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Editorial on the Research Topic

Blue foods security and sustainability
Blue foods, encompassing aquatic foods sourced from marine and freshwater

environments, serve as a cornerstone of global nutrition and food security. They offer an

accessible and affordable supply of protein and essential micronutrients to over 3.2 billion

people worldwide, while also sustaining the livelihoods of 600 million individuals and

providing employment to 58.5 million workers (FAO, 2022). As such, blue foods are

intrinsically linked to the achievement of several Sustainable Development Goals (SDGs),

particularly those focused on ending hunger, ensuring healthy lives, and promoting

sustainable economic growth. The remarkable surge in blue food production, from 19.9

million tons in 1950 to 214 million tons in 2020 (FAO, 2022), further underscores their

growing significance within the global food landscape. Despite this growth, however,

persistent hunger remains a significant global issue. Adding to the problem is the fact that

28.9 percent of the global population remained moderately or severely food insecure in

2023 (FAO et al., 2024), highlighting the need for continued expansion of blue food

production to meet future demands.

The rapid expansion of aquaculture and fisheries, however, has introduced

significant ecological and environmental challenges including biodiversity loss,

pollution, and habitat degradation. These issues are compounded by the impacts of

climate change, ocean acidification, and other environmental stressors, which threaten

the sustainability of blue food systems. Despite these challenges, blue foods remain a

critical component of sustainable food systems and offer a lower environmental

footprint compared to terrestrial animal-sourced foods. Addressing the ecological and

environmental impacts through innovative practices and sustainable management is

essential to ensure that blue foods can continue to contribute to global food security and

environmental resilience.
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1 Current research landscape

The articles in this Research Topic explore various aspects of

blue food security and sustainability, ranging from environmental

impacts and climate change to innovative management strategies

and technological advancements.
1.1 Impact on and by the environment
and ecology

Several articles provide key data on how blue food production

can both contribute to and be affected by ecological and

environmental change. The study on atmospheric CO2 emissions

from bottom trawling (Atwood et al.) highlights the impact of

fishing practices on carbon release and ocean acidification,

emphasizing the need for sustainable management strategies.

Another article (Bu et al.) examines the eutrophication effects of

mariculture in Sansha Bay, demonstrating how nutrient

management practices can influence ecosystem health. More

importantly, a long-term observation on Fukushima-derived

radiocesium (Lin et al.) provides critical insights into the

persistence and distribution of radiocesium in marine ecosystems.

It highlights the importance of ongoing monitoring to assess the

impact of environmental contamination (especially nuclide

content) on blue food safety.
1.2 Climate change and adaptation

Climate change poses a significant threat to blue food

production. The impacts of climate events on fish life history

parameters (Hong et al.) underscore the need for adaptive

management strategies to ensure the resilience of fisheries.

Similarly, the study on Pacific oyster mortality (Mackenzie et al.)

explores nature-based solutions to enhance resilience to

environmental stressors, offering insights into sustainable

aquaculture practices. The research by Shang et al. also indicates

that by simply modulating the temperature could help to optimize

the utilization of diatoms as an aquatic feed source. The findings

underscore the potential of diatoms as a high-quality aquafeed and

lay the foundation for its success in ocean warming scenarios.
1.3 Technological innovations and
sustainable practices

Technological advancements and innovative management

practices are crucial for enhancing the sustainability of blue foods.

1.3.1 Breeding and hatchery technologies
The work on hatchery release frameworks (Zhang et al.), and

mass production of mola seed (Rajts et al.) offers valuable insights

into improving the sustainability and nutritional value of
Frontiers in Marine Science 026
aquaculture systems. These studies suggest that enhancing

broodstock management and developing standardized breeding

techniques are essential for promoting sustainable aquaculture

practices that can meet the growing demand for blue foods.

1.3.2 Genetic or molecular approaches
The development of a controllable fertility switch in

zebrafish (Shi et al.) offers a promising tool for managing the

genetic aspects of aquaculture, supporting both productivity and

sustainability. Zheng et al. also identified numerous differentially

expressed genes (DEGs) related to immune function that can

serve as the basis for subsequent immune response analysis of

allotransplantation and xenotransplantation. In situ labeling

technology, such as calcein (Gao et al.), can act as a promising

and low-hazard method to monitor the proliferation, release, and

resource conservation of shellfish in tidal flats.

1.3.3 Integrate macro-scale monitoring and
management approaches

The use of Geographic Information System (GIS) and remote

sensing to evaluate aquaculture suitability (Li et al.) highlights the

potential of technology integration in optimizing production and

minimizing environmental impacts. Integrating large-scale

monitoring techniques into the surveillance of field aquaculture

activities has also helped to address the challenge of quantifying

plastic loads in aquaculture (Tian et al., 2022).

1.3.4 Nature-based solutions
The development of nature-based solutions to enhance the

resilience of aquaculture species is another key area of research. It

has been highlighted in several studies, particularly in relation to

population connectivity (Close et al.), mitigation of eutrophication

(Bu et al.), natural aquafeed production, and intertidal farming

(Mackenzie et al.). The connectivity study on scallops in the Irish

Sea demonstrates how understanding larval dispersal and population

dynamics can inform more effective fisheries management strategies.

The research by Bu et al. on Sansha Bay shows how mariculture can

exacerbate eutrophication, suggesting that integrated management

approaches are necessary to balance production with environmental

health. Mackenzie et al. demonstrates how intertidal farming can

improve the resilience of Pacific oysters to summer mortality

syndrome, suggesting that partial culture in the intertidal zone

could be an effective strategy for mitigating the impacts of

environmental stressors on aquaculture species.
1.4 Socioeconomic and policy dimensions

Ensuring that the benefits of blue food security are equitably

distributed is another significant challenge. The research on shellfish

mariculture in China (Gu et al.) and the suitability of oyster

aquaculture (Li et al.) suggests that market demand and socio-

economic factors play a crucial role in the sustainability of blue food

systems. Policymakers must consider these factors when designing
frontiersin.org
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and implementing regulations to support sustainable blue

food production.
2 Challenges and opportunities

2.1 Balancing growth with
environmental sustainability

The rapid expansion of blue food production presents

challenges related to biodiversity loss, environmental pollution,

and habitat degradation. Addressing these issues requires a

comprehensive understanding of the interactions between blue

food systems and their environments. Further research should

focus on developing sustainable practices that balance production

growth with environmental conservation.
2.2 Climate change adaptation
and mitigation

The impacts of climate change on blue food systems necessitate

adaptive management strategies to ensure resilience. This includes

developing climate-resilient species and practices, as well as

exploring the potential of blue foods in carbon reduction and

sequestration. Collaborative efforts across disciplines are essential

to address the complex challenges posed by climate change.
2.3 Technological advancements
and innovations

Technological innovations offer significant opportunities to

enhance blue food security and sustainability. Advances in

breeding techniques, genetic manipulation, ecosystem modelling,

and integrated resource management approaches can improve

production efficiency and reduce environmental impacts.

Continued investment in research and development is crucial to

harness the potential of technology in blue food systems.
2.4 Policy and governance

Effective governance and policy frameworks are essential for

promoting sustainable blue food systems. This includes

implementing regulations that address overfishing, habitat

protection, and pollution control. Collaborative governance models

that involve stakeholders at all levels can foster sustainable practices

and ensure equitable access to blue food resources.
Frontiers in Marine Science 037
3 Conclusion

The research on blue foods security and sustainability highlights

the critical role of aquatic foods in addressing global food security

challenges. The articles in this Research Topic provide valuable

insights into the environmental, technological, and policy

dimensions of blue food systems. By advancing our understanding

of these issues, we can develop strategies that promote the sustainable

growth of blue foods, to ensure their continued contribution to global

food security and environmental sustainability.
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Bilin Liu3 and Xuefeng Wang1*
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China is one of the major mariculture countries for shellfish in the world and

provides more than 70% of the total global shellfish production. However, there

is limited knowledge of the potential driving factors of the ecosystem service

value of mariculture shellfish in China. Understanding what factors and how they

drive the ecosystem can provide reference for further improving the ecosystem

service value of mariculture shellfish, which is both theoretically and practically

important for promoting the development of marine fishery economy in China.

In this study, data of six major mariculture shellfish species in nine coastal

provinces of China from 2009 to 2020 were analyzed using a structural

equation modeling approach to quantify the effects of resource distribution

characteristics and market demand on the ecosystem service value of

mariculture shellfish in China. The results indicated that both resource

distribution characteristics and market demand are important driving factors of

the ecosystem service value of mariculture shellfish in China. Specifically, from

the perspective of path coefficient, market demand plays a more important role

(0.58) than resource distribution characteristics (0.36) in influencing the

ecosystem service value of mariculture shellfish in China. Therefore, the

research results for shellfish marine culture can be summarized as: (1) to

actively respond to changes in shellfish market demand, (2) to enhance

development planning for coastal shellfish cultivation area, and (3) to

strengthen systematic management of mariculture shellfish resources. Results

of this study could provide theoretical support and serve as a basis for promoting

sustainable development of shellfish culturing industry and fisheries economy

in China.

KEYWORDS

China, ecosystem service value, mariculture shellfish, marine fisheries resources,
structural equation modeling
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1 Introduction

China is one of the major mariculture countries in the world,

with more than 70% of the total global mariculture production (Dai

et al., 2022). With the exploitation of marine biological resource,

mariculture has become the core industry in the “Blue Granary”

project (Zhao, 2021). Nowadays the promising development of

mariculture is not only essential for improving residents’ dietary

structure, but also important for maintaining food security to

humans (Liu et al. , 2022). The Food and Agriculture

Organization of the United Nations (FAO) predicted that

mariculture products would become the main source of food

worldwide in the next fifty years (The State of World Fisheries

and Aquaculture 2022, 2022). Shellfish mariculture is playing an

increasingly important role in relieving the pressure of food

demand, compensating for global food shortages, and increasing

the income of fishermen (Gomes et al., 2017). Meanwhile, the

development of mariculture shellfish products has not only

brought significant economic benefits to China, but also

promoted the trade cooperation among China, ASEAN, and the

coastal countries of “the Belt and Road” (Noman et al., 2018; Zhang

and Li, 2022). The production and trade of mariculture shellfish

products have been rapidly increasing in China (Zhang et al., 2021).

As of 2020, China’s mariculture shellfish production has reached

14.8 million tons, accounting for 83.67% of the total global

production (The State of World Fisheries and Aquaculture

2022, 2022).

During the expansion process and intensification of shellfish

mariculture practices in China, there is also an increase of stress

level on the limited carrying capacity of coastal marine ecosystems

to afford the increasing mariculture space or density and market

demand (Liu et al., 2022; Yan et al., 2022). Identifying the

constraints and key factors can provide clues for improving

ecosystem service value of mariculture shellfish in China (Cao

and Yang, 2022). In 2021, Chinese government proposed to

develop marine economy as one of the goals for the “14th Five-

Year Plan” and “2035 Long-Term Goal” (Liu and Li, 2023). The

exploitation of marine resources has become a hotspot for

economic development with the orientation from high-speed

development to high- quality development (Wang et al., 2021).

Therefore, enhancing the core competitiveness of the shellfish

industry is of great importance for promoting high- quality

development of the marine economy in China (Yang and

Chen, 2022).

Core competitiveness is an important evaluation indicator for

measuring the level of industrial development (Nguyen et al., 2022).

Many studies have analyzed the competitiveness of Chinese

fisheries by using relevant indicators such as resource distribution

characteristics coefficient, international market share, and trade

complementarity index (Feng, 2019). Based on Porter’s diamond

model, Zhao et al. suggested that the competitiveness of marine

fisheries is mainly influenced by basic production, market demand,

related enterprises, and social environment (Yang and Chen, 2022).

Shan et al. examined the competitiveness of marine fisheries across

countries, and measured the resource distribution characteristics
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coefficient and the dominant comparative advantage index of

Chinese fisheries catch, and concluded that Chinese fisheries were

facing challenges in the utilization of resource distribution

characteristics and the implementation of marine environmental

protection (Shan and Jiang, 2005). However, these studies mainly

focused on the point-to-point direct relationships, but overlooked

the relationships of dependent variables and lacked a

comprehensive perspective (Zhang et al., 2019). Therefore, it is

imperative to choose suitable statistical approaches to determine the

potential driving factors of the ecosystem service value of

mariculture shellfish in China. As a novel and promising

modeling approach, structural equation model (SEM) integrates

path analysis with multiple factor analysis (Yang et al., 2018; Lai

et al., 2022a; Ou et al., 2022). Compared with traditional statistical

methods, SEM can not only reveal the interrelationship and

strength of individual influencing factors, but also fit and evaluate

the overall model, thus providing a more comprehensive

understanding of the underlying mechanisms that affect response

variables (Cao et al., 2020). SEM has been applied in psychology,

economic management, social behavior, and other fields (Du et al.,

2015), but there is little research reported on fisheries management

(Zhang et al., 2022).

The objective of this research is to quantify how the potential

driving factors influence the ecosystem service value of mariculture

shellfish in China. The SEM approach was used to analyze the

influencing factors and construct a path map. Results of this study

could provide theoretical support for improving the ecosystem

service value of China’s mariculture shellfish industry, and also

serve as a basis for promoting the sustainable development of

marine fisheries in China.
2 Materials and methods

2.1 Data sources

According to the current distribution of mariculture shellfish

industry in China, six major mariculture shellfish species (oyster,

ark clam, mussel, scallop, clam, and razor clam) in nine coastal

provinces (Liaoning, Hebei, Shandong, Jiangsu, Zhejiang, Fujian,

Guangdong, Guangxi, and Hainan) from 2009 to 2020 were

analyzed. All the historical data were derived from China Fishery

Statistical Yearbook (Fishery Bureau of Ministry of Agriculture and

Rural Affairs of China (2010–2021)). The original data were

transformed with log10 function before analysis, and the records

with missing or invalid values were excluded. There 105 sets of valid

data were finally pooled to the SEM analysis (S1).
2.2 Variable selection

The elements of marine production can be optimized in

different proportions in spatial form in the market economy, and

the optimizing process will update the layout of the whole marine

industry (Wei et al., 2021). The mariculture shellfish industry in
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China is mainly dependent on natural conditions (Zheng et al.,

2020; Liu et al., 2022).The area suitable for cultivating shellfish and

hatching with more fisheries practitioners are mainly distributed in

coastal area (Liu and Li, 2023). The advantages of regional resource

distribution characteristics underpin the spatial pattern of the

mariculture shellfish industry in China (Zhang et al., 2004). The

competitive advantage mostly depends on the market demand (Cao

and Yang, 2022), the greater competitiveness indicating that more

domestic and foreign market share, (Gao et al., 2018).

