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Xinghua Bay of Fujian, China
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Sujing Fu®, Weijie Xie* and Zhongbao Li*

tLaboratory of Marine Biodiversity, Third Institute of Oceanography, Ministry of Natural Resources,
Xiamen, China, ?Fisheries College, Jimei University, Xiamen, China, *Environment and Emergency
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Biofouling is one of the main factors affecting the efficiency and safety of
cooling water systems in coastal nuclear power plants. Understanding the
population dynamics, succession rules and cumulative effects of major fouling
organisms is the basis for targeted prevention and control. A 1-year simulated
concrete panel test was conducted from December 2020 to November 2021 in
Xinghua Bay, China. A total of 78 species of fouling organisms were recorded by
combining the monthly, seasonal, semiannual, annual and monthly cumulative
panels, and the community composition was dominated by nearshore warm-
water species, making for a typical subtropical inner bay-type community. The
fouling organisms had a peak attachment period from June to October.
Significantly more attachment was observed during summer (from June to
August) than during the other three seasons. The attachment amount in the
second half-year (from June to November) was much higher than that in the
first half-year (from December to May). The attachment thickness, density, and
biomass of the bottom summer panels reached 20 cm, 105,150 ind./m?, and
19,274.50 g/m?, respectively, while those of the bottom annual panels were
40 cm, 27,300 ind./m?, and 17,762.50 g/m?, respectively. The dominant fouling
organisms with calcified shells mainly included Amphibalanus reticulatus and
Pernaviridis. These species had high attachment amounts,could accumulate
attachments for a long time, and even might cause secondary blockage,
making them the most detrimental to the safety of a cooling system.
Moreover,the seasonal upward growth of hydroids and bryozoans can also
significantly reduce the efficiency of cooling water intake. We suggest that
targeted prevention and control should be carried out according to the larval
attachment period of different dominant groups of fouling organisms during
June-October, which can greatly improve the prevention and control
efficiency. Strengthening the research on the biological cycle phenomenon
of the main species and their main environmental impact factors, and
establishing a scientific and effective early-warning model are the
governance direction of formulating and implementing scientific pollution
prevention and control in the future.
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1 Introduction

Biofouling is a key factor affecting the safety of the water
intake of the cooling water systems of coastal nuclear power
plants. In recent decades, biofouling has affected the safety of the
cooling water systems of coastal nuclear power plants in various
countries around the world. For example, in 1981, the broken
shells of Crassostrea virginica completely damaged the residual
heat removal exchanger of the Brunswick Nuclear Power Plant
in the United States. The attachment of fouling organisms
hindered the normal cooling water intake of the Madras
Atomic Power Station in India (Rajagopal et al., 1991a;
Rajagopal et al., 1991b). The attachment of numerous
Dreissena polymorpha lowered the safety of the cooling water
systems of the Kalinin Nuclear Power Plant in Russia and the
Pickering Nuclear Generating Station in Canada (Florin et al,
2013; Dixon, 2015). In 2009 and 2016, broken shells impaired
the cooling water systems of the Daya Bay Nuclear Power Plant
and the Fuqing Nuclear Power Plant in China (Information
from internal communication).

Biofouling can reduces the efficiency or causes the failure of
water intake facilities (such as barrier nets, tunnels, and
gratings). Hard calcified shells in the water flow damage small
pipelines, heat exchangers, and valves, thereby affecting the
safety of equipment and causing serious economic losses. The
reported annual global expenditure on biofouling treatment and
prevention in marine projects has been estimated to be 10 billion
British pounds (Satpathy, 1990). Biofouling restricts the
operational safety of coastal nuclear power plants. Therefore,
targeted biofouling prevention is an urgent task for coastal
nuclear power plants to reduce the impact of fouling
organisms on the water intake of cooling water systems.

