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School of Marine Science and Technology, Tianjin University, Tianjin, China

Understanding how environmental factors impact the interannual variation in scallop
growth and subsequently developing an easily obtained parameter to indicate this
variation could provide a scientific basis for optimizing their aquaculture. In this study,
we have set a growth scenario of uniformly sowed scallops of the same initial size
in the Changhai sea area. The Yesso scallop culture ecosystem model was used to
simulate the growth of bottom-cultured Yesso scallop each year from December 1,
2006 to November 30, 2017. The results show that the annual growth rate was higher
in the northwest than in the southeast, and there were obvious high-value areas near
the islands. The scallop biomass was significantly lower in 2009-2010 and reached
its highest point in 2013-2014. Based on the match-mismatch conditions of bottom-
water temperature, food availability, and the Yesso scallop growth process, three factors
were determined: suitable growth days (SGD), restricted growth days (RGD), and food
accumulation (FA). Subsequently, a multiple regression relationship was proposed with
scallop biomass to explore the reasons affecting the interannual variations in scallop
growth. We found that the anomaly of the contribution of SGD and FA for the scallop
growth was small, and the interannual variation in scallop biomass was mainly regulated
by RGD in winter. Our results indicated that the interannual variation in RGD in winter
was closely related to the regional averaged air temperature in early winter. The air
temperature in early winter is easily obtained in practice. Consequently, it could be used
to predict the interannual growth of bottom-cultured scallops to improve aquaculture
planning and management.

Keywords: interannual variation, shellfish aquaculture, Yesso scallop, match-mismatch condition, Changhai sea
area

INTRODUCTION

The Yesso scallop (Patinopecten yessoensis) is one of the most important aquaculture species in
the northern parts of China (Jiang et al., 2018). The main culture methods used are bottom
culture and raft culture techniques (Yuan et al, 2010; Li et al., 2012). Although many factors
have to be considered for developing scallop aquaculture, the most important one depends on the
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culture system (Aura et al, 2016). The impacts of water
temperature, food availability, sediment, and bathymetry on
the growth of scallops have been well documented (Radiarta
etal., 2008). Temperature and food availability are environmental
factors that affect the growth of the Yesso scallop (Radiarta et al.,
2008; Liu et al., 2014; Aura et al., 2016; Jiang et al., 2020). The
temperature has a significant effect on their feeding, respiration,
excretion, and enzyme activities (His et al., 1989; Verween et al,,
2007; Rico-Villa et al., 2009; Jiang et al., 2020). Low-level food
availability directly limits their growth (Nan et al.,, 2021). The
match-mismatch conditions of temperature and food availability
affect the growth of organisms (Laurel et al., 2011). To obtain
high production levels for the Yesso scallops, it is necessary
to understand the influences of the match-mismatch conditions
on the growth of scallops and the cause for the interannual
variation. Furthermore, a better understanding of the spatial and
temporal variations as well as related factors that affect the Yesso
scallop growth could improve marine resource protection and
management (Aura et al., 2016).

The Changhai sea area is now the largest Yesso scallop culture
zone in the North Yellow Sea (NYS) and encompasses a rich
array of physical and biological processes (Guan, 1963; Chen,
2009). The area is affected by the northern Yellow Sea cold water
mass (NYSCWM) in summer and the Yellow Sea warm current
(YSWC) in winter (Guan, 1963). The NYSCWM is the cold-water
leftover from the previous winter. When the temperature of the
surrounding shallow water and surface seawater rises in spring,
a thermocline is formed. This makes it difficult for the heat of
the upper surface water to transfer downward, thus maintaining
the characteristics of low temperature and high salinity winter
water (Guan, 1963; Zhao, 1985). The development, maturity,
decline, and extinction of the NYSCWM are synchronized with
the evolution of the thermocline, and its range and intensity are
related to the interannual difference in temperature variations
during the summer and winter (Guan, 1963). The NYSCWM
and the coastal water mass are divided by tidal fronts (Zhao,
1985; Wei et al., 2003; Huang et al., 2010), with large temperature
and salinity gradients. Some areas in the Changhai sea are
near the tidal front and are affected by its swing, causing the
warm water and cold water to alternate. This results in large
temperature changes in the study area (Nan et al., 2020). In winter
half-year, the YSWC carries high temperature and high salinity
water into the NYS and forms a temperature front between the
cooler nearshore water and the YSWC. This makes the water
temperature higher in the south of the NYS than the nearshore
(Chen, 2009). The path of the YSWC is related to the intensity of
the winter monsoon, and interannual variations also exist (Qiao
et al, 2011). The interannual variations in the region as well as
the intensity of the NYSCWM and the YSWC lead to significant
interannual variations in the bottom-water temperatures of the
Changhai sea area.

