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Abstract: Owing to the constant wind generated by the vast ocean, energy production from offshore
wind farms (OWFs) plays an important role in the expansion of renewable energy. However, areas
close to large wind farms are often left unutilized, and aquaculture farmers find it difficult to efficiently
utilize these unoccupied spaces due to limited information showing the feasibility of utilization of
OWFs as potential scallop culture sites. To analyze whether the two scallop species Zhikong scallop
(Chlamys farreri) and bay scallop (Argopecten irradians) can be grown at OWFs of Gochang and Buan,
Jeollabuk-do, Republic of Korea, the growth characteristics of the two scallop species were analyzed
and compared with those grown at the Tongyeong Megacosm Test Station. The results clearly showed
that the growth of scallops at the OWF was significantly lower with respect to the shell lengths,
height, width, and weight, compared to those grown at the megacosm station. However, scallops
grown at the OWF still showed consistent growth in parallel with those grown at the megacosm
test station. Yet, there was a species-specific mortality rate between the two sites. In addition, our
results suggest that temperature may be a key determinant of the growth of C. farreri and A. irradians.
Overall, this study contributes to establishing a foundation for the stable and continuous farming of
marine bivalves (e.g., clams, oysters, mussels, and scallops) in OWF areas.

Keywords: Zhikong scallop; Chlamys farreri; bay scallop; Argopecten irradians; growth characteristics;
longline aquaculture facility temperature

1. Introduction

Offshore wind farms (OWFs) produce sufficient energy for use as a renewable energy
source; thus, they play a pivotal role in the expansion of renewable energy. In general, OWFs
allow energy producers to secure large farm sites and mass-produce high-density energy
using abiotic factors, including the speed and direction of sea wind [1,2]. In fact, OWFs
produce energy much more efficiently and stably than onshore wind farms [3-5]. However,
the development of OWFs remains challenging, largely because of their incompatibility
with marine ecosystems and social acceptability among local fisheries. In addition, OWFs
built in the marine environment will increase the stress on existing ecosystems that have
previously been used for other purposes, such as for fisheries or shipping, or those that
are yet free of human activity [6,7]. Accordingly, combining OWFs and aquaculture can
be a powerful means of increasing the spatial efficiency of sea usage and supporting the
livelihoods of fishers. Through this innovative approach, the scope of aquaculture activities
can be expanded to enhance the efficiency of spatial utilization in marine environments [8,9].
OWEFs will almost certainly gain social acceptance. Over the past few years, there have
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been improvements in the social acceptance of establishing OWFs, as shown in some
European countries, which have generated evidence from trials to develop business models
for aquaculture, tourism, fishing, and leisure. Likewise, studies on offshore aquaculture
systems in the United States have identified the potential of commercial aquaculture
at offshore oil fields [10]. In addition, the co-location of offshore wind power facilities
with fish and shellfish farming off the coast of the United Kingdom since 2012 has been
shown to positively impact the total catches and, subsequently, the socioeconomic status of
fishermen [11]. Overall, OWFs reportedly bring both positive and negative impacts to the
ecosystem; however, with respect to fisheries, OWFs have brought mostly positive impacts,
including supporting fish communities by increasing the nursery area of key species and by
the fish gathering effect to prevent fish movement toward other locations [12-14]. However,
long-term impacts of anthropogenic activities including OWF establishment on the marine
biodiversity still remain largely unknown [15].

The largest OWFs have been built in Gochang and Buan, Jeollabuk-do, Republic of
Korea. This offshore wind power industry convergence facility project in the Southwest Sea
of the Republic of Korea has been anticipated to have positive effects, such as improving
fishing and increasing the income of fishermen, as well as demonstrating that the co-
location of sea farm projects and OWFs is economically feasible [11]. However, limited
biological evidence has shown that OWFs in this region have a positive impact on the
shellfish community.