Past studies have mostly investigated the impact of
biofouling on ships (Callow, 1990), buoys (Yan et al, 2009;
Zhang et al., 2015), oil and gas drilling platforms (Sammarco
etal., 2004; Yan et al., 2006), farming cages (Greene and Grizzle,
2007), simulated concrete panel test (Wu et al., 2019; Liu et al,,
20205 Peng et al., 2020), and other facilities (Qvarfordt et al.,
2006; Lin et al, 2017), mainly from the perspectives of the
species composition, attachment mechanisms, control
technology, ecological effects of biofouling, and alien species
(Yan and Yan, 2003; Maruzzo et al., 2011; Pradhan et al., 2011;
Zhang et al., 2011; Tasso et al., 2012; Cao et al., 2013). Research
on the biofouling of cooling systems of coastal power plants and
related prevention and control measures began in the 1970s
(Graham et al,, 1975). In the early 1990s, Rajagopal et al.,
(1991a; b) investigated the attachment of fouling organisms to
the cooling water pipes of the Madras Atomic Power Station in
India through a remotely operated vehicle. Since 2000, the
number of relevant studies has gradually increased (Satpathy
et al., 2010; Napoles-Rivera et al., 2012; George et al., 2016;
Barath Kumar et al., 2017; Xu et al., 2021). For instance, Florin
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et al. traced the mussels in the Bothnian Sea that appeared in the
vicinity of a nuclear power plant in Sweden (Florin et al., 2013).
In recent years, several monitoring and early-warning systems
and decision support systems for marine organisms in the
cooling water systems of nuclear power plants have been
developed and put into practice. (Tang et al., 2017; Zhang
et al., 2017; Lu et al., 2018). Wood and Marsh (1999) conducted
a comprehensive study on the control of bryozoans. A targeted
prevention and control experiment was carried out on the
attachment of Dreissena polymorpha to the Pickering Nuclear
Generating Station. The focus of research on the prevention and
control of blockages in the cooling water systems of nuclear
power plants has shifted from passive defense measures to active
prevention measures and mechanisms.

The impact of biofouling on cooling water systems has
gradually attracted the attention of nuclear power plants and
safety management departments. However, the relevant research
work that has been carried out at present is not targeted enough,
and the understanding of the temporal and spatial variation law
of the species, quantity, accumulation and succession of marine
fouling organisms is insufficient. The investigation and research
work is often disconnected from the application management
work, so that the corresponding prevention and removal
measures are inappropriate. The effective prevention and
control of biofouling rely on a full understanding of the
attachment patterns and basic biological information of
fouling organism communities. Therefore, in this study, we
conducted a 1-year simulated concrete panel test in Xinghua
Bay to systematically understand the community composition of
fouling organisms and the larval attachment period, seasonal
succession, cumulative attachment, and spatial distribution of
the key fouling organism populations in this sea area, evaluated
the current status and impact of biofouling, and developed
economical and efficient treatment programs.

2 Materials and methods

2.1 Study area

Xinghua Bay is located northwest of the Taiwan Strait. It is a
semiclosed coastal bay. The mouth of the bay faces southeast,
and the water flow from the bay passes the Nanri Islands and
goes into the Taiwan Strait through the Xinghua waterway and
the Nanri waterway. The bay has strong semidiurnal tides. This
area is dominated by a subtropical marine monsoon climate,
with an average annual water temperature of 19.7°C and a
multiyear average seawater salinity of 31.0. The experimental
site is located in the northeast of Xinghua Bay, near the Xiaomai
Island, about 2.8km away from the water intake of Fuqing
Nuclear Power Plant. The sea area is relatively open and the
water flow is smooth (Figure 1).
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FIGURE 1
Location of biofouling investigation in Xinghua Bay.