The Yesso scallop is filtered mainly on phytoplankton
(Shumway et al., 1987, 1997), while detritus is not a significant
food resource for this species (Silina and Zhukova, 2007).
However, Aya and Kudo (2010) found that the food resources
for the Yesso scallop related to culture habitats. Lake Saroma and
Lake Tokoro, in the Sea of Okhotsk, are only 5 km apart, but the

two culture sites differed in the food source composition. Scallops
reared at Lake Saroma feed on both suspended particulate organic
matter and plankton, whereas scallops cultured at Lake Tokoro
feed only on suspended particulate organic matter (Aya and
Kudo, 2010). Therefore, we consider both plankton and organic
detritus as the potential food sources for the Yesso scallop. The
tempo-spatial variation in abundance and species of plankton
are affected by temperature, salinity, and water mass (Yin et al,,
2013; Liu et al, 2014), which makes the food availability of
scallop also has obvious tempo-spatial variations in the NYS
(Yuan et al.,, 2010; Nan et al., 2021). Due to the tempo-spatial
variations between temperature and food availability, there will
be a match and mismatch period between temperature and
food availability for the growth of the Yesso scallop. Previous
studies have provided useful insights into the interannual
growth variations in hanging-cultured Yesso scallops (Radiarta
et al.,, 2008; Liu et al., 2014; Aura et al., 2016). However, few
studies have been reported on the interannual differences of the
bottom-cultured Yesso scallop, especially without considering
the relationship between the match-mismatch conditions of
temperature and food availability and the interannual variations
in the Yesso scallop.

The objective of this study was to understand how bottom-
water temperature and food availability affects interannual
variations in bottom-cultured scallop growth and to develop
an easily obtained parameter to indicate these variations. By
coupling the high-resolution ecosystem model and the energy
dynamic budget model, we built a Yesso scallop culture
ecosystem (YeSCE) model for the Changhai sea area (Nan et al.,
2021). The model includes physical processes such as advection,
diffusion, and mixing, as well as biological processes such as
planktonic ecosystems and scallop growth. Preliminarily models
suggested that the spatial variations in the scallop growth rates
were mainly affected by the cumulative time of the suitable
temperature and food availability (Nan et al., 2021). However,
the interannual variations in the scallop growth have not been
considered. This study compared the interannual variations in
scallop biomass from December 2006 to November 2017, the
causes for the interannual variations in scallop biomass were
revealed, and the influence of the match-mismatch conditions by
natural environmental factors was evaluated.

MATERIALS AND METHODS

Study Area and Data

The Changhai sea area is located in the NYS (Figure 1A),
and it includes traditionally cultured areas such as Zhangzi
Island, the Changshan Islands, and Haiyang Island (Figure 1B).
The status quo of Changhai sea area use is illustrated with
traditional raft culture areas (blue polygons) and bottom-culture
areas (yellow polygons) (Yuan et al, 2010; Li et al, 2012;
Figure 1B). At present, the promotion of the development of
green aquaculture is actively accelerating the transformation of
aquaculture techniques (Chen, 2019). In this study, the whole
Changhai sea area was treated as a bottom-cultured area, which
is different from the present situation. Consequently, the results
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FIGURE 1 | Topography (background) and study area, Changhai sea, China (black box) (A). Status quo of sea use with traditional raft culture areas (blue polygons)
and bottom-culture areas (yellow polygons). The representative grid point CSD (blue point) was chosen from grid points of the YeSCE model (light blue point) for
dividing the growth process under different match-mismatch conditions. The contour lines represent a multiyear average temperature of 0°C isotherm on February 1

(blue solid line) and 20°C isotherm on September 1 (red solid line) (B).
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can be used as a basis for future aquaculture area planning
and mode selection.