The ecosystem service value of mariculture shellfish (fishery

output value herein) depends on factors as follow: resource

distribution characteristics (shellfish mariculture production,

shellfish mariculture area, shellfish seeding, fishery practitioners)

and market demand (aquatic products import volume and export

volume) (Chen et al., 2012; Miao et al., 2014).Therefore, this study is

to build a model to assess the roles of factors affecting the ecosystem

service value of mariculture shellfish (Jacobucci et al., 2016). Three

latent variables were included: the ecosystem service value of

mariculture shellfish, the resource distribution characteristics, and

the market demand (Table 1). Two hypotheses have been proposed

to explain which factor has a positive impact on the ecosystem

service value of mariculture shellfish:

H1: Resource distribution characteristics.

H2: Market demand.
2.3 Model building

2.3.1 Data processing
Due to the different units of the variables in this study, the

data were log10-transformed before conducting statistical

analysis. Values of the indices were standardized to the same

order of magnitude, and 105 sets of standardized data

were obtained.
2.3.2 Model structure and configuration
In this study, structural equation modeling was used to

determine the weight of factors influencing the ecosystem service

value of mariculture shellfish in China (Yang et al., 2018). The

principal goal of SEM is to develop models to evaluate and represent

the underlying causal processes (Li et al., 2018; Ma et al., 2022). So,

the measurement model and structural model can be constructed
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based on the relationships between variables (Fox, 2006; Zhao and

Zhu, 2014; Wang et al., 2022).

h = Bh + Gx + z (1)

X = ∧ xx + d (2)

Y = ∧ yh + ϵ (3)

Equation (1) is the structural model, in which h is the endogenous

latent variable; x is the exogenous latent variable; B and G are coefficient

matrices; and z is an error term. Equations (2)and (3) are both

measurement models, in which Y represents the measurable variables

for the endogenous latent variable; Ly is the correlation coefficient

matrix between the endogenous latent variables and their measurable

variables; ϵ represents measurement errors; X represents the

measurable variables for the exogenous latent variables; Lx is the

correlation coefficient matrix between the exogenous latent variable

and its measurable variables; and d represents measurement errors.

According to the above hypothesis, resource distribution

characteristics, market demand and ecosystem service value of

mariculture shellfish in China were regarded as the latent

variables, which were described using 7 measured variables. In

summary, the first endogenous latent variable (the ecosystem

service value of mariculture shellfish in China) was described by

one measured variable (fishery output value). The second

exogenous latent variable (resource distribution characteristics)

was described by four measured variables (shellfish production,

Shellfish seeding, fishery practitioners, shellfish mariculture area).

The third exogenous latent variable was market demand, expressing

as the aquatic products export value and the aquatic products

import value. The model was established by using the R “Lavaan”

package, of which the maximum-likelihood estimation method was

used (Fan et al., 2016; Kline, 2016; Li et al., 2022; Shi et al., 2022).

2.3.3 Model fitting and assessment
The model fit index is a statistical indicator that examines how

well a theoretical structural model fits the data. The model fit

indices of distinct categories can be measured for model complexity,

sample size, relativity, and absoluteness. Therefore, the following

seven commonly used indicators were selected (Yuan et al., 2017).

Chi square test (X2), the model has a good fitting effect when P

value > 0.05.
TABLE 1 The indicator variables in structural equation model.

Indicator Classification Latent Variable Observations Variable

Result Metrics Ecosystem service value of mariculture shellfish Fishery output value

Influencing Factor Measurements Resource distribution characteristics Shellfish mariculture production

Shellfish mariculture area

Shellfish seeding

Fisheries practitioners

Market demand Aquatic products export volume

Aquatic products import volume
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Goodness of Fit Index (GFI). The more GFI approaches to 1, the

better the model fits the data. GFI > 0.900 is usually used as

the threshold.

Relative Fit Index (RFI). RFI > 0.90 is considered acceptable.

Comparative Fit Criterion (CFI) is between 0 and 1. CFI equals

1 if the model fits the data perfectly.

Standardized Root Mean Square Residual (SRMR) is like

RMSEA and should be< 0.09 for a good model fit.

Tucher Lewis Index (TLI) is a non-normed fit index, TLI > 0.90

is considered acceptable.

Root Means Square Error of Approximation (RMSEA) can

overcome the drawback of the overall different value influenced

by the estimated parameters in model validation. RMSEA is less

than 0.05 when the fitness of the model is good. RMSEA is higher

than 0.1 when the fitness of the model is bad, and modification is

needed. RMSEA between 0.050 and 0.100 means that the model is

not much satisfied but acceptable.
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3 Results

3.1 Spatiotemporal characteristics of
mariculture shellfish

The distribution of mariculture shellfish along the coast of

China showed an overall agglomeration trend (Figure 1)

characterized with high at both ends and low in the middle.

Provinces including Shandong, Fujian, Liaoning, and Guangdong

were the main high-yield coastal provinces, accounting for 80% of

the coastal provinces, with 44.08 million tons, 31.41 million tons,

26.31 million tons, and 22.51 million tons, respectively. The

production of mariculture shellfish in Shandong Province

accounts for over 25% of the total national.

The overall area of shellfish mariculture decreased significantly

in 2016, with a slight downward trend thereafter. Since 2009,

Liaoning Province and Shandong Province had consistently
FIGURE 1

The indicators shellfish production, mariculture area, shellfish seeding, fishery practitioners of resource distribution characteristics of mariculture shellfish
in China. The map color saturation represents the shellfish mariculture production, and the histogram color distinguishes different indicators.
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ranked in the top two, while the mariculture area in Hainan

province was relatively small. The top three provinces in terms of

shellfish seeding were Fujian, Zhejiang, and Shandong Province,

with input exceeding 25 million tons from 2009 to 2020. Since 2016,

the number of shellfish seedings in Hainan Province had been

increasing annually (with an increase rate of 17%), while the

number of shellfish seedings in Guangdong Province had been

decreasing, far below the average level. Although Fujian Province

ranked first in the number of shellfish seedings, the mariculture area

was comparatively small. As the primary industry, fisheries in

Fujian, Shandong, and Liaoning provinces had attracted more

fishery practitioners. In 2020, the number of fishery practitioners

reached 490 000, accounting for 40% in coastal areas.

The overall shellfish mariculture had been in rapid developing

nationally, which was shown in indices such as fishery output value,

and the import and export volume of fishery products, with a

decline in fishery output value only in 2011 (Figure 2). Both the

volume of import and export of fishery products had declined since

2019, partly due to the Covid-19 pandemic.

The differences in fishery output value between provinces was

shown in Figure 3. The highest fishery output value with a

continuous upward trend in Shandong, Fujian, Guangdong, and

Liaoning provinces contributed substantially to the northern and

southern marine economic zones. The import and export volume of

aquatic products had shown an growth trend in all though varied in

some year. The top four provinces of export volume were Fujian,

Shandong, Guangdong, and Liaoning, while the top four provinces

of import volume are Shandong, Liaoning, Guangdong, and Fujian.

In recent years, the development of fisheries in Fujian Province had

been more and more prominent, and the gap between imports and
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exports after 2016 expanded, with a difference of 3.88 million

dollars in imports and exports in 2020. The neighboring province

Jiangsu was slower than Fujian, and the export volume in 2020 is

less than 20% of Fujian Province.
3.2 Model validation

3.2.1 Multivariate cross correlation
Mariculture shellfish production showed high correlation

(r=0.86) with the mariculture area (Figure 4). The correlations

between the import and export volume of aquatic products and the

production of mariculture shellfish, as well as the fishery

practitioners, had reached over 0.65. Both the significant increase

in the production of mariculture shellfish and the fishery

practitioners had greatly promoted the development of the import

and export scale of aquatic products.

3.2.2 Goodness-of-fit test
The SEM for the ecosystem service value of mariculture shellfish

in nine coastal provinces of China were successfully built. The

multiple parameter evaluations were conducted for the SEM, and all

met the standards (Table 2): P = 0.104, GFI = 0.972, RFI = 0.958,

CFI = 0.995, TLI = 0.981, RMSEA = 0.085, SRMR = 0.023. The

minimum acceptance criteria for RMSEA< 0.90 and SRMR< 0.08,

respectively, and all of this measurement model fitness met the

critical value requirements. Therefore, the model fitting evaluation

met the standards, indicating that the indicator system and logical

relationship of the three latent variables were reasonable

and reliable.
FIGURE 2

The trend of fishery output value, and the import and export volume of fishery products in China’s coastal provinces from 2009 to 2020.
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3.3 Path graph on SEM

As for the direct effects, the correlation coefficients between the

ecosystem service value of Chinese mariculture shellfish and

resource distribution characteristics, as well as market demand,

were 0.36 and 0.58 respectively. It indicated that the impact of

resource distribution characteristics and market demand on the

ecosystem service value was significant. Among them, the

competitive advantage of Chinese mariculture shellfish in terms

of market demand was the most prominent (Figure 5).

The correlation coefficients between the latent variable resource

endowment and the observed variables of shellfish yield,

mariculture area, shellfish seeding, and fishery practitioners with

were 0.87, 0.69, 0.73, and 0.86, respectively. The correlation

coefficients between the latent variable market demand and the

observed variables aquatic product export volume, import volume,

were 0.90 and 0.99, respectively. The correlation coefficient between

the observed variable total fishery output value and the ecosystem

service value of Chinese mariculture shellfish was 1.00. Meanwhile,

the correlation coefficients of mariculture area had a negative
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impact on the number of fishery practitioners and the export

volume of aquatic products with correlation coefficients of -0.41

and -0.22, respectively. In summary, the seven observed variables

had a positive and significant impact on the three latent variables.
4 Discussions

4.1 Resource distribution characteristics of
mariculture shellfish in China

China holds the Yellow Sea, the Bohai Sea, the East China Sea and

the South China Sea, which are rich in marine resources and large scale

of mariculture (Lai et al., 2022b), which is the basis for the ecosystem

service value of Chinese shellfish products (Niu, 2015). In terms of the

scale of Chinese mariculture industry, shellfish is the most important

sector in both mariculture area and the correlation coefficients between

the observed variables of production. This study found that the total

area of mariculture in China in 2020 was 1995.55 thousand hectares, of

which 1197.41 thousand hectares were used for shellfish culturing,
FIGURE 3

The indicators fishery output value, import volume, and export volume of market demand of mariculture shellfish in China. The map color saturation
represents the fishery output value, and the histogram color distinguishes different indicators.
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accounting for approximately 60.01%. Owing to the increasing

production capacity, the production of mariculture shellfish reached

14.8 million tons in 2020, accounting for 83.67% of the global total

(Teng et al., 2021).
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The shellfish seedlings/hatchery is vital for the development

mariculture industry (Bai et al., 2022). Compared with the step-by-

step growing trend of mariculture shellfish production, the quantity

of shellfish seedings varied rather largely. At present, the specific
TABLE 2 The goodness-of-fit test results of structural equation model.

P GFI RFI CFI RMSEA SRMR TLI

Model 0.104 0.972 0.958 0.995 0.085 0.023 0.981
FIGURE 5

Path diagram based on structural equation model. The ellipses represent latent variables. The variables in the rectangle are observation variables. The
value on the arrow line is the Pearson correlation coefficient.
FIGURE 4

Pearson correlation heatmap among all indicators.
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shellfish breeding institutions and seed farms for advanced

biological technical application are still insufficient in China, with

only some such farms established in Zhejiang, Jiangxi, and Hunan

provinces (Guan et al., 2022). The introduction of improved

varieties can quickly form new industrial clusters and play a huge

role in promoting industrial development (Tang et al., 2022). In

addition, farmers will transfer the shells from the south to north, or

from north to the south in coastal waters to provide more preferred

habitats for shells rapid growth, intending to making more profit

(Lai et al., 2022b). The transfer of shells during process of culturing

possibly cause potential threats such as confusion in genetic

background and a deficiency of high-quality large-sized seedlings

(Lai et al., 2022b). In such situations, the quality of shell seeding are

more dependent on local breeding selection or the introduction of

foreign seed-parent (Liu et al., 2020). From the perspective of

germplasm resources protection, both updating the cultivation

technology and optimizing the infrastructure of shellfish seedling

are fundamental to high-quality development of fishery (Wang and

Han, 2017). For example, the NSSP of the United States has detailed

research results in shellfish seedling planning and breeding, and has

established a set of shellfish seedling quality control system (van

Senten et al., 2020).

The mode of mariculture in coastal area of China is also in

ungrading (Feng et al., 2004). The overcrowded shellfish

mariculture in coastal waters have posed threats on wetlands and

product quality/food safety (Jiang and Mu, 2022; Tian P. et al.,

2022). In 2015, China endeavored to rectify the mariculture

environment and cleared a large number of illegal mariculture

area (Jiang et al., 2021). After 2017, the implementation of the

“13th Five-Year Plan” and the rapid advancement of marine

development activities (Liang et al., 2018). Due to the saturated/
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over saturated of the shellfish culturing capacity, and the area of

shellfish mariculture is facing the trend of shrinkage (Gu et al.,

2022). Therefore, countermeasures are imperative to improve the

capacity of mariculture shellfish (Figure 6) (Liang et al., 2018).

Marine ranching is potential and an effective means to alleviate the

deterioration of the coastal environmental pollution and the decline

offishery resources (Suo et al., 2023). It’s also important to fulfill the

marine ecological civilization (Zhou et al., 2019). Additionally, the

utilization of mudflat for shellfish culture is also promising (Meng

and Feagin, 2019). Mendoza et al. assessed the coastal protection

capacity of the mudflats and proposed the Coastal Resilience Index

from Remote Sensors (CRIfRS) method to improve the coastal

protection capacity of mudflats (Bian et al., 2020; Mendoza et al.,

2022). The protection of coastal mudflats and wetlands is helpful to

solve the “saturation” of coastal area, but also to develop a rising

ecological industry (Cui L. et al., 2022).

In addition, the number of fisheries practitioners has been

increasing accordingly with the expansion of mariculture. The

experienced culturing personnel are irreplaceable in the

development of the whole industry (Xu and Gao, 2022). Although

the coastal governments provide financial support for mariculture

research, the overall amount of investment is still insufficient (Miao

et al., 2023). In recent years, the aquatic seed industry is causing

wide concerns of fisheries management agencies, researchers and

farmers (Zhang, 2016; Hu et al., 2020). The sustainable

development of shellfish industry in China depends on the

integration of scientific research, culturing technique and

management strategies (Li, 2019; Chen, 2022). The EU Common

Fisheries Policy established the scientific committee system for

marine fisheries, offering scientific supports on fisheries

development (Jensen et al., 2014).
FIGURE 6

Framework proposed based on the research on the ecosystem service value of mariculture shellfish in China.
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4.2 Market demand of mariculture
shellfish in China

The growing demand for aquatic products in China

significantly influenced the development of the global seafood

market (Li et al., 2011; Peng et al., 2021). China’s fishery

economy reached as high as 400,482 billion dollars in 2020. This

study showed that China’s import and export of aquatic products

amount to 34,606 billion dollars in 2020 (The State of World

Fisheries and Aquaculture 2022, 2022).