The Zhikong scallop (Chlamys farreri) is an epifaunal and subtidal filter-feeder species
that is widely distributed across the entire coast of the Republic of Korea, northern China,
and Japan [16]. This particular species is also commercially valuable and mainly inhabits
pebbles and gravel at water depths of up to 10 m [17,18]. Bay scallops (Argopecten irradians)
are distributed along the coastal areas of China, Taiwan, Korea, and Japan, where they
mainly live on sandy and gravel-bottomed floors. It is another commercially important
species [19]. The commercial size of C. farreri and A. irradians is as follows: lengths: 7-10 cm
and weight: 50-110 g, with median growth of 2-3 cm for C. farreri; and lengths: 6-8 cm
and weight: 40-60 g for A. irradians [20]. Recently, scallop farming has become an active
industry worldwide; as larger quantities of scallops are consumed, the production increases
accordingly [21]. In the Republic of Korea, most scallops sold on the market have been
developed using aquaculture technology, to the extent that most scallops, including the
Zhikong and bay scallops, are farm-raised. As such, wind-farm areas create new oppor-
tunities to develop aquaculture for shellfish farming, including scallops. However, the
possibility of shellfish aquaculture, including scallops, has not been studied in OWF areas.

Here, to see whether there are differences in the growth rate of the two scallop species
cultured at the OWF and megacosm station, we investigated and compared the growth
characteristics (e.g., shell length, height, width, total weight, and body weight) of the C.
farreri and A. irradians in the OWF area and Tongyeong Megacosm Test Station. The results
obtained in this study suggest the possibility of scallop farming on OWFs.

2. Materials and Methods
2.1. Sampling of Scallops

C. farreri were purchased from Taegyeong Fisheries (Goseong-gun, Gyeongsangnam-
do, Republic of Korea) in December 2022, and A. irradians were purchased from the
same company in September 2021. The purchased scallops were kept at the Tongyeong
Megacosm Test Station (Korea Institute of Ocean Science and Technology, Tongyeong-si,
Gyeongsangnam-do, South Korea), and a floating shellfish farm was installed in the OWF
area (Gochang-gun and Buan-gun in North Jeolla Province, Republic of Korea) at a depth
of 4 m (Figure 1).
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Figure 1. Map showing (a) the offshore wind farm (Gochang-gun and Buan-gun in North Jeolla
Province, Republic of Korea) and (b) Tongyeong Megacosm Test Station (Korea Institute of Ocean
Science and Technology, Tongyeong-si, Gyeongsangnam-do, Republic of Korea).

2.2. Deployment of the Scallop Lantern Cages in the Longline Aquaculture Facility

On 9 December 2021, 160,000 C. farreri (shell height: 41.63 £ 3.73 mm, total weight
8.80 £ 2.58 g) were transferred into 400 scallop lantern nets and deployed on the longline
aquaculture facility within the OWF area. Further, on September 2021, 90,000 A. irradians
(shell height 40.14 4 2.65 mm and shell weight 10.34 £ 1.85 g) were transferred into
300 scallop lantern nets and transplanted on the longline aquaculture facility within the
OWEF area.

For transplantation, they were transported by vehicle to Gochang-gun, Republic of
Korea, and further transported to the OWF area using two vessels. They were nurtured in
the OWF’s longline aquaculture facility along two 200 m long lines, and the spacing of each
scallop lantern net was maintained at 100 cm. Four hundred 10-section scallop lantern nets
with a diameter of 40 cm were used, with 40 shellfish per section. For proper immersion,
3 kg weights were attached to the bottoms of the scallop lantern nets (Figure 2).

2.3. Sampling and Measurement

The growth characteristics of the C. farreri and A. irradians were studied from December
2021 to August 2022 and from September to November 2021, respectively. Comparative
studies were conducted simultaneously with more than 30 individuals once a month at
the Tongyeong Megacosm Test Station and OWF area. The monthly growth of scallops
was surveyed by measuring the shell length (mm), height (mm), width (mm), total weight
(g), and body weight (g) for each species. We used a Vernier caliper (Mitutoyo, Absolute
Digimatic Caliper 500-153-30, Kawasaki, Japan) to measure the lengths and a weighing
scale (AND, FX-3000, Seoul, South Korea) to measure the weight of the samples. During
the experimental period, cumulative mortality was measured by counting the number of
dead scallops (Table 1).
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Figure 2. Deployment of the scallop lantern cages at (a) offshore wind farm and (b) Tongyeong
Megacosm Test Station.

2.4. Temperature Variation of the Study Site

Surface seawater temperature data (from September 2021 to August 2022) were ob-
tained from offshore buoys installed in Tongyeong Yeonhwa-do (34.6672 N, 128.3847 E) and
Buan Wi-do (35.6584 N, 126.2610 E), which are adjacent to Tongyeong Megacosm Test Sta-
tion and the OWF area (data provided by the Real-time Information System for Aquaculture
environment from National Institute of Fisheries Science, South Korea) (Figure 3).