The datasets used to find an easily obtained parameter to
indicate interannual variations are air temperature (2 m above
the surface of the sea), surface net solar radiation, surface sensible
heat flux, surface net thermal radiation, and surface latent heat
flux from the reanalysis product of the ERA5' for 2006-2017. The
data were extracted according to the study area and the region
averaged in early winter (November to next January). The East
Asian winter monsoon index measured by the v-component of
wind at 850 hPa averaged over 20-40°N and 100-140°E from
November to January (Yang et al., 2002).

Model Simulation Settings

The YeSCE model (Nan et al., 2021) consists of a hydrodynamic
model, Regional Ocean Modeling System (ROMS; Shchepetkin
and McWilliams, 2005), an ecosystem model, carbon, silicate, and
nitrogen ecosystem (CoSiNE; Xiu and Chai, 2014), and an offline
dynamic energy budget (DEB) model (Kooijman, 2010) for the
Yesso scallop. ROMS and CoSiNE were run simultaneously at
240 s time intervals with a homogeneous 1/24° resolution in each
horizontal direction (810 grid points in the study area) and 30
terrain-following vertical levels. The DEB model based on the
dynamic energy budget theory is used to describe the energetic
processes of an individual organism. This model determines the
rates at which the organism assimilates and uses energy for
maintenance, growth, and reproduction as a function of the state
of the organism and its environment (Kooijman, 2010). The
daily-averaged water temperature and food availability of the

Uhttps://cds.climate.copernicus.eu/

bottom layer from ROMS-CoSiNE were recorded and used to run
the offline DEB model with a time step of 1 day. The resolution
in each horizontal direction of the DEB model is the same as the
ROMS-CoSiNE.

Model temperature, salinity, nutrients (nitrate, phosphate, and
silicate), and dissolved oxygen were initialized using data from
the World Ocean Atlas 2013 Version 2> (WOA13 V2; Boyer et al.,
2015). The initial condition for chlorophyll a was prescribed from
the hydrodynamical and biogeochemical model NEMOPISCES,
and the model was forced with the climatological air-sea fluxes
of momentum, wind stress, heat flux, and freshwater flux derived
from the ERA-Interim reanalysis (Dee et al., 2011). An Orlanski-
type radiation condition was applied at the open boundaries
for temperature, salinity, and baroclinic velocities (Zhou et al.,
2017). The temperature, salinity, water level, and velocity fields
were prescribed using the Hybrid-Coordinate Ocean Model
(Cummings, 2005) simulation outputs, and the model was forced
(data input) at the outer boundary by My, Sz, Kz, N2, Ky, O3, Qy,
and P; tide. Monthly mean values of the rivers that surround the
study realm in the model are taken from previous studies (Zhang,
1996; Liu et al., 2009; Tong et al., 2015; Wang et al., 2015).

To analyze the interannual variations in the Yesso scallop
growth, the YeSCE model was run year by year from December
1, 2006 to November 30, 2017 with a time step of 1 day.
The Yesso scallop initial uniform seeding was performed every
year with a shell length of 3.8 cm and a dry flesh weight
of 0.23 g. The seeding time and individual size of scallops
are the same as reported by Jiang et al. (2020). The YeSCE
model can output many variables such as temperature, food,

Zhttps://www.nodc.noaa.gov/OC5/woal3/
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shell length, and biomass in each spatial grid point near the
bottom layer with a homogeneous 1/24° resolution in each
horizontal direction. Biomass is the dry flesh weight of the
Yesso scallop in a unit area. The model has strictly evaluated
and satisfactorily simulated the bottom-water temperature,
food availability, shell length, and dry flesh weight, and has
been used to explore the causes of the spatial variations
in the net growth rate of the Yesso scallop (Nan et al,
2021). Preliminary models suggested that the spatial variations
in the scallop growth rates were mainly affected by the
cumulative time of the suitable temperature and food availability
(Nan et al., 2021).

The bottom-water temperature tolerance range for ingestion
of feeding by the Yesso scallop is from 0 to 20°C (Zhang
et al., 2017). The monthly average bottom-water temperature
of the study area is the lowest in February and the highest
in September (Nan et al., 2021). The areas with bottom-
water temperatures less than 0°C on February 1 (RAW)
and those with bottom-water temperatures of more than
20°C on September 1 (RAS) are selected as the areas
where the scallop growth is limited by the bottom-water
temperature, which are used to analyze the interannual variations
in scallop growth.