The mariculture shellfish has strong international

competitiveness in China (Zhang et al., 2004). In 2011, there were

158,500 tons of shellfish exported in China, accounting for 25.07%

of the world’s total shellfish exports, which made China the world’s

largest shellfish export country. The quality and added-value of

shellfish products in China still needs to be improved (Feng, 2019).

Tan et al. quantitatively analyzed the competitive advantages and

market share of Chinese shellfish trade (Tan et al., 2020). Despite

the huge scale of mariculture shellfish industry in China, the

mariculture structure of shellfish “high at both ends and low in

the middle” still has gaps in meeting the demands for consumers

(Tan et al., 2020). The shellfish industry tends to be low-level and

redundant, with making profit as the single target (Niu, 2015; Miao

et al., 2021).

The results of the study showed that aquatic products trade

contributed to the rapid development of marine economy in coastal

area, though the culturing industry was scattered and unbalanced in

terms of regional distribution (Xu and Yang, 2022). The

characteristics of regional distribution implies that the

development of shellfish industry in China should be market

oriented, i.e. the quality/seafood security of shellfish quality is top

important and the quantity is subsequent. So the utilization of

culturing coastal waters and culturing technique, culturing species

are fundamental to the supply of shellfish (Wang and Somogyi,

2019). Additionally, increasing the shares in the international

market of shellfish products is also an essential part of

competitive advantage (Figure 6) (Li, 2019; Wang and

Somogyi, 2019).

Fisheries management strategies should be made according to

the characteristics of shellfish industry. The first priority for regions

with abundant shellfish should increase their shares in international

market (Li et al., 2011), and for other regions should increase the

sustainable utilization of culturing area (Ferreira et al., 2007; Meng

and Feagin, 2019; Su et al., 2020; Lyu et al., 2022). Meanwhile, to

alleviate the global risks such as COVID-19 on shellfish marine

culture industry, the whole supply chains needs to be strengthened

from shell seeds breeding to culturing technique and the products

market (Zhang and Ma, 2022).
5 Conclusion

This study investigated the potential driving factors of the

ecosystem service value of mariculture shellfish in China using

data of six mariculture shellfish species in nine coastal provinces of
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China from 2009 to 2020. The SEM approach was used to quantify

the impacts of resource distribution characteristics and market

demand on the ecosystem service value of mariculture shellfish in

China. The results indicated that both resource distribution

characteristics and market demand are important driving factors

of the ecosystem service value of mariculture shellfish in China.

Specifically, from the perspective of path coefficient, market

demand plays a more important role than resource distribution

characteristics in influencing the ecosystem service value of

mariculture shellfish in China. Future directions would be to

incorporate the import and export volume of fisheries products as

a response variable to market demand, although such import and

export volume data are still limited. Results of this study could

provide theoretical guidance for improving the competitiveness of

China’s mariculture shellfish industry, and serve as a basis for

promoting the development of marine fisheries economy and

supporting the sustainability of marine resources and coastal

ecosystems in China.
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1 Hatchery release

Hatchery release is a method of breeding fingerlings in artificial environments and then

releasing them into natural water bodies (Kitada, 2018). Commonly, the application

scenario of hatchery release is categorized into five types in a sequence ranging from the

most production-centered to the most conservation-oriented aims: culture-based fisheries,

stock enhancement, restocking, supplementation, and reintroduction (Lorenzen et al.,

2021). Over the past century, hatchery release has been widely used as a tool to enhance,

restore, and rebuild fishery resources (Blaxter, 2000; Svåsand et al., 2000). In their update to

the responsible approach to marine stock enhancement, which integrated biological,

economic, social, and governance aspects of captive propagation programs, Lorenzen

et al. (2010) established the implementation framework of hatchery release (Lorenzen et al.,

2010). However, the public and scientific community are still concerned about the

effectiveness and sustainability of hatchery release initiatives, especially in light of

assessments that suggested that many programs have not achieved the desired outcomes

(Johnsson et al., 2014; Näslund, 2021). A contrasting perspective is that hatchery release is

implemented at a large scale in several countries and these programs should not be

cancelled lightly until other tools are demonstrated to be more effective in restoring fishery

resources (Armstrong and Seddon, 2008; Taylor et al., 2017). To say the least, there is no

necessity to abolish the activity that supports livelihood fisheries (especially in developing

countries) and is endowed with a cultural or religious significance (e.g., the Buddhist

practice of releasing fish) (Lorenzen et al., 2010). The alternative and maybe more sensible

course of action is to identify potential problems existing in hatchery release and find

effective approaches to solve them (Brown and Day, 2002).
2 Problems with hatchery release

From the perspective of biology, the main problems of hatchery release fall into the

following categories. Firstly, the fitness of released fish is low. Regardless of the hatchery

release application scenario, the primary objective is that the released fish can survive in the
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wild (Wiley et al., 1993). If a released fish is not expected to survive

in the wild, it undoubtedly undermines their most basic right to life

and welfare (Brown and Day, 2002). The reasons for the low fitness

of hatchery fish are mainly low behavioral adaptability and severe

stress responses caused by release procedures (Näslund, 2021).

Compared to wild fish, hatchery fish have poor predatory and

anti-predatory abilities, tend to behave boldly and rigidly, are

equipped with weak competitive ability in natural environments,

and express low behavioral flexibility and diversity (Salvanes and

Braithwaite, 2006). These differences between wild fish and

hatchery fish originate from ontogenetic and genetic mechanisms

(Olla et al., 1998). The ontogenetic deficiency is directly caused by

the great differences in the structural, social, and sensory

environment between the culture units and natural habitats, while

the genetic discrepancy is mainly driven by deliberate or

unintentional multi-generation artificial selection (Huntingford,

2004). Secondly, release may result in undesirable ecological and

genetic interactions between wild and hatchery populations

(Lorenzen et al., 2021). The ecological interaction is mainly

mediated by a density-dependent mechanism, which is related to

stocking number, release strategy (such as release time and

location), wild population size, and environmental carrying

capacity (Lorenzen et al., 2012). Genetic interaction can be direct

(i.e., introgression due to reproductive activities) or indirect (e.g.,

reduction of wild population size through intraspecies competition)

(Le Vay et al., 2007). Excessive gene flow may lead to changes in the

genetic structure of the wild population, decrease in their genetic

diversity, and thus weakening of their adaptive potential (Kitada,

2018). Thirdly, hatchery release may also promote interactions at

higher ecological levels (Lorenzen et al., 2012). For example,

released fish may compete for limited ecological niches, alter food

web structure, influence energy flow through trophic relationships

(i.e., eat and be eaten), and trigger cascade reactions (Lorenzen et al.,

2021). Fish activities may also affect ecosystem function by

modifying their habitats. Fourthly, releasing fish may cause

disease transmission. It can be done either by introducing alien or

evolved pathogens or by affecting the dynamics of established

pathogens through changes in host population demography or

immune status (Lorenzen et al., 2010). Fifthly, release procedures

may also lead to technical interactions, such as the disturbance to

the benthic ecosystem caused by broodstock capture and the

changes in fishing pressure after the hatchery release activities

(Lorenzen et al., 2010). In total, released fish have great ecological

and genetic interactions with wild fish, and hatchery release may

have technical and ethical interactions with ecosystems (including

humans) (Le Vay et al., 2007). In the process of these interactions,

the behavioral defects (and subsequent poor fitness) and decreased

genetic diversity of released fish caused by limited sources of

broodstock, captive environment, and release procedure are of

great importance.
3 Finding solutions

Classical theories and practices offer several approaches to

overcome the problems identified above. Genetic management is
Frontiers in Marine Science 0221
essential and needs to be addressed from the very beginning of a

program because damage due to genetic impacts can be long-lasting

and difficult to undo. Broodstock should be captured in the waters

intended for release so as to avoid introducing non-native genotypes

in the area and avoid disrupting the genetic background of the target

wild population. Broodstock number should be as large as possible to

minimize the risks of genetic diversity loss (Le Vay et al., 2007; Laikre

et al., 2010). The first-generation fingerlings of native broodstock

should be used to reduce the influence of artificial selection on the

genome and epigenetics of hatchery fish and to avoid possible

outbreeding depression (Johnsson et al., 2014). The second

approach is to provide life skills training. It means that in the short

term before release, hatchery fish undergo the key factors affecting

their survival in the natural environment (such as predation,

temperature change, etc.) so that they can acquire essential

experience and adapt to the wild efficiently (Griffin et al., 2000;

Brown and Day, 2002). As early as the beginning of this century,

many related studies have been reported, and life skills training has

been applied to the practice of hatchery release (Suboski and

Templeton, 1989; Brown and Laland, 2001; Kelley and Magurran,

2003). Third, practitioners highlight the importance of optimizing

release strategy. Various environmental factors should be considered

to select the time and place suitable for individual species and specific

developmental stages within a species (Lorenzen et al., 2010). At the

same time, the beneficial effect of a larger size on fish survival, the

detrimental effect of the captive environment on behavioral

phenotype, and the economic cost involved in rearing fish to a

large size in the hatchery prior to release should be comprehensively

considered to select the appropriate fish size at release (Brown and

Day, 2002). In addition, the soft release, which refers to the practice of

providing an acclimatization period at the release site prior to actual

release, is a promising method to help fish recover from various

stresses involved in transportation, handling and change of

environment (Tetzlaff et al., 2019).

How to optimize the hatchery environment to improve fish

fitness has attracted wide attention in recent years (Ebbesson and

Braithwaite, 2012; Johnsson et al., 2014). A basic principle is to

introduce cues that fish receive in the wild to the captive

environment to increase heterogeneity and complexity, in other

words, simulate natural habitats (Johnsson et al., 2014). Projects

based on this principle are often called environmental enrichment

(Arechavala-Lopez et al., 2022). Most evidence shows that

environmental enrichment can significantly improve the adaptive

behaviors of hatchery fish by enhancing responses to behavioral and

physiological stress as well as neural development and neurogenesis,

although the mechanisms are not fully understood (Näslund and

Johnsson, 2016; Zhang et al., 2022; Zhang et al., 2023a; Zhang et al.,

2023b). More importantly, environmental enrichment can improve

the learning ability of fish (Zhang et al., 2022). Considering that the

nature of life skills training is associative learning behavior, it is

expected that life skills training based on environmental enrichment

will present an additive effect and equip hatchery fish with higher

fitness (Brown and Laland, 2001; Kelley and Magurran, 2003).

Interestingly, environmental enrichment can affect the level of

DNA methylation in fish brains (Berbel-Filho et al., 2020).

Although the ecological consequences of these modifications
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remain unclear, these observations suggest that environmental

optimization may be beneficial to the normal development of the

epigenetic spectrum. A recent meta-analysis showed that

introducing physical structures alone could not significantly

improve fish survival rate, suggesting that the desired effect of

environmental enrichment depends on whether the introduced cues

match the target fish species, including the type, intensity, and

duration of enrichment (Zhang et al., 2022). For examples, bottom-

based structures (such as cobbles) are more suitable for demersal

fish, longer duration of enrichment may be needed for species

featuring greater longevity (such as Atlantic salmon vs. zebrafish),

and fishes whose natural habitats have complex water flow fields

(such as rocky fishes) may benefit from flow exercise (Arechavala-

Lopez et al., 2022; Zhang et al., 2023a). In this case, a preference test

is an appropriate candidate to determine these factors (Näslund and

Johnsson, 2016; Zhang et al., 2023a). Generally, conditioning

strategies are still evaluated primarily at the behavioral level, and

there are few long-term in-situ monitoring studies on their effects

on fitness. Furthermore, assessments of the effectiveness of

conditioning on fish fitness are sharply contradictory among

studies, and the causes of these discrepancies should be deeply

investigated in the future.

Except for the considerations mentioned above, practitioners

should particularly pay attention to the specificities of target

environments where fish are to be released. A good example is

provided by the constraints related to releases in marine versus

freshwater environments. Freshwater ecosystems, generally, have

higher habitat heterogeneity, more ecosystem-human interactions,

but a lower spatial scale compared to marine ecosystems. These

characteristics mean that the fish that will be released into

freshwater may need to be equipped with higher cognitive

abilities so they can cope with complicated physical and social

situations. In contrast, released marine fish may need stronger

swimming ability (but this does not mean that one does not need

to train their cognitive abilities). However, information on these

questions is very scarce to date.
4 Conclusions, suggestions and
future directions

In conclusion, I summarize below a framework that emerged

from this and other investigations on hatchery release. Stakeholders

should consider the following aspects when designing and

developing a hatchery release project. (1) Decision-makers should

select species based on comprehensive considerations of ecological,

economic, and social effects and then calculate the environmental

capacity of the target water to determine the stocking number. (2)

Practitioners should increase the number of broodstock as much as

possible and release only first generation offspring. (3)

Environmental enrichment during the captive period should be

conducted to ensure hatchery fish develop phenotypic and

epigenetic characteristics that will maximize their fitness in the

wild environment. (4) Life skills of hatchery fish should be
Frontiers in Marine Science 0322
developed by training before release to provide them with

essential experience that will improve their fitness. (5) Soft release

should be implemented as much as possible, and the release area

and time as well as fish size should be determined accounting for the

specific context and objectives of a program.

Hatchery release is not an all-in-one solution to manage fishery

resources, and past and on-going programs have illustrated

shortfalls of this approach to population management and

enhancement, such as high release mortality, genetic impacts, and

low economic return relative to input. However, at present,

hatchery release is still implemented in some programs in several

countries, and the potential problems can be addressed through

various ways. Overall, I believe that the integration of these

environmental and genetic management tools can lead to success

effectively restoring resources, boosting production, and reducing

ecological and genetic risks of hatchery release. Hatchery release

should be conducted in combination with other methods, such as

habitat restoration, fisheries regulation, and establishment of

marine protected areas, but this is another question beyond the

scope of this paper. I encourage decision-makers and practitioners

to comprehensively consider all available management tools,

compare their specific strengths, and choose the most optimal

strategy based on the trade-offs between biological, social,

economic, and ethical effects.

This paper also aims to point to knowledge gaps and research

needs. Since epigenetic modifications are an important mechanism by

which fish adapt to their environment, it is urgent to explore the

ecological consequences of these molecular changes induced by

environmental enrichment. The impact of released fish on wild

ecosystems at various levels and the effects of pre-release

conditioning on these interactions should be studied more

extensively. Finally, the rising number of studies on environmental

conditioning could be exploited to assess the effectiveness of parameters

of the conditioning process through a meta-analysis approach.
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Impacts of climate events on
life history parameters of major
commercial fishes in the Beibu
Gulf, South China Sea in the
last 15 years
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Mingshuai Sun1,2, Jingyuan Jiang4, Shannan Xu1,2,
Yancong Cai1,2, Yongsong Qiu1,2 and Zuozhi Chen1,2*
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Guangzhou, China, 2Key Laboratory for Sustainable Utilization of Open-sea Fishery, Ministry of
Agriculture and Rural Affairs, Guangzhou, China, 3College of Marine Sciences, Shanghai Ocean
University, Shanghai, China, 4Guangdong Provincial Academy of Environmental Science,
Guangzhou, China
A detailed understanding of the impact of climate variability on fish life histories

provides a fundamental basis for the ecosystem approach to fisheries

management. In this study, we evaluated the relationship between fish life-

history trait parameters and climate periods, using survey data from 2006−2020

for the Beibu Gulf of the northwestern South China Sea, a fishing ground with

high commercial and ecological value. We show that climate events can

significantly alter the structure of the life history for major commercial fishes,

with more diverse life-history strategies during warm events and more

concentrated mortality during cold events. Additionally, we detected special

relationships between climate events and the life-history trait composite index

(LTCI) in Psenopsis anomala and Trichiurus lepturus. It is possible that other

indicators would be more appropriate than variability in Oceanic Niño Index

(ONI), such as variation in fishing effort or the environmental resistance of fish.