2.5. Statistical Analysis

The collected data were analyzed using one-way ANOVA followed by Scheffé’s post
hoc test to evaluate the effect of months in the same region. The cut-off for statistical
significance was set at p < 0.05. An independent-sample t-test was performed to evaluate
the differences in the growth characteristics of the two scallops in the two different regions
for each month. Levene’s test was used to assess the normal distribution and homogeneity
of variance among the samples. Values are expressed as the mean =+ standard deviation
(SD). All data were analyzed using SPSS (version 27.0; IBM, Armonk, NY, USA).



J. Mar. Sci. Eng. 2023, 11, 1988 50f11

Table 1. Cumulative mortality of the two scallops at the two different culture sites during the
experimental period.

Chalamys farreri
Offshore Wind Farm Tongyeong Megacosm Test Station
Month Total # of Mortality Total # of Mortality
Individuals Dead (%) Individuals Dead (%)
12 33 0 0 33 0 0
2 35 0 0 35 0 0
3 35 0 0 41 3 7.32
4 32 0 0 37 1 2.7
5 40 1 2.5 42 13 30.95
6 40 1 2.5 35 10 28.57
7 35 0 0 35 11 3143
8 40 0 0 48 17 35.42
Cumulative 290 2 0.69 306 55 17.97
Argopecten irradians
Offshore Wind Farm Tongyeong Megacosm Test Station
Month Total # of Mortality Total # of Mortality
individuals dead (%) individuals dead (%)
9 28 0 28 0 0
10 59 23 38.98 32 1 3.13
11 40 11 27.5 30 1 3.33
Cumulative 127 34 26.77 90 2 222
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Figure 3. Monthly change in surface seawater temperatures at the sampling sites from September
2021 to August 2022.

3. Results and Discussion

In scallop aquaculture in general, scallops undergo an intermediate rearing process to
reduce the costs arising from size selection of juvenile scallops and the consequent labor
burden [22,23]. Early juvenile scallops typically range from 2 to 3 mm in size, which makes
it difficult to accommodate them in the scallop lantern net; further, they lack resistance
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to changes in the environment (e.g., water temperature, buoyancy, dissolved oxygen).
Therefore, it is essential to use scallops that have undergone an intermediate rearing
process to produce healthy scallops and improve their survival rate. In addition, they must
be at least 2-3 cm for controlled air exposure and long-distance transportation [20].

The comparative mortality analysis between the two scallop species showed species-
specific mortality (Table 1). For C. farreri, a higher mortality was observed for those grown
at Tonhyeong Megacosm Station (17.97%) compared to those grown at the OWF (0.69%)
during December~August. For A. irradians cultured during September~November, a higher
mortality was observed in those cultured at the OWF (26.77%) compared to the Tongyeong
Megacosm Test Station (2.22%). Due to the short time frame and differences in sampling
period, it is challenging and difficult to conclude that one species performs better than the
other at a specific culture location, yet it could be suggested that a species-specific tolerance
and optimum temperature range could contribute to the survival of the two scallops.

Previous studies have suggested that mortality and growth rates depend on differences
in water depth, density, and temperature [24]. For example, increased mortality and poor
growth rates in some scallops were observed as the water depth increased [25,26], whereas
in other scallop species, such as Plactopecten magellanicus, the growth rate increased along
with water depth [27]. In addition, scallops in longline aquaculture reportedly have the
best growth rate at a water depth of 4 m [28]. Therefore, we investigated the growth rates
of scallops that underwent an intermediate rearing process in the floating shellfish farm
installed in the OWF area and the Tongyeong Megacosm Test Station at a depth of 4 m each.

In this study, the growth of C. farreri raised from a longline culture facility in the
OWF area was compared with those raised at the Tongyeong Megacosm Test Station from
December 2021 to August 2022 (Figure 4). Based on the specific growth rate (SGR) equation
derived from the shell length and wet weight, C. farreri showed an SGRI of 1.46 and SGRw
of 1.19 at the OWF over the 9 month period [29].

SGR =In ((Lf) — In (Li))/t x 100 and SGRw = In ((InWf) — In (Wi))/t x 100, where:

Lf = final average shell length;

Wi = wet weight at the end of the experiment;

Li = initial average shell length;

Wi = wet weight at the beginning of the experiment;
In = natural logarithm;

t = number of days of the experimental time.