2.2 Sampling strategy and
laboratory methods

An experimental floating raft (Figure 2) was set up in
Xinghua Bay at a water depth of 9 m. Each panel consisted of
a 15-cm-long x 15-cm-wide x 2-cm-thick cement concrete test
panel (Figure 2) with a surface roughness close to that of the
tunnel wall to faithfully simulate the attachment of fouling
organisms in actual water intake facilities. A screw hole with a
diameter of approximately 0.8-1 cm was drilled at the center of
each of the four corners (2.5 cm x 2.5 cm) of each cement slab,
and appropriate stainless steel screws were used for fixation. The
effective sampling area of each test panel was 200 cm” The
immersion cycles of the monthly test panels (MTPs), seasonal
test panels (STPs), semiannual test panels (SATPs), and annual
test panels (ATPs) were monthly, quarterly, semiannually, and
annually, respectively. A total of 12 groups of monthly
accumulation test panels (MATPs) were immersed in the
water at the start, and one group of MATPs was removed
every month until all groups of MATPs had been removed
after 12 months (Figure 3). Each group of test panels was placed
perpendicular to the sea surface in two layers (a top layer and a
bottom layer). The top test panels were placed 20-30 cm below
the water surface, and the bottom test panels were approximately
5 m below the water surface. The test panels and samples were
preserved in a 5% formalin solution. All individuals were
identified to the species level or the lowest taxonomic level
possible. The biomass was recorded as the wet weight.

A UTBI-001 water temperature data logger was used to
simultaneously measure the water temperature of the top and
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bottom layers once every 2 hours. The measure of transparency
was calculated using the secchi disc. The salinity, pH, and
dissolved oxygen (DO) of the water body were measured with
a YSI ProDSS multiparameter water quality meter.

The dominant species of the fouling organisms were
analyzed using the index of relative importance (IRI) as follows:

IRI= (W +N)-F-10*

where W is the percentage of the biomass of a particular
species out of the total biomass, N is the percentage of the
density of a particular species out of the total density, and Fis the
frequency of a particular species.

Analyses of the community structure and Bray-Curtis
similarity were performed using Primer 7.0. One-way analysis
of variance was conducted with SPSS 19.0 to examine the
differences in parameters (such as species number, density,
and biomass) of the marine fouling community. Diagrams
were produced using ArcMap 10.7.

3 Results
3.1 Water temperatures

No significant difference was observed between the water
temperatures of the top and bottom layers where the test panels
were placed throughout the year. The average water temperature
in July-September was higher than 30°C, and the average water
temperature in January was the lowest out of the entire
year (Figure 4).
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FIGURE 2
Test panel, hanging plate fixing device and experimental floating raft.

3.2 Species composition

A total of 78 species of fouling organisms were recognized in
this sea area based on the MTPs, STPs, SATPs, ATPs, and
MATPs. According to the occurrence frequency and attachment
amount, Amphibalanus reticulatus was the absolute dominant
species in the fouling organism community in this sea area.
Other dominant species on the STPs, SATPs, ATPs, and MATPs
included Perna viridis, Podocerus brasiliensis and Caprella
equilibra. Anthopleura sp., Ectopleura crocea, Pennaria
disticha, Platynereis bicanaliculata and Herdmania momus
were also common species in the fouling organism community
in this sea area. The adherent algae on the top test panels were
the main difference from the bottom test panels. The other
species were not significantly different (Figures 5, 6).

3.3 Attachment amount and its spatio-
temporal variation

June-October was the peak period of attachment. The
attachment density on the bottom panels was the highest in June,
reaching 103,650 ind./m? and the attachment biomass of the top

panels was the highest in July, reaching 7085.5 g/m> November to
March was the off-season for attachment (Figures 7, 8). Significantly
more attachment was observed in summer than in the other three
seasons, and the same trend was observed for the second half of the
year compared to the first half (Figure 9). The attachment thickness,
density, and biomass of the summer (June-August) bottom STP
reached 20 cm, 105,150 ind./m? and 19,274.50g/m2, respectively.
The attachment thickness, density, and biomass of the annual
(December to November of next year) bottom ATP reached
40 cm, 27,300 ind./m? and 17,762.50 g/mz, respectively. The
attachment amount on the bottom test panels was slightly higher
than that on the top test panels.

3.4 Seasonal succession of communities

The attachment period of the fouling organism community
in this sea area can be roughly divided into four stages
(Figures 10, 11).

Stage I: From December to February of the following year,
the attachment density and biomass were low, and only a small
number of hydroids and amphipods were attached. The
representative species were E. crocea and C. equilibra.