Anthropogenic disturbance and biological features may also help explain the

magnitude of population variability. We found that changes in life-history traits of

only a few commercial fishes (Decapterus maruadsi, Pennahia macrocephalus,

andUpeneus sulphureus) were related to the shift in climate periods; these fishes

were generally characterized by faster growth and higher mortality rates in the

normal and El Niño periods, with the opposite trends in La Niña periods.

However, the emergence of climate events has led to a clear complementarity

of life-history strategies among some fish in the same ecological niche (same

genus and/or feeding group), which may be explained by a balance between

habitat conditions and fishing pressures. This study of fish life-history strategies

under climate anomalies provides key insights into important attributes for

managers to consider when implementing relevant measures to promote

fisheries sustainability in the subtropical bay.
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1 Introduction

Climate anomalies, such as the El Niño–Southern Oscillation

(ENSO), are one of the main drivers of marine ecosystem changes

(Timmermann et al., 2018). Although the major signal of ENSO

occurs in the equatorial Pacific with an intensity that can vary

considerably from one event to another, it is unique among climate

phenomena in its great influence on the patterns of weather

variability worldwide (Lehodey et al., 2006; Mcphaden et al.,

2006). The physical-biogeochemical changes in the marine

ecosystem caused by ENSO affect the distribution and biomass of

plankton, fish and invertebrates that depend on them (Gomez et al.,

2019). The literature devoted to effects of climate variability on

these components of the marine ecosystem is rapidly growing

(Holbrook et al., 2020), as is also the case for the literature on

freshwater and terrestrial ecosystems. However, there is growing

evidence for interactions between climate change and ENSO

dynamics and effects, complicating analyses of underlying

mechanisms (Lehodey et al., 2020). A better understanding of

these mechanisms will be useful for the exploration of

relationship between climate anomalies and fishery resources, as

well as formulate polices for fisheries management.

From the tropical Pacific open sea to the coasts of Asia and the

Americas, ENSO affects the mortality, recruitment, and habitat

distribution of commercially valuable fishes (Stenseth et al., 2002).

ENSO events provide an excellent opportunity to observe and

evaluate how changes in habitats influence the life-history traits,

abundance, or distribution of fishes. Identifying changes in these

population characteristics will increase understanding of the habitat

requirements of important marine resources and will help local

government departments and/or organizations better manage

fisheries. Life-history traits and population dynamics of fish depend

closely on environmental conditions (Chaparro-Pedraza and De

Roos, 2019). Lots of studies have suggested that changes in

meteorological variables and hydrographic, such as salinity,

cloudiness, storminess, and temperature, will affect fish life histories

(e.g., recruitment, mortality rates, migration patterns, growth, and

spatial distributions) (Hunter et al., 2002; Hossain et al., 2012;

Pécuchet et al., 2015; Chaparro-Pedraza and De Roos, 2019). These

variables can therefore impact fish population dynamics substantially;

for example, populations may exhibit oscillations in abundance and/

or alternative pattern in distribution due to changes in the

populations of prey (Blanchot et al., 1992) or predators (Sprogis

et al., 2018). If these populations are commercially exploited, the

oscillating trends in abundance and distribution will, in turn, guide

the appropriate and efficient management of local fisheries (e.g.,

updating fisheries law, registering fishing vessels, and establishing

closed fishing areas and seasons). Particular examples of populations

that have undergone such fluctuations are the small pelagic fish

populations in the northwestern offshore of Baja California in 1997–

1998, these populations were concentrated in specific areas not

influenced directly by ENSO events, and researchers suggested that

it is necessary to regulate the fishing during climate anomalies (Rojas-

Mendez and Mendoza, 2008).

Life history refers to the pattern of survival and reproduction

events during the life of fish. Life-history traits include fecundity, age-
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at-maturity, maximum size, and longevity (Oli and Coulson, 2016;

Brown and Choe, 2019). Life history theory holds that these traits have

been shaped by natural selection to optimize trade-offs related to

growth, reproduction, and survival (Petrik, 2019). Moreover, life-

history traits are the underlying determinants for population

responses to environmental forcing (King and Mcfarlane, 2003).

There is no doubt that the diversity of life-history trait combinations

is due to inherent trade-offs, as more energy allocated to reproduction

reduces energy available for growth or maintenance and vice versa

(Waples and Audzijonyte, 2016). Since the finite amount of energy

cannot fully meet the demands of reproduction, growth, and

maintenance, only certain combinations of life-history traits produce

an organism with high fitness (Charnov, 1993). The particular life-

history traits of any given fish can be shaped by the environment. For

example, the impact of global warming will not only directly influence

the duration of embryonic development, egg survival, size at hatching,

developmental rate, pelagic larval duration, and survival but will also

alter larval behavior and impair sensory capabilities through its

companion effect (ocean acidification) (Pankhurst and Munday,

2011). The age-at-maturity and energy allocated to reproduction

depend on growth conditions of the juvenile (Ward et al., 2017), and

this will in turn impact population recruitment and connectivity

patterns in marine fishes (Pankhurst and Munday, 2011). Life-

history traits are the underlying determinants of population

responses to environmental forcing. Accordingly, it is important to

consider life-history strategies in fisheries management.

The Beibu Gulf is located in the northwestern South China Sea

(17–22°N, 105–110°E) and covers a total area of 1.3 × 105 km2 with

an average depth of 50 m (Gao et al., 2017). As one of the four most

prominent fishing grounds in China (Su et al., 2022), the vessel

monitoring system shows that Beibu Gulf is one of the main areas

where fishing vessels operate in the South China Sea (Qian et al.,

2022), the rich fishery resources of this area are particularly

important as a key contributor to ecosystem services. The Beibu

Gulf serves as a spawning and feeding ground for many major

commercial fish because of its unique geographic location and

climatic conditions (Chen et al., 2009; Gao et al., 2017). In total,

> 1000 fish species have been reported in the region to date, more

than half of the fish species recorded in the northern South China

Sea continental shelf (Liang, 2022), most of which are demersal

(Khanh et al., 2013). However, the ecosystem structure has been

altered considerably during the last decades of the 20th century,

with overfishing leading to changes in species compositions and a

decline in the biomass of most commercial species (Chen et al.,

2011; Xu et al., 2011). The typical dominant species, including

crimson snapper (Lutjanus malabaricus) and Pomadasys hasta,

have been replaced by fishes of lower trophic levels, such as

Acropoma japonicum and Argyrosomus macrocephalus (Qiu et al.,

2010; Wang et al., 2013). Fortunately, the government of China has

taken a series of strict management measures for the domestic

fishery industry over the last 20 years, such as the implementation

of a summer fishing moratorium (Shen and Heino, 2014) and the

adjustment of fishery fuel subsidies for fishing vessels (Su M. et al.,

2021). The mean trophic level of fish resources from bottom-trawl

survey data in Beibu Gulf has slightly increased since 2000 (Su L.

et al., 2021). However, increasing fishing pressure in the Beibu Gulf
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by Vietnam fishery vessels appears to have made these

measurements less effective, annual total catch in this region is

decreasing (Huang and Huang, 2013; Tian et al., 2022). In addition,

ENSO events can influence marine ecosystems via global

atmospheric and oceanic processes. These effects could be

particularly important in a subtropical gulf, such as the Beibu

Gulf, where complex circulation and strong horizontal gradients

in salinity, temperature, and oxygen concentrations control the

reproduction and distribution of most species. Although most

studies of fishery resources in the Beibu Gulf have focused on

effects of anthropogenic activities and seasonality (Wang Y. et al.,

2020; Su L. et al., 2021; Zhang et al., 2022), few published studies

have considered the relationship between population status and

climate variability. Therefore, this study aims to fill the gap in

knowledge regarding the impact of climatic variability on fish

populations in the subtropical semi-enclosed Beibu Gulf.

Here, we used the electronic length frequency analysis (ELEFAN)

to estimate von Bertalanffy growth function (VBGF) parameters

(Pauly, 1980) for major commercial fishes in the Beibu Gulf.

Trends in life-history strategies (what kind of ways that organisms

allocate limited resources to growth, health maintenance, and various

life processes)(Wang et al., 2021) across climate periods were

evaluated. Natural mortality and growth parameters were also

examined for synchronicity across species to determine the

potential for climate events to generate a synchronous trend in life-

history strategies. Therefore, the relationships between the Oceanic

Niño Index (ONI) and life-history traits of fishes were examined to

analyze the potential impact of climate events.
2 Data and methods

2.1 Data sources

Fish sampling data were obtained from 34 otter trawl surveys at

52 stations (Figure 1) from 2006 to 2020. Apart from four survey
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cruises per year in January, April, July, and October in 2006 and

2007, surveys since 2008 were performed twice a year in January

and July. Most survey cruises did not cover all 52 stations for a

variety of reasons, but the samples were generally coherent in

methodology. The surveys were undertaken by a commercial

fishing vessel with a main engine of 600 HP. In every survey,

each station was trawled once for 1 hour with a towing speed of

2.5~3.5 knots. The headrope length of the otter trawl net was 37.7 m

and the cod-end mesh was 40 mm. Every trawl sample was sorted

onboard and identified to the species level. Samples of each fish

were counted, weighed, and recorded, and length and weight

frequency data were also collected for major commercial fish.

When fewer than 50 individuals were caught in a trap, all

individuals were measured; otherwise, 50 individuals were

randomly sampled for measurement. For each marine fish, total

length (nearest cm) and body weight (nearest g) were measured.

Based on the availability of data, we selected 13 species of major

commercial fish (include 9 fish families, Table 1) with the highest

frequencies of occurrence for analyses; according to data from the

China Fishery Statistical Yearbook (2006-2020), these species

account for about 45% of the total catch recorded in the Beibu Gulf.

To characterize ENSO events, data for the ONI in each month

from 2006 to 2020 were obtained from products of the NOAA

(National Oceanic and Atmospheric Administration) Climate

Prediction Center (CPC; https://origin.cpc.ncep.noaa.gov/). The

ONI is defined as 3-month running mean sea surface temperature

(SST) departures in the Niño 3.4 region (5°N to 5°S, 120 to 170°W)

and is a principal measure for monitoring, assessing, and predicting

ENSO. Climate events are defined as five consecutive overlapping 3-

month periods at or above a +0.5°C anomaly for warm (El Niño)

events and at or below the −0.5°C anomaly for cold (La Niña)

events. The threshold is further broken down into weak (with a 0.5–

0.9°C SST anomaly), moderate (1.0–1.4°C), Strong (1.5–1.9°C), and

very strong (≥2.0°C) events. The CPC considers that these

anomalies must also be forecasted to persist for three consecutive

months. In addition, the 1/4-resolution SST data were obtained
A B

FIGURE 1

Map showing stations for otter trawl surveys in the Beibu Gulf during 2006–2020. (A) the location of the Beibu Gulf in the South China Sea; (B) the
sampling station (dots) in the Beibu Gulf.
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from the OI SST V2 High Resolution Dataset provided by NOAA’s

Physical Science Laboratory, Boulder, Colorado, USA (https://

psl.noaa.gov, accessed on 1 October 2022). Monthly mean SST

data were collected at all survey stations to calculate the monthly

mean SST in the Beibu Gulf from 2006 to 2020.
2.2 ELEFAN application

Length frequency data of major commercial fishes from 2006 to

2020 was pooled and converted to monthly catches with the

assumption that the samples were representative of the total catch

of the month (Zhang et al., 2023). We used ELEFAN in the R

package “TropFishR (1.6.3)” (Mildenberger et al., 2017) to estimate

the natural mortality, asymptotic length, and growth coefficient of

major commercial fishes, and the optimization routine for the

fitting of von Bertalanffy growth function (VBGF) parameters is

the “ELEFAN_GA” function uses the Genetic Algorithm package

“GA” (Scrucca, 2013; Scrucca, 2017). Growth parameters are

described by the VBGF (Von Bertalanffy, 1938):

Lt = L∞ 1 − e−k(t−t0)
� �

(1)

where Lt represents mean length (cm) at age t, L∞ represents

asymptotic length (cm), k represents growth coefficient, and t0 is the

theoretical age when Lt = 0.

To improve the precision of the growth parameters (L∞ & k)

estimation, the length frequency data of major commercial fishes

was binned according to the maximum body length observed for the

fish species (Wang K. et al., 2020), number indicating over how

many length classes the moving average should be performed:
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Moving average (MA) = 0:23L         0:6max (2)

where Lmax represents maximum body length (mm) of each fish

being studied.

Natural mortality (M) was estimated by applied an updated

version of the (Pauly, 1980) growth-based method (Then et al.,

2015):

M = 4:118k0:73L−0:33∞ (3)

For optimum search and improvement in the accuracy of the

output of ELEFAN_GA, we appropriately tuned key input settings

(including Fix L∞ (initial seed value of L∞) and upper and lower

limits of k) based on relevant literature (Taylor and Mildenberger,

2017; Mzingirwa et al., 2020; Wang K. et al., 2020) and used default

TropFishR settings for all other parameters.
2.3 Life-history trait composite index

Based on the fundamental trade-offs between natural mortality

(M) and parameters defining the maximum size and rate of growth in

marine fish proposed by Gislason et al. (2010) and the empirical

equation demonstrated by Charnov et al. (2013) (Equation (4), a life-

history trait composite index (LTCI) was constructed to show the

combinations of life-history traits, that is, life-history strategies. Given

that for any combination of life-history traits, the points formed by

the natural mortality (M) and growth state parameter ((L/L∞)
-1.5•k, a

higher value indicates how fast the fish grows) of marine fishes on the

coordinate axis are basically along the y = x line (Charnov et al.,

2013), the LTCI was calculated as the distance between the point
TABLE 1 The 13 major commercial fishes in the Beibu Gulf.