To more intuitively analyze the relationship between bottom-
water temperature, food availability, and the Yesso scallop
growth process, the growth process under different match-
mismatch conditions between bottom-water temperature and
food availability in the representative grid point CSD (Figure 1B,
blue point) was selected for dividing because the growth process

of the Yesso scallop in the grid point covers all stages of scallop
growth in the study area (Nan et al., 2021).

Typical Growth Stages and

Match-Mismatch Conditions

Typical Growth Stages

The Yesso scallop growth process exhibits seasonal variations and
is limited by bottom-water temperature and food availability in
different periods (Nan et al., 2021). According to the temporal
variations in the relationships among bottom-water temperature
(Figure 2, blue solid line), food availability (Figure 2, green
solid line), and scallop growth process (Figure 2, red solid line)
in CSD grid point from December 1 to November 30. The
growth process is divided into five stages under the varying
match-mismatch conditions. In stage I, the Yesso scallop grew
slowly. This stage is characterized by bottom-water temperatures
ranging from 0 to 6°C and a lower than the half-saturation
coefficient of food availability (X = 53.3 mg C m~3; Nan et al.,
2021), which gradually decreased. Consequently, in this stage, the
growth of scallops was mainly limited by food availability. Stage
II typically had a bottom-water temperature lower than 0°C, and
the food availability was lower than Xx. These conditions led to
the stagnation of scallop growth. In stage III, the bottom-water
temperature was between 0 and 20°C, and the food availability
was higher than X and thus suitable for the scallop growth. Stage
IV was characterized by the bottom-water temperatures higher
than 20°C and food availability greater than Xk. Therefore, the
scallop growth was mainly limited by high temperatures. In stage

Bottom water temperature ( °C)
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FIGURE 2 | Typical growth stages and match-mismatch conditions between bottom-water temperature and food availability of the Yesso scallops (Patinopecten
yessoensis) in the Changhai sea area, China. Time series of multiyear average bottom-water temperature (blue solid line), food availability (green solid line), and
simulated biomass (red solid line), with auxiliary blue lines of 0 and 20°C and half-saturation constant Xk (green dotted line), also shown. The growth process of
scallops can be divided into five stages expressed in Roman numerals. Stage |: The growth of the scallops was mainly limited by the food availability; Stage II: Low
temperature and insufficient food led to the stagnation of the scallop growth; Stage Ill: suitable for scallop growth; Stage IV: The growth of the scallops was mainly
limited by high temperature; Stage V: Suitable for growth, but food availability was lower than that in stage IlI.
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V, the bottom-water temperature ranged from 0 to 20°C, and the
food availability was greater than Xx. However, food availability
was lower than the level observed in stage III.

Match-Mismatch Conditions

Based on the five stages of scallop growth, three key match-
mismatch conditions between bottom-water temperature and
food availability were introduced to the scallop growth. These
conditions are suitable growth days (SGD), restricted growth
days (RGD), and food accumulation (FA). SGD was defined as
the total number of days when the bottom-water temperature
ranged from 0 to 20°C and the food availability was greater
than Xg, which means that the bottom-water temperature and
the food availability were highly suitable for scallop growth.
These days are the rapid growth period of the Yesso scallop,
corresponding to stages III and V in Figure 2. RGD was defined
as the sum of days when the bottom-water temperature was less
than 0°C in winter (RGDW) or greater than 20°C in summer
(RGDS). This corresponds to a situation where the bottom-
water temperature and the food availability were completely
mismatched for the Yesso scallop growth. Due to bottom-water

temperature restrictions, RGD is the slow growth or weight-
loss period, corresponding to stages II and IV in Figure 2. FA,
defined as the sum of the annual food availability, is used to
represent the variations when the bottom-water temperature and
food availability were mismatched for scallop growth due to food
restrictions (stage I; Figure 2) or the variations in food availability
in the SGD (stages I1I and V; Figure 2).