ATP, annual test panel; MATP, monthly accumulation test panel.
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FIGURE 3

Deployment schematic diagram of the test panels installation. MTP, monthly test panel; STP, seasonal test panel; SATP, semi-annual test panel;
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FIGURE 4
Trend chart of monthly average water temperature change from December 2020 to November 2021

Stage II: From March to May, the community composition species were Ulva lactuca, Stenothoe gallensis, C. equilibra,

was similar to that in Stage I, although the attachment amount
was much higher than that in Stage I. The main populations
included algae, hydroids and amphipods. The representative

Caprella scaura, and E. crocea.
Stage III: From June to October, when attachment plateaued,

the attachment density and biomass were high, and the dominant
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FIGURE 5
Biomass composition of the top test panels of MTPs and MATPs
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FIGURE 6
Biomass composition of the bottom test panels MTPs and MATPs

fouling organisms, such as barnacles, mussels, oysters, actiniaria,
tubicolous polychaetes, and bryozoans, were all observed. In
particular, barnacles were absolutely dominant, and their
representative species included A. reticulatus, P. viridis,
Saccostrea kegaki, P. brasiliensis, and Elasmopus pectenicrus.

Stage IV: In November, attachment started gradually
declining, and only a small number of hydroids and
amphipods were observed. The representative species were P.
brasiliensis and P. disticha.

4 Discussion
4.1 Species composition and its harm

The dominant sessile species with calcified shells are the
most detrimental to the safety of cooling water systems, and the
most representative sessile species is A. reticulatus, which was
the dominant species by attachment amount in the fouling
organism community in Xinghua Bay. During the peak period,
A. reticulatus occupied almost the entire surface of the
attachment substrate, and the empty shells of A. reticulatus

Frontiers in Marine Science

and spaces between A. reticulatus individuals could also provide
habitats, foraging space, and shelter for other migratory species.

The second most dominant species were P. viridis and S.
kegaki, which had relatively large amounts of attachment. These
animals can accumulate for a long time and squeeze out other
small and medium-sized individuals or even occupy the entire
surface of an attachment substrate. Other common fouling
species with calcified shells included tubicolous polychaetes
(such as Sabellidae and Hydroides).

In addition, although algae (such as Ulva), hydroids (such as
E. crocea, P. disticha, Obelia), Actiniaria (such as Anthopleura),
Bryozoans (such as Biflustra grandicella, Bugula neritina), and
ascidians (such as H. momus) do not firmly attach to the facilities
via calcified shells, they grow upward in clusters and thus reduce
the water intake efficiency (Huang and Cai, 1984; Huang, 2008;
Yan et al., 2021).

4.2 Community succession

The biofouling in this sea area underwent approximately
four stages. The attachment density and biomass of the fouling

frontiersin.org


https://doi.org/10.3389/fmars.2022.1107087
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

10.3389/fmars.2022.1107087

—e— Top test panels
—e— Bottom test panels

Lin et al.
20 s R
Thickness(mm) Coverage% —e—C
16+ 100 -
12
8 50 -
4
04 « 0-
T T T T T T T T T T T T T T T T
Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov.
120000 S 8000 :
Density(ind./m?) Biomass(g/m?)
100000
\\ 6000 - ’\
80000 | |
/ \
60000 40004
40000 -
2000
20000 -|
Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov.
FIGURE 7

The attachment thickness, coverage, density and biomass of MTPs.

organisms were both extremely low from December to February
of the following year (E. crocea was the dominant species in
Stage I), slightly increased from March to May (Ulva and E.
crocea were the dominant species in Stage II), and reached their
highest values in June-October when the fouling organisms fully
entered the blooming period (especially in July, when the
attachment density and biomass of the top MTPs reached
65,500 ind./m* and 7085.5 g/m?, respectively, and the
attachment density and biomass of the bottom MTPs reached
59450 ind./m”> and 6327.5 g/m’, respectively). Almost all
dominant fouling organism populations were observed, and
the representative dominant species included A. reticulatus, P.
viridis, S. kegaki, Anthopleura sp., Branchiomma cingulatum, B.
grandicella, and H. momus. Stage IV (after November) was the
off-season for attachment, and only a small number of P.
brasiliensis and P. disticha were observed.