NO. Scientific Name Family Common name Habitat Climate vulnerability Catch rate

1 Psenopsis anomala Centrolophidae Pacific rudderfish Benthopelagic Moderate 3.08%

2 Pennahia macrocephalus Sciaenidae Big-head pennah croaker Demersal * 4.29%

3 Trichiurus lepturus Trichiuridae Largehead hairtail Benthopelagic High 1.21%

4 Priacanthus macracanthus Priacanthidae Red bigeye Reef-associated High 0.26%

5 Saurida tumbil Synodontidae Greater lizardfish Reef-associated High-Very high 1.98%

6 Saurida undosquamis Synodontidae Brushtooth lizardfish Reef-associated Low 0.96%

7 Upeneus sulphureus Mullidae Sulphur goatfish Demersal * 0.60%

8 Upeneus japonicus Mullidae Japanese goatfish Demersal * 0.15%

9 Nemipterus virgatus Nemipteridae Golden threadfin bream Demersal Moderate-High 0.43%

10 Nemipterus bathybius Nemipteridae Yellowbelly threadfin bream Demersal * 0.16%

11 Decapterus maruadsi Carangidae Japanese scad Pelagic Moderate 9.52%

12 Trachurus japonicus Carangidae Japanese jack mackerel Pelagic Low 15.67%

13 Evynnis cardinalis Sparidae Threadfin porgy Reef-associated * 6.78%
Except for the data of catch rate calculated from all surveys in this study, all the information on the major commercial species in the Beibu Gulf comes from www.fishbase.se; climate vulnerability
represents the vulnerability of marine species to climate change based on the fuzzy logic framework (Jones and Cheung, 2018), * refers that the information is not available from the website.
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projected on the y = x line of each point and the zero point (origin).

The value of LTCI was calculated as shown in Equation (5):

M =
L
L∞

� �−1:5

·k (4)

LTCI = ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
( ln (M))2 + ln L

L∞

� �−1:5
·k

� �� �2

2

vuut
(5)

where L∞ (cm) and k (year-1) are the VBGF parameters and L

(cm) is defined as the mean body length of the fish population. The

value of LTCI will be positive if the projected point is on the right-

hand side of the zero point, negative if it is on the left-hand side of

the zero point, and 0 if it falls on the zero point (Figure 2).
2.4 Statistical analysis

Cross-correlation function (CCF) analysis was used to explore the

hysteretic relationship between climate event intensity and SST in time

series, for removing spurious correlations from the affected time series

(Baumgartner et al., 2018), this study performed prewhitened CCF
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analysis using the “prewhiten” function from the R package “TSA”. To

investigate responses of fish populations to climate events, linear

models were used to identify the relationships between the ONI and

parameters of fish life-history traits. Spearman correlation coefficients

were used to test the significance of these relationships (p < 0.05 was

considered significant). Multivariate analysis of variance (MANOVA)

and one-way analysis of variance (ANOVA) were employed to

compare fish life-history trait parameters among climate periods.

SPSS 27.0 (SPSS Inc.) was used to perform these statistical analyses.

Furthermore, the effects of climate events on the life history of

the fish community were analyzed by using a hierarchical linear

model and moderating effect estimation, and the R package “broom.

mixed” and R package “bruceR” were used respectively. All R

packages were operated in the R Environment (R Core Team, 2022).
3 Results

3.1 Climate periods

In 2006−2020, 11 climate periods were identified according to

the afore-mentioned criteria for the classification of climate events,
FIGURE 2

Log-log relationship between natural mortality (M) and growth parameters ((L/L∞)
-1.5•k) for fish community in the Beibu Gulf. The numbers represent

the climate periods in the same order as Table 2, and the area (gray region) represents a 95% confidence ellipse, a and b refer to the major and
minor axes of the 95% confidence ellipse, respectively.
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of which four were normal climate periods, four were El Niño

periods, and four were La Niña periods (Table 2).
3.2 Life-history traits of the fish
community in the Beibu Gulf

The hierarchical linear model results indicated that the

relationship between the growth status parameter (ln((L/L∞)
-1.5•k))

and natural mortality (ln(M)) of fish community differ significantly

by climate event type; the normal climate period regression slope (pn
= 0.772) was closest to 1.0, and it also was higher than the regression

slopes of El Niño period (pe=0.669) and La Niña period (pl=0.593)

(Figure 3A) The mean difference estimation also showed that climate

events had an impact on LTCI in fish communities, and the mean

diffidence of LTIC La Niña events also was the largest. In addition,

regression analysis of the life history trait parameters of fish

communities for each climate period was also shown the mean

area of the 95% confidence ellipse (3.345 ± 0.382) was lowest in the

normal period (Figure 2), followed by the La Niña period (3.817 ±

0.613), and was highest in the El Niño period (4.819 ± 1.332). The

mean major axis of the ellipse (a) was also lowest in the normal

period (2.009 ± 0.158) and larger in the La Niña (2.303 ± 0.554) and

El Niño periods (2.396 ± 0.081), while the mean minor axes of the

ellipse (b) in the normal (0.534 ± 0.072) and La Niña periods (0.537 ±

0.041) were similar, with the highest value in the El Niño period

(0.647 ± 0.203). Overall, the results of MANOVA showed that the

growth state parameter, natural mortality, and LTCI of fish in

different climatic event periods showed significant differences (p

< 0.05).
3.3 The variations of SST in the Beibu Gulf

The monthly mean SST in the Beibu Gulf (Figure 4A) presented

significant and positive associations with ONI during 2006–2020
Frontiers in Marine Science 0629
(r = 0.521). Considering the time with higher correlation values,

there was a high correlation between the monthly mean SST in the

Beibu Gulf and ONI without any lag (Figure 4B). In addition,

although the effects of monthly mean SST on LTCI of fish

communities were no significantly different in El Niño climate

periods compared with normal and La Niña climate periods based

on the results of moderate effect estimation (p = 0.07), the LTCI of

fish communities strongly increased with monthly mean SST, while

the LTCI of fish communities as a whole was lower than normal

climate periods during La Niña climate periods (Figure 5).
3.4 Distribution of life history trait
parameters of fishes

Except for T. lepturus and E. cardinalis, the natural mortality

values and growth parameters of other fish showed a significant

positive correlation (Figure 6). Some fish exhibited relatively stable

life histories between climate periods; for example, the life-history

trait parameters of T. lepturus clustered in the lower-left area of the

coordinate plane. In addition, one-way ANOVA showed that these

fish life-history trait parameters did not differ significantly among

climate periods (p > 0.05), whereas life-history trait composite index

(LTCI) of P. macrocephalus and D. maruadsi differed significantly

during the transition of climate periods (F = 38.986 and F = 14.921,

respectively, all p < 0.05). Except for N. bathybius and P. anomala,

all fishes did not display any considerable oscillation in LTCI with

the transformation of climate periods (Figure 7).
3.5 Relationship between LTCI
and climate events

A Spearman correlation analysis indicated that the LTCI values

for D. maruadsi, P. macrocephalus, and U. sulphureus were

significantly correlated with ONI in 2006–2020 (r = 0.697, 0.762,
TABLE 2 Summary statistics of fish community in each climate period from 2006 to 2020.

NO. Climate periods Sampling time horizon Mean ONI

1 Normal 2006.04~2006.07 0.020

2 El Niño 2006.10~2007.01 0.740

3 La Niña 2007.07~2009.01 -0.857

4 El Niño 2009.07~2010.01 1.033

5 La Niña 2010.07~2012.01 -0.982

6 Normal 2012.07~2014.07 -0.090

7 El Niño 2014.10~2015.04 1.467

8 La Niña 2016.07~2016.11 -0.620

9 Normal 2017.01~2017.05 0.000

10 El Niño 2018.09~2019.04 0.711

11 Normal 2019.08~2020.04 0.223
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and 0.905, respectively, all p < 0.05). The most consistent changes in

the LTCI of the three fish species occurred in 2006–2012, when

transitions between warm and cold events was most frequent

(Figure 8). Furthermore, in the latter six climate periods, there

was a negative correlation between the LTCI of T. japonicus and D.
Frontiers in Marine Science 0730
maruadsi. While the relationships were not statistically significant,

the LTCI of fishes belonging to the same genus showed the opposite

trends in some climate periods, including U. sulphureus and U.

japonicus, S. tumbil and S. undosquamis, and N. virgatus and

N. bathybius.
B

A

FIGURE 4

(A) Time-series of monthly mean SST and (ONI). (B) Cross- correlation functions (CCFs) between ONI and monthly mean SST; dashed lines indicate
the significance threshold (a = 0.15).
B

C

A

FIGURE 3

(A) Linear regressions of natural mortality and growth status parameter at the three climate periods since 2006-2020 within the Beibu Gulf; (B, C)
Mean differences in LTCI of fish communities during climate event periods versus normal climate periods, N, E and L represent normal, El Niño and
La Niña climate, respectively.
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4 Discussion

According to Table 1, the vast majority of the 13 major

commercial fishes in the Beibu Gulf that we selected were low

vulnerable to fishing, but nearly half were recorded as having

moderate to high vulnerability to climate. There is no doubt that

it is interesting to analyze the correlation between the parameters of
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the life-history traits of these fishes and climatic events. By

examining patterns of responses across 13 major commercial

fishes in the Beibu Gulf, we found evidence that fluctuations in

life-history traits and the abundance of some small fishes are best

explained by changes in environmental variables caused by ENSO

events. Frequent transformations of climate events were correlated

with periodic fluctuation in LTCI, while the sensitivity of fishes to

various environmental variables explained variation in abundance.

However, our results also expand upon theoretical and regional

results, highlighting the particularly high sensitivity of some fishes

in the subtropical gulf to climate events.
4.1 Life-history traits of fish communities

Despite a large and growing body of evidence for the role of

anthropogenic activities in the population dynamics of marine

species (Pinsky and Palumbi, 2014; Sherman et al., 2017; Garcıá-

March et al., 2020; Strøm et al., 2021), including dramatic

fluctuations of pelagic and demersal fishes in the South China Sea

over space and time scales (Masrikat, 2012; Yang et al., 2021; Zhang

et al., 2022), our results suggest that the combination of life-history

strategies for the Beibu Gulf fish community were most strongly
FIGURE 6

Log-log relationship between natural mortality (M) and growth parameters for 13 major commercial fishes in the Beibu Gulf.
FIGURE 5

Linear regressions of LTCI and monthly mean SST at the three
climate periods since 2006-2020 within the Beibu Gulf.
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driven by climate events. Climate events significantly altered the

slope of the regression of life-history trait parameters for fish

communities, with slopes closest to 1.0 in the normal period

(Figure 3). However, our results also revealed that both climate

events would lead to a decrease in the mean correlation coefficient,

especially La Niña periods, which can be explained by the fact that

the combinations of life-history traits for most fish species fall in the

lower-left quadrant (slower growth and lower M). Although the

mean correlation coefficient of the El Niño period was between

those for the normal and La Niña periods, the larger mean area of

the confidence ellipse for the combinations of life-history traits in

the El Niño period differed from those of other periods, and the

former period tends to have a higher diversity of fish life-history

strategies. While other studies have found that this climate

variability may influence the biomass of certain fish species

substantially via environmental variables (Yatsu et al., 2008; Yen

and Lu, 2016), our results highlight the regular dynamics of life-

history strategy selection in fish communities.

An important and relatively underappreciated mechanism

underlying this dynamic may be related to ocean-atmosphere

coupling. Temperature in all regions has pervasive effects on

biological processes. Even though the mean SST in Beibu Gulf is

on the rise under the background of global warming, this study

found a positive correlation between the monthly mean SST in

Beibu Gulf and ONI without any lag. This response to water

temperature anomaly in the equatorial Pacific is bound to affect

fish growth and development (Gillanders et al., 2012). In general,

species characterized by fast growth and short generation times

(high M values) would respond quickly to environmental changes

(King and Mcfarlane, 2006), and the increase in seawater

temperature caused by warm events may accelerate their growth

and maturation. From the results of this study analysis, however,

the relationship between LTCI of fish community and SST in the

Beibu Gulf has a certain correlation with the type of climate events.
Frontiers in Marine Science 0932
On the one hand, since Beibu Gulf was a subtropical bay and its

fishes were mainly warm-water species (Liang, 2022), temperate

fishes tend to have smaller heating tolerances than tropical fishes

(Payne et al., 2021). Therefore, an increase in environmental

temperature would reduce the physiological function of fish and

then affect the fish’s life history (Dembski et al., 2006; Holt and

Jorgensen, 2015), especially during the El Niño climate periods

when the SST is significantly warmer, and this study observed a

significant increase in LTCI in fish with increasing SST. On the

other hand, fishes tend to choose more “conservative” life-history

strategy (slower growth and lower M) selection because of the lack

of suitable water temperature in the environment (Soyano and

Mushirobira, 2018). This was also evident in the event of cold

events, where significantly lower seawater temperatures

undoubtedly result in a lower overall LTCI of fish communities

compared to normal climate periods. Life-history traits of signal

species evolve based on environmental conditions to maximize

sustainable reproduction; however, changes in the life-history

strategy of fast-growing species, as the most important

component of the ecosystem (Waples and Audzijonyte, 2016),

will inevitably affect their ecological functions. In addition, during

El Niño periods, the South China Sea generally exhibits weakened

circulatory gyres and warming of the SST, consistent with the

weakening of East Asian winter monsoon (Qiu et al., 2015).

Previous studies have suggested that warmer temperatures

increase metabolic rates and therefore increase the energy

demand of fishes, while simultaneously decreasing the quality and

quantity of available prey (Overland et al., 2010). As a result,

combinations of life-history traits of fish within communities

have become more diverse, even if some combinations have

deviated significantly from evolutionarily stable strategies. This

mechanism may explain our finding that life-history strategies for

the fish community in Beibu Gulf were sensitive to climate events.

While marine species fluctuate strongly, even in the presence of
FIGURE 7

Boxplot of LTCI for 13 major commercial fishes. Each box represents fluctuation of LTCI of a fish between the climate periods; median value of LTCI
is indicated by a filled point.
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fishing (Adams, 1980; Hu et al., 2015), the strong interaction we

found between climate events and life-history traits suggested that

the composition and structure of the fish community in the

subtropical semi-enclosed bay were also primarily caused by

climate teleconnection.
4.2 Effects of climate events on
fish life-history traits

The life-history traits of most fish species were optimized across all

periods, i.e., variation in mortality coincided with variation in growth

parameters; however, the variation in life-history traits of T. lepturus

and E. cardinalis differed significantly from those of other species.
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Ribbonfish (T. lepturus) is a benthonic-pelagic species foundworldwide

in tropical and subtropical regions, mainly between 45°S and 60°N

(Taghavi Motlagh et al., 2021). While T. lepturus is relatively short-

lived and fast-growing (Clain et al., 2023) compared to larger fish in the

marine ecosystem, they had the lowest mean mortality rate among the

fish analyzed in this study and the distribution of M values was very

similar at all periods, suggesting that their life-history traits could

mainly be described as “longevity-slow.” Although we were unable to

find significant differences between growth parameters among climatic

periods, relatively sharp variation in the growth of ribbonfish was

clearly influenced by climatic events. Past research has suggested that T.

lepturus possesses flexible reproduction strategies; in environments

with marked temperature cycles or weak fishing pressure, populations

are more likely to reach maturity after longer durations (Al-Nahdi
FIGURE 8

Relationship between the LTCI of major commercial fishes and climate events in the Beibu Gulf.
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et al., 2009). However, in warmer and less productive environments,

lower batch fecundity may be compensated for, in part, by a prolonged

spawning period due to a smaller size (Martins and Haimovici, 2000).