To make three key match-mismatch conditions comparable,
they were normalized. Multiple linear correlations were proposed
with these match-mismatch conditions and the simulated
biomass (BIO) was as follows:

BIO=a1XSGD+a2xRGD+a3XFA+b (1)

where aj, ay, and a3 represent the growth rate corresponding to
each match-mismatch condition, respectively, and the product
with each represented the contributions to scallop growth for
each match-mismatch condition, such as the contributions from
suitable growth days (CSGD), contributions from restricted
growth days (CRGD), and contributions from food accumulation
(CFA); b is a constant, and the error term is omitted here.
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FIGURE 3 | Annual (A-K) and the multiyear average (L) of the bottom-cultured Yesso scallop (P yessoensis) biomass in the Changhai sea area, China, from

December 1, 2006 to November 30, 2017.
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RESULTS AND DISCUSSION

Interannual Variations in Biomass of

Yesso Scallop

The BIO of the bottom-cultured scallops varied from 0.80
to 3.60 g m~2. In addition, it showed that their distribution
characteristics were high in the north and low in the south
and that there was a high-value belt extending from Zhangzi
Island to the northeast of the study area (Figure 3). The BIO
of the scallops around Zhangzi Island and Haiyang Island
was higher than that of the area northwest of Xiaochangshan
Island. In 2009-2010, the BIO was the lowest, and the
highest value was only 2.50 g m~2 (Figure 3D); in 2012-
2013, the BIO was 0.20 g m~2 lower than that of the
annual averaged biomass; and in 2013-2014, the BIO was
significantly higher than that in other years, reaching 3.60 g
m~ 2 near Zhangzi Island (Figure 3H). The spatial differences
of the net growth rate were largely affected by the length
of the match timing of temperatures and food availability
(Nan et al., 2021).

Interannual Variations in

Match-Mismatch Conditions

Suitable Growth Day

During SGD, the Yesso scallop can grow rapidly because
the bottom-water temperature and food availability are highly
matched. The spatial variations in the BIO of the Yesso
scallop could be characterized by the SGD (Nan et al,
2021). Multiyear-averaged SGD in the north of the study
area is significantly higher than that in the south with a
range from 0 to 274 days, and there is a high-value zone
extending from the sea area near Zhangzi Island to the
northeast of the study area (Figure 4). The interannual
variations in SGD were also consistent with BIO, with the
lowest SGD in 2009-2010 and the highest SGD in 2013-
2014.

Restricted Growth Day

The ingestion of the Yesso scallop was limited by the bottom-
water temperature during RGD (Figure 2). Moreover,
the bottom-water temperature and food availability were

250

Suitable growth day (d)

-2015-2016

122024 122048  123°12 E 122024

December 1, 2006 to November 30, 2017.

122048

FIGURE 4 | Annual (A-K) and the multiyear average (L) of suitable growth days for the Yesso scallop (P, yessoensis) in the Changhai sea area, China, from
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completely mismatched for the Yesso scallop growth. At
this time, the energy stored in the structure or gonad
of the scallop was used for survival (Kooijman, 2010).
The longer the RGD period (Figure 5), the greater the
restriction on scallop growth. Multiyear-averaged RGD
gradually decreases from northwest to south (Figure 5L)
with a range from 0 to 190 days. During 2009-2010, the
scope of RGD covered the whole study area (Figure 5D),
and the maximum value of multiyear-averaged RGD
(190 days) was found. The boundary of RGD only reached
Zhangzi Island in 2013-2014 (Figure 5H), and the maximum
value was 151 days.

Food Accumulation

Food accumulation is defined as the sum of the annual
food availability with a multiyear range from 0.68 x 10* to
536 x 10* mg C m3. The growth of the Yesso scallop is
not limited by temperature or food availability in the SGD, but
the higher the food availability, the faster the growth of the
scallop (Kooijman, 2010). FA can supplement the contribution

of the part of food availability higher than the half-saturation
coefficient of food (Xk) to biomass in the SGD. When the
bottom-water temperature is suitable and the food availability
is less than the Xk, the growth, maintenance, and weight-loss
of scallop are mainly limited by the food availability. Bottom-
water temperature limits the ingestion of the Yesso scallop in
RGD, and food availability also affects the growth of scallop.
The spatial distribution of FA was higher in the north of the
study area and lower in the south. The interannual variations
in FA were not obvious except northwest of the study area
(Figure 6). The range of FA greater than 4.5 x 10* mg C m™?
was the largest in 2013-2014 and the smallest in 2009-2010.
FA in the sea area south of Zhangzi Island is basically less than
2 x 10* mg C m™3, with little interannual difference, but the
lowest in 2009-2010.

