+N treatments, suggesting the possibility of the reattachment and regrowth
of these diatoms, mainly Halamphora, originating from ship hulls. Our microcosm study
suggests that the periphyton community released during in-water hull cleaning may have
the potential to reattach and grow under favorable nutrient conditions of coastal waters
and port systems.

In summary, our microcosm study confirmed that the growth of phytoplankton was
inhibited by in-water HCW effluent, while periphyton was not significantly affected. In the
water column, phytoplankton showed a relatively high sensitivity to the biocide mixtures
including heavy metals present in the HCW compared to periphyton. Considering the
elution from particulate metals in HCW as a cause of these microalgae fluctuations, a
potential risk to phytoplankton growth may arise if HCW is continuously discharged
into inner bays and coastal waters. Through our microcosm study, we found that the
toxicity of HCW can lead to changes in the composition of phytoplankton communities,
resulting in a negative impact on productivity. Additionally, the reattachment and growth
of certain attached microalgae have been observed, raising concerns about biosecurity risks.
Therefore, it is crucial to implement management strategies to mitigate ecological risks
to aquatic microorganisms during the in-water cleaning of ship biofouling, considering
the release of harmful chemical contaminants into the marine environment. Particularly,
careful attention should be paid to the accumulation of heavy metals in microorganisms, as
they can be transferred to higher trophic levels.
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