The increase in growth parameters in the case of relatively fixed

mortality will promote a shift in the combination of life-history traits

to the fourth quadrant. Therefore, T. lepturus would expend a great

deal of energy tomature and begin reproduction early, retaining a small

size and not capitalizing on the benefits of increased fecundity that

come with a large size and long-life cycle (Waples and Audzijonyte,

2016). However, the reproduction strategy of a multiple batch spawner

with a prolonged spawning period seems to allow for such a life-history

strategy to exist.

We also observed that the life-history strategy of E. cardinalis was

relatively constant in most climate periods. E. cardinalis is a small,

warm-water, near-demersal fish with a fast rate of sexual maturity and

a high reproductive rate (Zhang et al., 2020). The species exhibits

significant periodic fluctuations in stock density (Sun and Lin, 2004)

and can withstand a high fishing intensity (Chen, 2005). While E.

cardinalis is one of the most economically important species in the

northern South China Sea, the substantial increase in catch due to

overfishing is a major threat (Zhang et al., 2020; Xu et al., 2021), and

the species was even listed as endangered in a recent International

Union for Conservation of Nature (IUCN) red list (Xu et al., 2022).

Having a relatively unique niche in the ecosystem may be the main

reason for the relatively stable life-history strategy selections of these

fishes (Olden et al., 2006), with less interspecific competitive pressures

making them more resistant to disturbances (Lewis, 2022). We also

suggested that the relatively fixed combination of life-history traits may

be a response of the population to overfishing; this stable life-history

strategy would reduce the negative impacts of heavy exploitation on

survival, and the effects of climate events may not be dominant.

Of note, P. anomala and N. bathybius showed substantial

differences in LTCI among climate periods. Given that fishing may

lead to populations with an elevated sensitivity to climate variability,

interaction effects between fishing and climate cannot be ignored.

Several recent studies have shown that the fishery resources in the

Beibu Gulf have been overfished (Su L. et al., 2021; Zhang et al., 2021;

Su et al., 2022), and loopholes in local management measures and the

increased fishing pressure from Vietnam have resulted in the annual

decreases of fishery resources in the region (Huang and Huang, 2013;

Tian et al., 2022). This not only results in the replacement of dominant

species with less valuable, small-sized, low trophic level species (Zhang

et al., 2020) but also increases the magnitude of population fluctuations

driven by environmental variability (Hsieh et al., 2006; Planque et al.,

2010; Hidalgo et al., 2011; Rouyer et al., 2011; Shelton and Mangel,

2011). Therefore, synergistic interactions between climate anomalies

and fishing are realistic (Waples and Audzijonyte, 2016). Fish whose

life-history strategies are significantly affected by climate events are

more frequent in overexploited areas.
4.3 Effects of climate events on fish LTCI

Among the commercially valuable fish species included in

this study, only the LTCI values for D. maruadsi , P.

macrocephalus, and U. sulphureus were significantly correlated
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with the fluctuations in ONI, which represents climate period

transformations. Given the delayed response trait of the fish

population to environmental changes, it is reasonable to estimate

fish life-history traits separately by the types of climate periods

over a longer time scale in this study. The life-history traits of

these fishes are characterized by higher M and faster growth

during the normal or El Niño periods. The LTCI for D. maruadsi

generally decreased after the shift from El Niño to La Niña or

normal conditions. Climate events will affect a range of abiotic

factors that are tightly linked to the production and distribution

of fish populations. Shallow areas will exhibit larger increases in

sea temperatures than those in deeper waters. As warm-water

fishes, D. maruadsi, P. macrocephalus, and U. sulphureus will

grow faster with increased reproduction due to seawater

warming, which expands aerobic scope initially (Holt and

Jorgensen, 2015), and the increase in metabolic requirements

intensify foraging and reduce survival. However, under higher or

lower mortality, evolution toward a faster or slower growth,

respectively, optimizes their combination of life-history traits to

ensure the stability of population dynamics. High natural

mortality is essential if fish growth is fast, as the stability of the

ecosystem only limits population size within the carrying

capacity. Furthermore, La Niña events also strongly affect the

surface and subsurface patterns of the South China Sea through

the anomalous cyclonic circulation in the low-level atmosphere

(Kuo and Tseng, 2020). Like the west coast of the Atlantic

(Mcphaden et al., 2006), tropical cyclones tend to be reduced

in number and intensity during El Niño periods but stronger and

more numerous during La Niña periods (Huang and Xu, 2010;

Hsu et al., 2013; Chen and Duan, 2018). The frequent occurrence

of weather phenomena reduces anthropogenic disturbances and

the lower SST during La Niña periods (Qiu et al., 2015) results in

a shift to increased growth over rapid reproduction.

We also found that changes in life-history strategies can differ

among species within the same genus in response to climate events. In

particular, for U. sulphureus and U. japonicus, S. undosquamis and S.

tumbil, and N. virgatus and N. bathybius, the LTCI values of two

species in the same genus were generally similar in normal periods,

with divergence in opposite directions in response to climate events.

These species of the same genus not only share very similar biological

parameters but also have similar population characteristics, such as

diet, habitat preference, and spawning period, suggesting that their

ecological niche is basically the same (Lewis, 2022). However, the

oceanographic features that change following ENSO events include

surface seawater temperatures, the vertical and thermal structure of the

ocean (especially in coastal regions) (Wu et al., 2014), and the coastal

and upwelling currents (Chu et al., 2017; Dang et al., 2021). These

effects will undoubtedly have a significant negative impact on the

growth and fecundity of fish and consequently intensify competition

for survival between species with similar ecological niches. Thus,

species of the same genus, through the complementarity of life-

history strategies, avoid intense competition for ecological niches

during climate anomalies because the carrying capacity of the

ecosystem can be increased by reducing the similarity in life stages.

Finally, T. japonicus and D. maruadsi are generally considered to

belong to the same feeding group at the ecosystem level and are both
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dominant species in offshore areas of China (Li et al., 2019; Su et al.,

2022); accordingly, they have very similar ecological niches in long-

term cohabitation. While the correlation was not statistically

significant, we observed similar trends in LTCI for the two species

over the first six climate periods in this study. Combined with the

observation that there was a negative correlation between the LTCI

value of T. japonicus and D. maruadsi in the latter six climate periods,

we can conclude that the regularly alternating climate periods may

explain the consistency of direction of change in life history strategies.

The continued decline of fishery resources and increasing fishing

pressure in the Beibu Gulf may also be responsible for the

complementarity of life-history strategies between D. maruadsi and

T. japonicus in the latter six climate periods. Overall, given the different

relationships between life-history strategies and study periods, we

emphasize the crucial importance of analyses of the effect of climate

events on fish life history; overfishing weakens the resilience of fish

populations to climate events, while interactions within communities

also affect the response of fish life-history strategies to climate events.

There are some limitations in this study. The ELEFAN assumes

that the body size composition of the survey data is representative of

the exploited population major commercial fishes, and the study

assumes that these survey data can be adequately analyzed in the

corresponding climate event periods. However, the time span of each

period of climate event is not uniform, and the composition of seasons

varies from period to period. The energy storage of fish to adapt to

seasonal environments is also reflected in changes in their life history

(Giacomini and Shuter, 2013), which may affect our judgment of the

influence of climate events on fish life-history trait parameters. For

instance, although the effects of different types of climate events on the

life history trait parameters of fish populations can be observed at the

community level, these changes were relatively difficult to notice at the

individual species level. Furthermore, the ONI has become the de-facto

standard that NOAA uses for classifying warm and cool events in the

eastern tropical Pacific. Although we have demonstrated a correlation

between temperature changes in the Beibu Gulf and anomalies in the

distant eastern equatorial Pacific, considering that ENSO’s

teleconnections to other regions have impacts beyond just affecting

water temperature [e.g., rainfall, seawater salinity (Zhu et al., 2014;

Ramos et al., 2019)], so we did not directly use the local sea surface

temperature anomalies as a direct factor in this study. In conclusion,

our research results have demonstrated a certain correlation between

the changes in life-history traits of major commercial fishes in the

Beibu Gulf and ENSO events, and identifying specific influencing

environmental factors will be the focus of our further research.

Therefore, in future studies on the relationship between climate

change and fisheries in the Beibu Gulf, more factors will be taken

into account when assessing the effects of climate events on the life-

history trait parameters of fish, such as the temporal continuity of

survey data.
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Cracking the code of
hatchery-based mass
production of mola
(Amblypharyngodon mola)
seed for nutrition-
sensitive aquaculture

Francois Rajts1, Sourabh Kumar Dubey2*, Kalpajit Gogoi3,
Rashmi Ranjan Das2, Saurava Kumar Biswal4,
Arun Panemangalore Padiyar2, Suresh Rajendran3,
Shakuntala Haraksingh Thilsted1,
Chadag Vishnumurthy Mohan1 and Ben Belton1,5†

1WorldFish, Bayan Lepas, Penang, Malaysia, 2WorldFish, Cuttack, Odisha, India, 3WorldFish, Guwahati,
Assam, India, 4Biswal Aquatech, Jagatsinghpur, Odisha, India, 5Department of Agricultural, Food, and
Resource Economics, Michigan State University, East Lansing, MI, United States
Introduction: Small indigenous fish species (SIS) can be particularly rich in

micronutrients and make a crucial contribution toward improving human

nutrition. The introduction of mola (Amblypharyngodon mola), an SIS, which is

particularly rich in vitamin A, into smallholder carp aquaculture systems has been

widely promoted over the past decade as a promising nutrition-sensitive

innovation. However, standardized techniques for the hatchery mass

production of mola do not yet exist. We hypothesized that the lack of

commercial hatchery mass-production techniques for mola seed is the key

barrier limiting potential for widespread adoption of carp–SIS polyculture.

Methods: To address this gap, we conducted breeding trials at a private hatchery

in Odisha, India, from July to September 2022, to identify standardized methods

for the hatchery-based mass production of mola seed. Breeding was induced

using a synthetic gonadotropin-releasing hormone analog (SGnRHa) at 0.5 mL

and 0.25 mL per kg of body weight of female fish and male fish, respectively. Fish

spawned in double hapas in breeding tanks.

Results: The average fertilization, spawning, and hatching rates over 10 breeding

cycles were 81%, 82%, and 85%, respectively. A total of 8.5 million fertilized eggs

and 6.4 million hatchlings were produced. The survival of fry during larval rearing

trials at a stocking rate of 500 hatchlings/m2 was 58% after 22 days. The mola
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1 SIS are characterized by their diminutive size (they

length of approximately 25 cm) and largely inhabit fre

as floodplains, rivers, streams, canals, ponds, rice field

2 Carp species: Indian major carp (rohu, Labeo rohita

mrigal, Cirrhinus mrigala), Indian minor carp (bata, Labe

calbasu, Labeo calbasu), and exotic carp (grass carp

idella; silver carp, Hypophthalmichthys molitrix; com

carpio; bighead carp, Aristichthys nobilis; black car

piceus; silver barb, Barbonymus gonionotus).

Rajts et al. 10.3389/faquc.2023.1271715
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hatchlings and fry were sold to 29 farmers at prices comparable to those of

Indian major carp.

Discussion: This article makes a unique contribution to the literature by

documenting the entire process of hatchery-based mass mola seed

production, including broodfish collection and maintenance, hormone dose

optimization, breeding arrangements, breeder characteristics, breeding

behavior and performance fecundity, larval rearing, and seed sales to farmers.

This information is intended to serve as a protocol to be followed by any

individual or institution with an interest in mola breeding and represents an

important contribution to the development of nutrition-sensitive aquaculture.
KEYWORDS

small indigenous fish species (SIS), mola (Amblypharyngodon mola), induced breeding,
environmental manipulation, mass seed production, nutrition-sensitive aquaculture
1 Introduction

Fish is an irreplaceable source of micronutrients in diets in the

Global South, where large numbers of vulnerable people belong to

“fish-dependent” populations. Previous studies from South Asia

have demonstrated that some small indigenous fish species—

col lec t ive ly cal led SIS1—can be part icular ly r ich in

micronutrients, including iron, calcium, zinc, and iodine, and

vitamins A, B12, and D, and make a crucial contribution toward

human nutrition (Bogard et al., 2017).

Historically in South Asia, SIS sourced from inland capture

fisheries were abundant and cheap, but the productivity of

freshwater aquatic resources has declined sharply in recent

decades in response to overexploitation and habitat degradation,

making once plentiful and affordable SIS increasingly scarce and

expensive (Toufique and Belton, 2014).

Carp2 polyculture systems are the most widespread form of

aquaculture throughout the Indian subcontinent. Introducing SIS

into conventional carp polyculture has been promoted over the past

decade as a promising nutrition-sensitive innovation, with the

potential to substantially increase the micronutrient intakes of

farming households, especially for women and children.

Nutrition-sensitive aquaculture is defined as a food-based

approach to aquaculture development that prioritizes the
grow to a maximum

shwater habitats, such

s, and wetlands.

; catla, Gibelion catla;

o bata, Labeo gonius;

, Ctenopharyngodon

mon carp, Cyprinus

p, Mylopharyngodon
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production of nutrient-dense SIS alongside conventional carp

polyculture to support beneficial nutritional outcomes (Thilsted

et al., 2016).

The promotion of nutrition-sensitive carp–SIS polyculture has

centered around introducing mola carplet (Amblypharyngodon

mola, hereafter referred to as “mola”), a small fish species which

is particularly rich in vitamin A, into smallholder managed carp

aquaculture systems in Bangladesh and India (Roos et al., 2002;

Roos et al., 2007; Dubey et al., 2022). These efforts have been

successful in producing significant quantities of mola in grow-out

ponds with no additional inputs or management, and no reduction

in carp yields (Wahab et al., 2003; Milstein et al., 2009). Subsequent

studies have demonstrated that including mola in a carp polyculture

system can increase the consumption of micronutrient-rich mola by

women and children (Castine et al., 2017; Karim et al., 2017) and

can be a cost-effective approach to reducing the burden of

micronutrient malnutrition (Fiedler et al., 2016).

However, to date, efforts to promote nutrition-sensitive

aquaculture have been dependent on the efforts of project or

scheme extension workers to coordinate the harvesting of wild

mola broodfish, maintain them in dedicated “brood ponds”, and

then distribute them to the ponds in target communities. The

harvesting process for collecting mola broodfish from the wild

also destroys small-sized mola and other SIS. The high costs,

difficulties in sourcing and transporting wild mola broodfish, and

the lack of incentives for adoption by the private sector associated

with this approach make its long-term sustainability following the

withdrawal of project support questionable.