Compared with the results of the previous study conducted
in the southeastern waters of the Xinghua Bay (Wu et al., 2019),
there is little difference in the community composition, and the
main dominant species are still represented by A. reticulatus, P.
viridis, E. crocea, B. grandicella, etc.. However, the attachment
amount of fouling organisms in this survey is significantly higher
than the survey results of 2017 to 2018. Taking the bottom
summer panels (June-August) as an example, the density and
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biomass of 2020 to 2021 can reach 105150 ind/m* and 19260.0 g/
m? respectively, which are significantly higher than the 24375
ind/m* and 8742.1 g/m” investigated during 2017 to 2018. This
may be due to the fact that the survey site is located in the central
waters, far from the shore, and the environmental conditions are
more beneficial for the attachment and growth of
fouling organisms.

Barnacles are often the large pioneer adherent species in
fouling communities, playing an important role in the
succession and development of the communities from scratch
and from simple to complex (Yan et al, 2012). In general,
barnacle larvae can experience two peaks of attachment. The
first-generation larvae reproduced by the previous generation
begin to attach in the second half of May, and their number first
peaks in June or July and drops greatly in August and September
(Huang and Cai, 1984; Lin et al., 2017). In the initial stage, A.
reticulatus and Balanus trigonus were comparable in number,
but starting in June, A. reticulatus almost completely
overwhelmed B. trigonus.

With the extension of the immersion cycle of the test panels,
P. viridis gradually replaced the dominant position of barnacles
and even occupied most of the surface of the attachment
substrate, squeezing out the living space of other dominant
species, such as A. reticulatus and S. kegaki. At this point, the
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The attachment thickness, coverage, density and biomass of MATPs.
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fouling organism community reached a relatively stable state
(Huang and Cai, 1984). In addition, the attachment substrate
provided more diverse and complex habitat spaces, including
habitat spaces for organisms with low requirements for
attachment space, such as sponges, actiniaria, ascidian,
migratory polychaetes, amphipods, and crabs.

4.3 Influencing factors and
prevention suggestions

Compared with other facilities, cooling water ystem facilities
can significantly strengthen and accelerate the biofouling
process. First, the concrete wall of the cooling water system
can be an excellent habitat for the attachment and growth of
fouling organisms. Second, the continuous flow of water rich in
oxygen and food allows for a constant supply of new larvae.
Third, the reduction in sediment deposition increases the
survival rate of fouling organisms. Fourth, there is a lack of
biological competition and predator threat (Huang and Cai,
1984; Huang, 2008; Satpathy et al., 2010; Lin et al., 2012; Lin
et al,, 2014). Temperature is the most important environmental
factor in the geographical distribution of fouling organisms (Yan
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et al,, 2020). The temperature adaptability of organisms is the
essential determinant of the spatial differences of fouling
organism communities across different climatic zones and is
the dominant factor in the seasonal succession of biological
communities on a small scale. The seasonal succession pattern in
this sea area showed that 24-30°C is a relatively suitable
temperature range for fouling organism larvae and that 15°C
is the tolerance limit of most larvae (Yan et al, 2020). Light
affects the vertical distribution of fouling organisms (Cai and
Huang, 1988). Due to the high turbidity and no much light
reaches deep-sea areas, almost no algae were observed below a
water depth of 5 m in the study waters.