Specifically, from December 2021 to August 2022, the shell length of C. farreri cul-
tured in the longline culture facility at the OWF area increased from 36.21 & 3.38 mm to
55.24 £ 4.60 mm, the shell height increased from 41.63 £ 3.73 mm to 59.66 + 5.58 mm, the
shell width increased from 11.93 £ 1.69 mm to 20.06 £ 1.81 mm, the total weight increased
from 8.80 £ 2.58 g to 26.99 £ 5.20 g, and the body weight increased from 4.26 £ 1.35 g to
12.34 + 2.80 g. Overall, C. farreri cultivated in the OWF area exhibited a 1.4-times-greater
shell height and 4.4-times-higher total weight, after eight months (December 2021~Au-
gust 2022) of cultivation. Comparatively, those Zhikong scallops (C. farreri) reared at the
Tongyeong Megacosm Test Station during the same period showed an SGRI and SGW of
1.51 and 1.35 over the same period of those cultured at the OWF, respectively. Specifically, C.
farreri showed an increase in the shell length from 36.21 + 3.38 mm to 63.05 = 5.10 mm, the
shell height increased from 41.63 & 3.73 mm to 66.45 & 5.12 mm, the shell width increased
from 11.93 £ 1.69 mm to 22.49 £ 2.55 mm, the total weight increased from 8.80 +2.58 g
to 40.75 £ 9. 35 g, and the body weight increased from 4.26 + 1.35 g to 15.26 + 345 g.
Eight months of experimentation at the Tongyeong Megacosm Test Station indicated that
the growth determinants of C. farreri increased 1.6- and 4.6-fold for shell height and total
weight, respectively. Overall, the growth rate of C. farreri reared at the OWF area and
Tongyeong Megacosm Test Station showed that the shell height was approximately 10 mm
and the total weight was approximately 17 g higher at the Tongyeong Megacosm Test
Station compared to those reared in the OWF area.
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Figure 4. Bar plots depicting the comparisons of changes in size (shell length, height, width, total
weight, and body weight) of Chlamys farreri from month to month. The letters indicate a significant

1

difference for different months in the same region (p < 0.05). The symbol indicates significant
differences by region in the same month (p < 0.05). All values represent mean =+ standard devia-

tion (SD).

Generally, the water temperature for the growth of C. farreri ranges between 15 and
22 °C (optimal water temperature: 20 °C), with a maximum water temperature of 29 °C
and minimum water temperature of 0 °C [20]. Indeed, the growth, maturation, survival,
distribution and feeding, energy utilization, and metabolic activities of shellfish are known
to be greatly influenced by the surrounding water temperatures [30,31]. For example, in
commercial scallop Pecten fumatus (Reeve), the growth rate and survival of larvae signifi-
cantly decrease in response to increasing temperature [32]. In the sea scallop Placopecten
magellanicus, survival significantly increases in response to high temperatures [22,23]. Our
experiments at the two different culture sites showed interesting results. In the OWF
area, C. farreri showed a slower growth rate from December to May, but the growth rate
slowly increased from June and continued significantly through August. In contrast, at
the Tongyeong Megacosm Test Station, the growth rate of C. farreri was faster than that in
the OWF area during the same months, with no significant growth changes from May to
August. As previously mentioned, the growth rate is partially influenced by temperature.
At the time of the growth experiment, the water temperature at the OWF area steadily
decreased from December to March by up to 5 °C, and then gradually increased from June
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to August, reaching approximately the same temperature as the water temperature at the
Tongyeong Megacosm Test Station (Figure 3).

Recently, scallop production has declined sharply due to widespread mass mortality
during the summer [33,34]. Here, no mass mortality was observed in 2022, since the water
temperature did not exceed 26 °C at the most; however, in the year 2021, a high-temperature
period (>28 °C) resulted in the mass mortality of experimental scallops. Therefore, it was
evident that the water temperature plays a crucial role in determining the growth and
health of the scallops. However, the two locations naturally have different temperature
ranges (i.e., the OWF area is in the west and typically has a lower temperature than the
Tongyeong Macromosm station situated in the warm southern part of the Republic of
Korea). Although the growth rate was not higher than that at the Tongyeong Megacosm
Test Station, the results clearly show the possibility of utilizing the OWF area to cultivate
C. farreri.