In contrast, the development of most farmed aquatic species

that are now cultured at scale in Asia (e.g., carps, tilapias, and

catfishes) has followed a trajectory from reliance on the seed

sourced from the wild, to the hatchery-based mass production of

seed using wild broodfish and closure of the lifecycle, to the

domestication of broodfish and the creation of seed multiplication

and distribution networks by dynamic private-sector actors,

including hatcheries, nurseries, and fish seed traders (Belton, 2012).
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Standardized hatchery techniques for the mass production of

mola and other SIS seed do not yet exist. We hypothesized that a

lack of commercial hatchery reproduction techniques for mola seed

is a key bottleneck that limits the potential for widespread adoption

of carp–SIS polyculture. The project reported on in this study was

designed to overcome this key technical constraint to scaling up

nutrition-sensitive aquaculture, by developing protocols for

hatchery-based seed production of mola in Assam and

Odisha, India.

This article reports the results of successful mola seed

production trials, conducted in partnership with a private

hatchery in Odisha, India, in 2022, which were designed to crack

the code of mola seed mass production to facilitate the scaling up of

nutrition-sensitive carp–SIS polyculture throughout South Asia.

The article’s methodology and results are intended to serve as a

road map, to be replicated by any individual or institution with an

interest in mola seed production, including hatchery design,

induced breeding techniques, and larval rearing.

The article is organized into five sections. Section 1 contains the

introduction and background. Section 2 contains a review of

previous literature on the nutrient content, reproductive biology,

and artificial reproduction of mola. Section 3 details the materials

and methods used in the study, including those relating to broodfish

collection and maintenance, hormone dose optimization, and

breeding arrangements. Section 4 presents results relating to

breeder characteristics, breeding behavior and performance,

fecundity, larval rearing, and seed sales to farmers. Section 5

concludes by reviewing the implications of the results for the

wider promotion of mola as a farmed species, and the potential

for the mass production of other candidate SIS in hatcheries.
2 Nutrient content, reproductive
biology, and reproduction of mola

Mola fish are distributed throughout Bangladesh, India,

Myanmar, and Pakistan. It inhabits rivers, streams, lakes, ponds,

ditches, and other stagnant waters (Froese and Pauly, 2022). Its

maximum recorded length is 20 cm (Talwar and Jhingran, 1991),

although Rahman (1989) reported its maximum length as only 15

cm. The average lifespan of male and female fish is 13 months and

15 months, respectively, as reported in the Payra River of Southern

Bangladesh by Ahamed et al. (2017).

It was discovered decades ago that mola contains high contents

of calcium, iron, vitamin A, and vitamin B12 (Zafri and Ahmad,

1981), and, therefore, has high nutritional value; since then, it has

been one of the most studied SIS. Mola is particularly rich in

vitamin A, with 2,503 μg of vitamin A present per a 100-g edible

portion (Bogard et al., 2015). Mola also contains high levels of

essential amino acids. Mustafa et al. (2015) found that the lipid

content of mola is 4.5%, and that the percentage of omega-3

polyunsaturated fatty acids (PUFAs) in total fatty acids is 6.31%

± 1.4% in the head and 5.93% ± 0.75% in the body. Mola has a

higher lipid content than and similar protein content to most carps

(Bogard et al., 2015).
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Mola has small gill rakers that are connected with a membrane

to filter plankton, and is predominantly a phytoplankton feeder.

Mola is herbivorous, and Chlorophyceae are its most preferred food

source (Gupta and Banerjee, 2013).

Mola is a prolific breeder, with first maturity reported to occur

at 3 months of age (Rajts et al., 1997). Mola is a fractional spawner

(Gupta and Banerjee, 2013). The reproductive biology of mola

varies with the climate, water quality, food availability, size, and

habitat. The present state of knowledge on the reproductive biology

of mola is summarized in Table 1.
TABLE 1 The reproductive biology of mola carplet (Amblypharyngodon
mola) *.

Particulars Value Reference

Age of maturity (months) 3 Rajts et al.
(1997)

Weight at maturity, female fish (g) 0.25–11.82 Rahman et al.
(2018)

Weight at maturity, male fish (g) 0.39–6.86 Rahman et al.
(2018)

Length at first maturity, female fish
(cm)

3.57–9.94 Rahman et al.
(2018)

Length at first maturity, male fish
(cm)

3.69–8.88 Rahman et al.
(2018)

Breeding habit Batch spawner Froese and
Pauly (2022)

Parental care None Froese and
Pauly (2022)

Breeding ground (preferable) Freshly flooded dry
land with plant

substrate

Rajts et al.
(1997)

Natural breeding events per year 2 Kohinoor
et al. (2005)

Natural breeding events per year in
Kaptai reservoir, Bangladesh

3 Azadi and
Mamun
(2004)

Seminatural breeding per year
(induced by environmental
manipulation)

5 Ghosh et al.
(2018)

Gonadosomatic Index (GSI) female
(January and June)

1.78 and 17.06 Kohinoor
et al. (2005)

Eggs per female fish measuring 5
cm–5.5 cm and 8.1 cm–8.5 cm ♀

1,023 and 6,806 Hoque and
Rahman
(2008)

Relative fecundity per female fish
measuring 5 cm–5.5 cm and 8.1 cm–

8.5 cm ♀

200 and 850 Hoque and
Rahman
(2008)**

Relative fecundity of fish in Kaptai
reservoir, Bangladesh

995/g Azadi and
Mamun
(2004)

Diameter of vitellogenic oocyte (μm) 27–30 Hoque and
Rahman
(2008)

(Continued)
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Mola eggs are slightly adhesive, and an appropriate substrate on

which broodfish lay eggs is needed for successful spawning. Mola

breeding can be stimulated by introducing fresh water (particularly

rainwater), increasing water levels, and the provision of previously

dry but freshly inundated land with substrate for the slightly

adhesive eggs. The substrate can be rice plants, remaining rice

straw, or artificial grass.

During spawning, the rice straw can serve as a substrate for the

eggs and helps to generate infusoria3 and other zooplankton that

provide a food source for young fry (Thilsted et al., 2016;

Saha, 2019).

Kohinoor et al. (2005) studied the reproductive biology of mola

for 1 year and found that the gonadosomatic index (GSI) values for

female mola ranged from 1.78 ± 0.88 to 17.06 ± 2.66. The highest

GSI values for female mola were observed in July. Monthly

observation of the diameter of the ova indicated that the fish

spawned at least two times per year, once between May and July,

and again between September and October (Kohinoor et al., 2005).

The possibility of repeated induced breeding of mola has been

demonstrated by several authors. Ghosh et al. (2018) carried out a

successful breeding trial in West Bengal. They found that mola can

be induced to breed five times in 1 year through environmental

manipulation. They did so by flushing ponds with water of different

origins. The spawning of mola was observed every time pond

flushing occurred and also after heavy rain.

Mondal et al. (2020) maintained mola breeders in hapas in

ponds throughout the year to study their breeding habits. Ripe ova

were found for 9 months, that is, from April to December. The

development of oocytes was identified at different stages in each

batch, and natural breeding occurred several times during the

culture period. This is consistent with the findings of Ghosh et al.
3 Infusoria are live food organisms (mostly composed of microscopic

protozoans) that are eaten by fish hatchlings.
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(2018), which were that mola could be bred in captivity several

times per year using environmental stimuli.

Saha (2019) reported success in hormonal-induced breeding

with the use of carp pituitary gland (PG) extract. He reported that

the best dose of PG extract for inducing mola to spawn in the

hatchery was 25 mg per kg. The latency time was 6 h–8 h, and

hatching occurred 17 h–18 h after fertilization, at a temperature of

approximately 27°C. Saha estimated the average weight of 4-day-old

hatchlings as 0.7 mg. The hatchlings were grown in a nursery pond

and reached 5.14 cm± 0.42 cm in total length and 1.54 g± 0.33 g in

weight in 34 days. Saha et al. (2014) also reported techniques for the

successful transportation of live mola breeders, which are very

sensitive to handling.

Despite a substantial body of work on the reproductive biology

of mola, the efforts to conduct induced breeding have been largely

ad hoc in nature. No comprehensive, standardized, easily replicable

protocol for the mass breeding and larval rearing of mola under

hatchery conditions has been published to date. In the rest of the

article, we address this knowledge gap by reporting detailed results

from our successful breeding and larval rearing trials of mola in

Odisha, India, in 2022, which serve as a protocol for the future

replication of mass mola seed production.
3 Materials and methods

3.1 Broodfish collection and maintenance

The induced breeding trial for the mass production of mola seed

was conducted at the project partner hatchery complex located in

Tulunga village (Biswal Aquatech; latitude 20°12′45.84'N/longitude
86°20′3.32'E), Jagatsighpur District, Odisha, India. A sample of wild

mola weighing 40 kg was collected between March 2022 and April

2022 from three different sources—community water bodies,

private ponds, and canals—to ensure high levels of genetic

variation, and was transported to the partner hatchery in 10-L

oxygenated plastic bags. On arrival, all live mola were treated with a

10 ppm potassium permanganate (KMnO4) solution and were

stocked in two separate broodfish ponds (area per pond: 400 m2,

depth: 1 m–1.5 m) at a density of 20 kg per pond (50 g/m2), and

maintained for 3 months.

The broodfish ponds were prepared in accordance with

standard protocols (Horvath et al., 2002; Rajts et al., 2022). The

ponds were semidried and, after cleaning, the wet bottom was

treated with powdered hydrated lime [Ca(OH)2], at the rate of 200

g/m2. Basal organic fertilization was conducted using mustard oil

cake (MOC) at a rate of 20 g/m2, and water was gradually filled up

to a depth of 1 m from a borewell. Following this, an initial

application of the inorganic fertilizers urea and single

superphosphate (SSP) was made at rates of 10 g/m2 and 20 g/m2,

respectively, to augment pond productivity.

Mola broodfish were stocked when water transparency (Secchi

disc reading) reached the optimum level of 25 cm–30 cm. The

broodfish were fed to satiation twice daily with floating pelleted feed

(Natpro feed; 1 mm in size; 42% protein). To maintain the healthy
TABLE 1 Continued

Particulars Value Reference

Pituitary gland (PG) dose for
induced breeding

2 mg/kg ♀ and 1
mg/kg ♂

S.I. Khondaker
±

PG dose for induced breeding 25 mg/kg ♀ Saha (2019)

Latency period for ovulation (hours
at 27°C)

6–7 S.I. Khondaker
±

Time of egg development to hatching
(hours at 27°C)

12 Saha (2019)

Larval development time to first
feeding (hours at 27°C)

72 S.I. Khondaker
±

48 Saha (2019)

Number of 4-day-old hatchlings per
kg body weight

1.456 million Saha (2019)

Size in nursery pond (at 34 days old) 5.15 cm; 1.54 g Saha (2019)
*Source: Modified from Rajts and Shelley (2020).
**Calculated from data in Hoque and Rahman (2008).
The relative number increases with size.
± Personal communication, hatchery owner, Bangladesh.
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growth of plankton in the ponds, weekly applications of urea and

SSP were made at rates of 2 g/m2 and 4 g/m2, respectively.

The water quality of broodfish ponds was monitored

periodically between 08:00 and 10:00 using a HANNA

multiparameter kit. The average physicochemical parameters of

the broodfish ponds were: temperature 30°C, pH 7.5, dissolved

oxygen 6.2 mg L–1, alkalinity 190 mg L–1, hardness 85 mg L–1, nitrite

(NO2-N) 0.0 mg L–1, and ammonia (NH4-N) 0.6 mg L–1.

It is very difficult to distinguish between male and female mola

during the early stages of maturity, but sex can be distinguished

during the breeding season (Rajts and Shelley, 2020). When setting

up the induced breeding, mature mola broodfish were identified

based on their secondary sexual characteristics. Male fish are

comparatively brighter than female fish, whereas female fish are

larger in size and lighter in color than male fish. Mature female fish

have smooth pelvic fins and a deeply forked caudal fin, and can be

identified during the spawning season by their soft and

conspicuously distended abdomen. Matured male fish have

yellowish-colored caudal fins (Figure 1).
3.2 Induced breeding arrangements

The mature and healthy mola broodfish were collected from the

broodfish ponds by repeated drag netting, followed by manual

segregation by sex, and transferred to a concrete conditioning cum

breeding tank (L × W × H: 3.9 m × 2.35 m × 1.10 m; capacity: 10

m3) with a constant water showering for approximately 6 h–8 h, for

acclimatization and stimulating spawning readiness. On average, a

total of 3.36 kg of male and female mola broodfish were conditioned
Frontiers in Aquaculture 0542
and injected together. The fish were not fed before the breeding

commenced. A combination of hormone administration and

environmental manipulation was used to increase seed production.

Two breeding tanks were prepared with double hapas. First, a

250-mm nylon mesh outer hapa was installed within the tank.

Subsequently, with the aid of a galvanized iron frame, an inner

hapa with a mesh size of 8 mm was installed inside the outer hapa.

Throughout the trial, the breeding tank was exposed to a constant

shower of oxygen-rich water from an overhead tank equipped with

an aeration tower (Figure 2). A diagram illustrating the

construction of an aeration tower is shown in Figure 3.
3.2.1 Preparation, dose optimization, and
administration of inducing hormone

Synthetic gonadotropin-releasing hormone analog (SgnRHa

with domperidone) (trade name—WOVA-FH™, manufactured

by Biostadt India Limited, Mumbai, India) was used to induce

spawning. To optimize the inducing hormone dose, we initially

chose five different treatment doses, i.e., 0.1 mL to 0.5 mL per kg

body weight of female fish (Table 2). Male fish were administered

with half the dose given to female fish.

The hormone dose was diluted 15 times in 0.65% sterile

sodium chloride (NaCl) solution. Dilution was necessary

because of the high viscosity of the product and the very small

dose required for SIS. The inducing solution was administered

into the peritoneal cavity of mola broodfish using an insulin

diabetic syringe of 1-mL capacity with 40 graduations. In brief,

doses of 0.5 mL and 0.25 mL per kg body weight of female fish and

male fish, respectively, yielded the highest hatchling production
FIGURE 1

Mature female (left) and male (right) mola.
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among the five treatments, and these doses were selected for the

mass production of mola seed.

The inducing solution was prepared and injected according to

the individual body weight of the fish with an average 2: 1 male-to-

female ratio. For female mola breeders weighing 1 kg, 8 mL of

inducing solution (0.5 mL of hormone + 7.5 mL of water) was used.

The following formula was used to determine the individual doses

for breeders:

G   =  
H

1, 000
 �  W

� �
 �  

D
V

(1)

In which, G represents the number of graduations on the

syringe, having the required volume of solution to be injected; H

the desired dose of hormone to be applied (original hormone, mL

kg –1); W the weight of fish to be injected (g); D the dilution rate of

hormone; and V the volume of the diluted solution in one unit of

syringe graduation.
FIGURE 3

A diagram illustrating the construction of an aeration tower.
FIGURE 2

Aeration tower installed in the overhead water reservoir tank.
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For instance, 0.04 mL (5 × 0.008) of inducing solution is

required for a single female mola weighing 5 g. One graduation of

insulin syringe contains 0.025 mL (1/40 mL). Therefore, for a 5-g

female, the volume of solution contained in 1.6-graduations (0.04/

0.025) needs to be injected. Immediately after administering the

inducing solution, the broodfish were returned to the 10-mm mesh

inner hapa, which was covered with nylon mosquito nets to prevent

the fish from jumping out.