Scientifically effective control plans for fouling organisms
need to be based on the environmental conditions and a
comprehensive understanding of the composition of the
fouling organisms in the sea area and their attachment
patterns. We should determine these through targeted
preliminary investigations and full research studies, especially
on the breeding period, population dynamics, succession
pattern, and cumulative effect of the main prevention and
control strategies. Targeted and differentiated prevention and
control strategies should be implemented at the initial stage of
larval attachment, and the frequency and intensity of prevention
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FIGURE 9
The attachment density and biomass of STPs, SATPs and ATPs.

and control should be increased during the peak attachment The focus months of the prevention and control of fouling
season. Only in this way can a cost-effective treatment effect be organisms in this sea area are June to October, when both the
achieved. The biological control of fouling should be avoided in frequency and intensity of prevention and control need to be
the adult phase to reduce the use of biological control agents and strengthened. To ensure the continuity of prevention and
avoid secondary blockage caused by a large number of control, targeted prevention and control measures can be
broken shells. started in late May. The focus species of prevention and
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FIGURE 10
Clustering of the Bray—Curtis similarity of the marine fouling communities on monthly test panels.
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The attachment period of the major species.

control are A. reticulatus and P. viridis. The larvae of the two
species have roughly the same peak season and the largest
proportions of the attachment amount. In addition, their
bodies can create a broader three-dimensional space for the
attachment of other fouling species. A. reticulatus is superior to
P. viridis in its short-term attachment strength, but the long-
term threat of P. viridis is greater. The attachment intensity is
low from November to early the following May, so a less strict
prevention and control measure can be adopted for this period.

After decades of development of antifouling technologies for
coastal power plants, a variety of prevention and control
measures have been devised, including physical isolation, the
high flow rate method, heat treatment, mechanical removal,
chlorine production from seawater by electrolysis, and so on.
The methods can be used alone or in combination. In addition,
we must also better understand the life history and physiological
characteristics of fouling organisms, explore the influencing
factors of fouling organism attachment (temperature, water
depth, flow rate, light, water quality, and attachment
substrate), and establish scientific and effective early-warning
models for fouling organisms. To provide scientific basis for
inhibiting the attachment of fouling organisms, the formation of
mucous membrane and disinfection and sterilization.

5 Conclusions

Fully understanding the composition of fouling organisms
and their attachment patterns (especially the breeding periods,
population dynamics, succession patterns, and cumulative effects
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of the main control species) is a prerequisite for the scientific
prevention and control of biofouling. The research shows that the
biofouling in Xinghua Bay is approximately classified into four
stages, of which the attachment peak of fouling organisms is from
June to October, with a large attachment density and biomass.
The dominant species include A. reticulatus, P. viridis, S. kegaki,
Anthopleura, Branchiomma cingulatum, B. grandicella and H.
momus, etc. Of them A. reticulatus is the pioneer of fouling
community, but with the extension of the immersion cycle of the
test panels, P. viridis gradually replaced the dominant position
and even occupied most of the surface of the attachment
substrate. To implement targeted prevention and control
strategies in the prosperous period of larvae of fouling
organisms, and to increase the frequency and intensity of
prevention and control during this period, is the key to achieve
economic and efficient treatment effect. Better understanding the
life history and ecological characteristics of the main control
species of fouling organisms, clarifying the effects of the
influencing factors on fouling organisms (such as temperature,
water depth, flow rate, light, water quality, and attachment
substrate), and establishing scientific and effective early-
warning models are future directions for the development and
implementation of scientific prevention and control measures for
fouling organisms.

Contribution to the field

Fully understanding the composition of fouling organisms
and their attachment patterns (especially the breeding periods,
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population dynamics, succession patterns, and cumulative
effects of the main control species) is a prerequisite for the
scientific prevention and control of biofouling. The main
dominant species of fouling organisms have relatively stable
attachment cycles. Adopting targeted and differentiated
prevention and control strategies at the initial stage of larval
attachment and increasing the frequency and intensity of
prevention and control during the peak attachment period are
the keys to economic and efficient control. The biological control
of fouling should be avoided in the adult phase to reduce the use
of biological control agents and avoid secondary blockage caused
by a large number of broken shells. Better understanding the life
history and ecological characteristics of the main control species
of fouling organisms, clarifying the effects of the influencing
factors on fouling organisms, and establishing scientific and
effective early-warning models are future directions for the
development and implementation of scientific prevention and
control measures for fouling organisms.
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