Generally, the optimum water temperature for the growth of A. irradians is 18-28 °C
(optimal water temperature is 23 °C). The upper limit of the water temperature is 31 °C and
the lower limit is 1 °C, with a growth pause below 5 °C. A. irradians take less than 10 months
to grow into harvestable products of 5-7 cm in height. Their lifespan is approximately
12-16 months and does not exceed 24 months [20].

A. irradians was analyzed for growth differences at two sites (Tongyeong Megacosm
Test Station and the longline culture facility in the OWF area) from September to November
2021 (Figure 5). Overall, A. irradians showed an SGRI and SGRw of 4.08 and 2.90, respec-
tively, at the OWF over the 3 month period. Data collected from September to November
2021 at the longline culture facility within the OWF area showed increases in the shell
length of the bay scallops from 34.20 £ 4.68 mm to 42.89 £ 4.90 mm, the height increased
from 32.56 + 4.49 mm to 41. 09 & 4.84 mm, the width increased from 12.90 & 1.78 mm
to 18.18 &£ 2.37 mm, the total weight increased from 6.61 + 2.14 g to 15.51 £ 4.79 g, and
the body weight increased from 2.86 &+ 1.02 g to 7.00 + 2.27 g. Three months of exper-
imentation at the longline culture facility within the OWF area during the same period
indicated that the growth determinants of the bay scallops increased 1.3- and 2.4-fold for
shell length and total weight, respectively. Comparatively, those bay scallops reared at the
Tongyeong Megacosm Test Station during the same period showed an SGRI and SGRw of
4.37 and 3.52. Specifically, they showed an increased shell length from 34.20 £ 4.68 mm
to 54.39 + 5.98 mm, the height increased from 32.56 + 4.49 mm to 49.75 + 5.42 mm, the
width increased from 12.90 + 1.78 mm to 22.63 + 3.16 mm, the total weight increased
from 6.61 £ 2.14 g to 25.65 & 6.95 g, and the body weight increased from 2.86 + 1.02 g to
10.21 £ 2.90 g. Three months of experimentation at the Tongyeong Megacosm Test Station
indicated that the growth determinants of bay scallops increased 1.5- and 3.9-fold for shell
height and total weight, respectively. Overall, the growth rate of bay scallops reared at
the OWF area and the Tongyeong Megacosm Test Station showed a shell height of about
0.9 cm, with a total weight that was about 10 g higher at the Tongyeong Megacosm Test
Station compared to those reared at the OWF area. Based on the preliminary experiment,
the growth rates of C. farreri and A. irradians were higher at the Tongyeong Megacosm Test
Station compared to the OWF area. The growth rate of C. farreri was found to be highest in
summer (July to August) in the OWF area, whereas the growth rate was lowest during the
same period at the Tongyeong Megacosm Test Station. Based on this short-term experiment
of 8 months, we could see that temperature is indeed one of the key factors affecting the
growth of C. farreri. Despite the limitation of this being a short-term experiment, the results
clearly suggest the possible utilization of OWF areas as potential scallop culture locations.

In conclusion, based on the results obtained from 2021 and 2022, scallop farming
in OWF areas is feasible. The culture of scallops in wind farm areas is not profitable
but it can produce some protein that can supply protein to local and national markets
and also may lead to an increase in the biodiversity of the marine ecosystem. However,
more information on aquaculture should be obtained in parallel with the monitoring of
environmental conditions. Regardless, this could be a step forward toward utilizing OWF
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areas for aquaculture in countries with limited fishing areas. Additionally, owing to poor
accessibility and environmental conditions compared to the coast, further development
of the facilities and management are required to establish stable aquaculture conditions
for OWFs.

70 60 .
- - 3
= 60 - < = 50 b
g . E s .
E 50 N E b
b 40
40 :
= )
2 2 %
= 30 =
@ ¥
= S 20
wv 20 w
10 10
0 0
September October November September October November
30 35
—_ : — ¢
z 2 . ¢ R
b -
& b H = 25 .
= 20 K b
'E ? 20
= a N -~ b
z 15 =
= s 15
2 &
= 10
@n 10 a  a
5 5 jl
0 0

September October November September October November

B Offshore wind farm area

[] Tongyeong Megacosm Test Station

Body weight (g)

a a

LI

September October November

Figure 5. Bar plots depicting the comparisons of changes in size (shell length, height, width, total
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