Relationship Between Biomass and

Match-Mismatch Conditions
The BIO, SGD, RGD, and FA values were randomly selected
from 80% of the grid points in the study area from 2006 to

160
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20
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FIGURE 5 | Annual (A-K) and the multiyear average (L) of restricted growth days for the Yesso scallop (P yessoensis) in the Changhai sea area, China, from
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2017, and a parametric regression was carried out using the
least-square method:

BIO = 2.18 x SGD —1.01 x RGD + 1.80
x FA + 0.45 )

The BIO was highly correlated with the regression results
(R? = 0.95, P < 0.001) (Figure 7A). The remaining 20% of the
grid points were used to test the regression Eq. (2). A more
thorough assessment of simulation-regression agreement was
conducted quantitatively using the Taylor diagram (Taylor, 2001).
The regressed biomass of each year was highly correlated with
the BIO (r > 0.95, P < 0.001) (Figure 7B). Therefore, SGD,
RGD, and FA could be used to regress the annual biomass of the
scallops. SGD and FA contributed positively to biomass, while
RGD contributed negatively. The normalized coeflicient showed
that SGD played the main role in affecting spatial variation in the
BIO (Nan et al., 2021).

Reasons for Interannual Variation in

Biomass
There was a significant interannual variation in the regional
averaged BIO, CSGD, CRGD, and CFA from 2006 to 2017
(Figure 8). The BIO was the highest in 2013-2014 and the lowest
in 2009-2010. Based on the regression Eq. (2), SGD and FA
contributed positively to BIO, while RGD contributed negatively.
The interannual variations in CFA and CSGD were smaller than
CRGD, with an anomaly range of —0.07 to 0.06 g m~2, —0.04 to
0.03 gm~2,and —0.10 to 0.18 g m~2, respectively (Figure 8).
The correlation coefficients between the anomaly in the BIO
and the anomaly in the regressed biomass (Figure 9A), CSGD
(Figure 9B), CRGD (Figure 9C), and CFA (Figure 9D) were 0.73,
0.44, 0.77, and 0.29, respectively. The results of the correlation
analysis showed that the interannual variation in BIO in the
study area was mainly affected by RGD. Therefore, the growth
of the scallops could be estimated by the factors that caused the
interannual variation in RGD. RGD included RGDW and RGDS.
From 2006 to 2017, the range of the bottom-water temperature,
which was less than 0°C on February 1 and greater than 20°C on
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September 1 of each year, could be represented as ratios of grid
points in the range to total grid points in the study area as RAW
and RAS, respectively.

The correlation coefficients of RAW and RGDW (Figure 10,
red dot A) and RAS and RGDS (Figure 10, red dot B) were
0.91 and 0.77, respectively, indicating that the range of growth
restriction in each period could be used to indicate the change

in unsuitable growth days. The correlation coeflicients between
the RGD and RGDW (Figure 10, red dot E) and RGDS
(Figure 10, red dot F) were 0.96 and 0.19, respectively. This
shows that the RGD in the study area was significantly affected
by the RGDW. Further analysis of the correlation coeflicients
between RGD and RAW (Figure 10, red dot C) and RAS
were 0.87 and 0.48, respectively. Correlation analysis shows that
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FIGURE 9 | Correlation of the anomalies in simulated biomass and regressed biomass (A); CSGD (B); CRGD (C); and CFA (D) for the Yesso scallop (P yessoensis)
in the Changhai sea area, China. The black lines show regressed lines and the black solid line is the 95% confidence interval.

RAW could be used to characterize the interannual variations
in RGD. In other words, the interannual variation in BIO
could be inferred from the factors causing the interannual
variation resulting in a bottom-water temperature was less than
0°C on February 1.

Deducing Interannual Variation in the
Growth Ability of Scallop

The upward buoyancy flux at the air-sea interface (thermal
forcing), together with the strong wind stress (mechanical
forcing), generates turbulence and mixes the surface water with
the deeper water (Chu et al.,, 1997). In winter, the deepening
of the mixed layer (75 m in winter; Zhai et al, 2014) led
to the water mixed evenly in the NYS, and the seawater
temperature difference between the surface and bottom was
small (Zhai, 2018). Additionally, the bottom-water temperature
could be affected by the radiation flux, monsoon, and air

temperature (Chu et al.,, 2005; Royer, 2005; Qiao et al., 2011;
Li et al, 2015; Turner et al., 2017). The regional averaged air
temperature, surface net solar radiation, surface sensible heat
flux, surface net thermal radiation, and surface latent heat flux
were extracted for the study area in early winter (November
to next January). The correlation coefficients between the RAW
and air temperature in early winter, surface net solar radiation,
surface net thermal radiation, and the East Asian winter monsoon
index were —0.75, —0.22, 0.09, and 0.48, respectively. RAW
is closely related to the air temperature in the early winter
and the East Asian winter monsoon index because the mixed
layer is at its deepest (it usually fills the whole water column)
during winter owing to both convection and wind mixing
by the strong northeast monsoon winds (Chu et al, 1997).
The air-sea heat budget at the sea surface is dominated by
the incoming solar radiation balanced by latent and longwave
heat energy loss (Chu et al, 2005). Further analysis of the
correlation between the RAW with sensible heat flux and
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FIGURE 10 | Taylor diagram comparing the temperature when the
bottom-water temperature was less than 0°C in winter (RGDW) (blue dot) and
when the bottom-water temperatures were less than 0°C on February 1
(RAW) (red dot A); when the bottom-water temperature was greater than
20°C in summer (RGDS) (blue dot) and when bottom-water temperatures of
more than 20°C on September 1 (RAS) (red dot B), restricted growth days
(RGD) (blue dot) and RAW (red dot C), RGD (blue dot) and RAS (red dot D),
RGD (blue dot) and RGDW (red dot E), and RGD (blue dot) and RGDS (red
dot F), respectively, for the Yesso scallop (P yessoensis) in the Changhai sea
area, China.

latent heat flux showed the correlation coeflicients of —0.90
and —0.78, respectively. It was observed that the stronger
the prevailing northerly wind was in winter, the greater the
decrease in air temperature. The greater the air temperature
decrease in the study area, the more heat is lost from the
seawater, resulting in a decrease in seawater temperature. In
early winter, the whole water column is uniformly cooled (Chu
et al., 2005) and the more the seawater temperature decreases,
the bigger the RAW. Based on this analysis, regional averaged
air temperature in early winter can be used to characterize
the variations in RAW. Moreover, RAW has a significant
correlation with the regional averaged RGDW. Consequently,
regional averaged air temperature in early winter can be directly
correlated with RGDW (r = 0.84). In the previous section, we
showed that RGDW is significantly related to RGD. Therefore,
the regional averaged air temperature in early winter can
be used to indicate the interannual variations in the growth
ability of scallops.

Notably, this study assumed that the bottom-culture mode is
adopted in the whole of the Changhai sea area and the same
size of the scallop is sown evenly in each grid point, without
considering the influence of different culture modes. There are
11 years of data (air temperature in early winter, RAW, RGDW,
and RGD) as samples have been used to correlate. We hope
that through the follow-up research can continue to expand the
number of samples, to obtain more reliable results.

CONCLUSION

Under the premise of uniform seeding with scallops of the same
size, the interannual variation in the growth of the scallops was
simulated and analyzed by the YeSCE model in the Changhai
sea area. The biomass of the bottom-cultured Yesso scallop
could be expressed well linearly using SGD, RGD, and FA.
SGD contributed the most to the spatial variations in biomass,
but the interannual variations in the biomass were mainly
affected by the RGD. The interannual variations in RGD were
significantly correlated with RGD in winter. The RAW areas
could characterize the interannual difference variations in RGD.
The deepening of the mixed layer in winter makes the water mix
evenly and maintains the uniform temperature at the surface and
the bottom. Consequently, the regional averaged air temperature
in the early winter could be used to predict the interannual
growth in the bottom-cultured Yesso scallop, which could be
useful for disaster warning and prevention of damage to the
scallops. In this study, the interannual variations in bottom-
cultured Yesso scallop biomass are discussed based on the two
main influencing factors, namely, bottom-water temperature and
food availability. However, the growth of the Yesso scallop is
also affected by scallop density, disease, acidification, and other
factors, and further research should be carried out in the future.
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