Table 3 details the characteristics of mola broodfish used over

10 production cycles. A sample of mola broodfish weighing 34 kg in

total (female broodfish weighed 21 kg in total and male broodfish

weighed 13 kg in total) was injected. Breeding took place over 16 h–

22 h during the peak breeding season (i.e., June 2022–September

2022), with a natural photoperiod of 12 h light: 12 h dark. The water

quality of the breeding tanks was monitored, and the average values

for temperature, pH, and dissolved oxygen were 29.53°C ± 0.39°C,

8.03 ± 0.12, and 6.86 mg/L–1± 0.31 mg/L–1, respectively, over the 10

production cycles.
3.3 Evaluation of breeding performance

The breeding performance of hatchery-based mass production

of mola was evaluated in terms of spawning rates (percentage of

female fish that responded), fertilization rate (%), hatching rate (%),

hatchling production, and survival (%). The numbers of eggs and

hatchlings were calculated using the volumetric method and the

following equations (Sarkar et al., 2005; Kumar et al., 2018; Kumar

et al., 2021):

Latency period (h)

= duration from first injection to spawning (2)

Spawning rate ( % )

= (number of female fish that responded=

total number of injected fish) � 100

(3)

Incubation period = duration from fertilization to hatching (4)

Absolute fecundity

= total number of eggs in the ovary of mature female fish (5)

Relative fecundity (number of eggs spawned per g body weight 

of fish) = total number of eggs released=body weight of female fish

(6)

Fertilization rate ( % )

= (number of fertilized eggs=total number of eggs counted)

� 100 (7)
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TABLE 3 Morphometric characteristics and sex ratio of mola broodfish (Amblypharyngodon mola) used for mass seed production.
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Date Number
of female
broodfish

Number
of male
broodfish

Total
number
of
broodfish

M: F
ratio

Total
weight of
female
broodfish
(g)

Total
weight of
male
broodfish
(g)

Tot
we
all
bro
(g)

One 5/7/
2022

264 418 682 1.6: 1 2,000 1,360 3,36

Two 14/7/
2022

436 545 981 1.3: 1 3,150 1,650 4,80

Three 30/7/
2022

515 795 1,310 1.5: 1 3,850 2,450 6,30

Four 31/7/
2022

358 482 840 1.3: 1 2,450 1,250 3,70

Five 19/8/
2022

381 482 863 1.3: 1 2,650 1,350 4,00

Six 21/8/
2022

396 645 1,041 1.6: 1 2,600 1,720 4,32

Seven 20/9/
2022

122 201 323 1.6: 1 793 574 1,36

Eight 21/9/
2022

50 100 150 2.0: 1 318 288 605

Nine 26/9/
2022

200 380 580 1.9: 1 1,300 995 2,29

10 27/9/
2022

265 365 630 1.4: 1 1,850 997 2,84

Total – 2,987 4,413 7,400 – 20,961 12,634 33,5

Mean – 299 441 740 1.6: 1 2,096 1,263 3,35

SD – 146 201 343 0.25 1,077 610 1,67

Minimum – 50 100 150 1.3: 1 318 288 605

Maximum – 515 795 1,310 2.0: 1 3,850 2,450 6,30
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Hatching rate ( % )

= (number of hatched eggs=total number of fertilized eggs)

� 100 (8)

Hatchling survival ( % )

= (number of live hatchlings harvested=total number of  

hatchlings hatched out)� 100

(9)
3.4 Nursery rearing of
hatchery-produced mola

Three-day-old hatchlings were stocked from July 2022 to

August 2022 in three different nursery ponds that were 400 m2 in

size (depth 1 m–1.5 m), at stocking densities of 500, 625, and 750

individuals per m2, and reared for 21 days. The nursing ponds were

located inside the partner hatchery complex, at a distance of

approximately 200 m from the breeding tanks.
3.4.1 Nursery pond preparation
The nursery ponds were dewatered, and the pond bottom soil

was kept moist until lime application. Hydrated lime in powder

form was applied at a rate of 200 g/m2 and left to dry on the pond

bottom for a week. Mola hatchlings are sensitive to predation from

copepods and some insects and insect larvae such as backswimmers

and dragonfly larvae. Liming on wet soil followed by drying the

pond bottom will eliminate most predators during pond

preparation (Rajts et al., 2022).

Fermented MOC was sprayed on the pond bottom as organic

fertilizer, after diluting in water at a rate of 20 g/m2. The ponds were

gradually filled from a borewell to a depth of 1 m 3–4 days before

mola seed was stocked. The inorganic fertilizers urea and SSP were

applied by dilution in pondwater at rates of 10 g/m2 and 20 g/m2,

respectively, when water filling started. Fermented MOC was

sprayed on the pond surface daily thereafter, mainly as an organic

fertilizer, at a rate of 1.25 g/m2.

During the initial days of rearing, hatchlings require plenty of

small zooplankton because their mouths are small and they are

unable to catch fast-moving prey (Rajts et al., 2022). This type of

zooplankton consists of protozoans and rotifers. Dried grass was

placed all-around the shallow areas of the pond to develop

Paramecium and rotifer populations, which are the best source of

food for the small mouths of hatchlings. The decomposing grass

was removed after 7 days.

Before stocking mola hatchlings, the nursery ponds were netted

several times with a mosquito net to remove other predatory insects

such as backswimmers and their larvae. To repel predator copepods

at the time of stocking, mola hatchlings were stocked within 3–4

days of filling with water. The stocking was conducted in the
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morning, with special attention paid to the gradual adjustment of

the physicochemical characteristics of the carrying water and the

pond water.

The hatchlings were fed with microencapsulated chicken eggs at

a rate of five eggs per 100,000 hatchlings per day. This dose was

divided across four separate feeding events per day. Feeding with

the microencapsulated eggs was stopped after 5 days, but MOC

application was continued. From day 6 onwards, commercial

powdered feed (Natpro feed; 1 mm in size; 42% protein) was

scattered on the water surface, ad libitum.

To enhance natural plankton productivity, urea and SSP were

applied each week at rates of 2 g/m2 and 4 g/m2, respectively,

depending on phytoplankton density (Secchi disc reading 25 cm–30

cm). Water quality deteriorates easily in nursery ponds when excess

fertilizers are applied; therefore, 5 cm–6 cm of fresh water was

added daily until the ponds were filled to a maximum depth of 1.5

m. After 3 weeks (i.e., on day 22), mola fry were harvested. Feeding

was stopped 1 day prior to harvesting.

3.4.2 Survival and growth performance
To assess growth performance, weekly sampling was conducted

to measure the length and weight of broodfish using ruler scales and

a digital weighing balance (precision 1 mg; Saffron), respectively.

Mortality and other behaviors were monitored daily. The growth

performance was calculated using the following formulas:
Daily weight gain (mg) = final weight (mg)−initial weight

(mg)/rearing duration. (10)

Specific growth rate (% day–1) = [Ln (final weight (mg))−Ln

(initial weight (mg))]/rearing duration × 100. (11)

Survival rate (%) = final number of fry/initial number of

hatchlings × 100. (12)
3.4.3 Water quality
The water quality parameters of nursery ponds were monitored

3 days before stocking and subsequently at 3-day intervals using a

HANNA multiparameter kit. The parameters measured were

temperature (°C), pH, dissolved oxygen (mg/L−1), ammonia-

nitrogen (NH3-N) (mg/L−1), nitrite-nitrogen, (NO2-N) (mg/L−1),

total alkalinity [as CaCO3 (mg/L−1)], and total hardness [as CaCO3)

(mg/L−1)].
4 Results

4.1 Breeding behavior, latency, induced
spawning, and egg production

Spawning was achieved within an average latency period of 6 h

to 8 h after hormone administration and at an average water

temperature of 29.5°C (range 28.5°C–30°C). The reproductive

behavior of the mola fish was closely observed at regular intervals.

Within 3 h–4 h after hormone administration, male mola initiated
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courtship by exhibiting active movements around female mola, with

occasional synchronized swimming alongside female mola,

followed by frequent coordinated movements. We found that

each female fish paired with a single male fish. After pairing, the

male fish increased the intensity of their movements, and

aggressively and repeatedly chased and contacted the female fish’s

abdominal area near the urogenital aperture. The frequency of

coupling and twisting activity by male fish intensified

during spawning.

Batch-specific information on average spawning and

fertilization rates during mass production of mola seed is

presented in Table 4. The spawning rate ranged from 74% to

87%, with a mean value of 82% ± 4.99%. The average absolute

fecundity was recorded as 9,018 ± 3,120, with a range between 5,076

and 14,167, and the numbers of spawned eggs ranged between 515

and 778 eggs per g–1 female fish body weight, with a mean value of

609 ± 85 eggs per g–1 female fish body weight. Over the 10

production cycles, approximately 8.5 million fertilized eggs were

produced. The fertilization rate ranged between 77% and 86%, with

a mean value of 81% ± 2.39%, and the number of fertilized eggs per

g body weight of female fish ranged between 415 and 618, with a

mean value of 499 ± 73.

The fertilized eggs were light brown to yellowish in color, clear

in appearance, demersal, and semi-adhesive (Figure 4). The eggs

were found to be attached to the lower bottom part and lower lateral

side of the 250-mm mesh outer hapa. The following morning,

between 09:00 and 11:00, all breeders were removed from the
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inner hapa and relocated to a designated spent brood pond. The

average numbers of dead male and female mola per spawning were

16.20 ± 10.24 and 9.90 ± 6.97, respectively, with mortality rates of

between 5.54% ± 2.53% and 2.25% ± 1.07%, respectively.
4.2 Hatchling production and survival

Table 5 details information, by batch, on hatchling production

during hatchery-based mass production of mola seed. Larvae were

observed to hatch 12 h–14 h after fertilization, at a water

temperature of 28.5°C–30°C. The hatching rate ranged from

76%–91%, with mean values of 85% ± 4.66%. Over the 10

production cycles, approximately 6.36 million hatchlings were

harvested, with an average of 635,820 ± 335,171 hatchlings

harvested per batch. The average number of hatchlings harvested

per female fish ranged from 2,065 to 2,980, with a mean value of

2,580 ± 351. The total number of hatchlings produced per kg body

weight of female fish ranged from 272,547 to 458,399, with a mean

value of 375,979 ± 62,793.

The embryos began a twisting movement inside the egg capsule

5–7 times per minute before hatching. The twisting movement

broke down the eggshell, and the embryo finally emerged tail first.

One-day-old hatchlings exhibit sluggish movement and tend to

remain attached to the wall of the hapa (Figure 4). From the second

day onwards, hatchlings move toward the water column and remain

close to the side wall of the hapa while exhibiting resting swimming
TABLE 4 Information (by batch) on spawning fecundity and fertilization rate during hatchery-based mass seed production of mola
(Amblypharyngodon mola).

Breeding
batch

Number of eggs
released by each
female fish
(spawning
fecundity)

Spawning rate
(% of female
fish that
responded)

Total
eggs
released

Number of
eggs per g
body weight
of female fish

Number
of fertil-
ized
eggs

Fertilization
rate (%)

Number of
fertilized eggs
per g body
weight of
female fish

One 4,256 76 855,383 562 654,368 76.5 430

Two 4,101 87 1,550,234 568 1,263,441 81.5 463

Three 3,851 86 1,713,706 515 1,379,533 80.5 415

Four 3,632 86 1,122,318 531 903,466 80.5 427

Five 4,804 82 1,508,543 691 1,229,463 81.5 563

Six 5,106 83 1,679,733 778 1,335,388 79.5 618

Seven 4,257 80 417,188 655 356,696 85.5 560

Eight 3,400 74 125,813 535 102,538 81.5 436

Nine 4,333 75 649,915 667 542,679 83.5 557

10 4,437 77 900,705 636 743,081 82.5 524

Total – – 10,523,537 – 8,510,652 – –

Mean 4,271 82.49 1,052,354 609 851,065 81 492

SD 512 4.99 555,532 85 444,719 2.39 73

Minimum 3,400 74 125,813 515 102,538 77 415

Maximum 5,106 87 1,713,706 778 1,379,533 86 618
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behavior. Beyond 48 h after hatching, hatchlings exhibit active

swimming behavior, and the eyes and mouth become prominent.

The yolk sac is completely absorbed within 72 h.

The newly hatched larvae are completely transparent, slender,

and lack pigmentation. Rudimentary eye and otic vesicles are
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visible. A large yolk sac is present, which is bulbous in the

anterior area and narrow in the posterior area.

From the third day onwards, the air bladder became pigmented

black. The larva had three black spots when viewed from above; one

of them was an air bladder, and the other two were eyeballs. Larval
TABLE 5 Information (by batch) on the production and survival rate of mola (Amblypharyngodon mola) hatchlings during hatchery-based mass seed
production.

Breeding
batch

Hatching
rate (%)

Number of
hatchlings
hatched

Survival
rate (%)

Total number of
hatchlings har-
vested

Number of hatchlings
harvested per female
fish

Number of
hatchlings
harvested per kg
body weight of
female fish

One 75.5 494,048 84 415,000 2,065 272,537

Two 84 1,061,290 93 987,000 2,611 361,411

Three 86.5 1,193,296 89.5 1,068,000 2,400 321,039

Four 84.5 763,429 87.5 668,000 2,162 315,889

Five 80.5 989,718 88.5 875,900 2,789 401,055

Six 82.5 1,101,695 88.5 975,000 2,964 451,368

Seven 88.5 315,676 92.5 292,000 2,980 458,399

Eight 89.5 91,771 87.5 80,300 2,170 341,775

Nine 90.5 491,124 84.5 415,000 2,767 425,641

10 88.5 657,627 88.5 582,000 2,867 410,678

Total – 7,159,674 – 6,358,200 – –

Mean 85 715,967 89 635,820 2,580 375,979

SD 4.66 369,102 2.89 335,171 351 62793

Minimum 76 91,771 84 80,300 2,065 272,537

Maximum 91 1,193,296 93 1,068,000 2,980 458,399
FIGURE 4

Mola eggs attached to the outer hapa (left), and one-day-old hatchlings (right).
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movements became faster and more frequent, and the larvae were

found to be swimming casually.
4.3 Larval rearing of hatchlings

The average growth performance during the 3-week larval

rearing period in terms of daily weight gain (mg day–1), specific

growth rate (SGR; % day–1), and survival are presented in Table 6.

The highest growth and survival were recorded at the lowest

stocking density. After 21 days of rearing, the mean SGRs were

30.71% ± 2.75%, 30.26% ± 2.70%, and 29.21% ± 2.71% at stocking

densities of 500/m2, 625/m2, and 750/m2, respectively. The

respective survival values were 58%, 53%, and 48%, respectively.

The average water quality parameters of the three nursery

ponds during the nursery rearing period are presented in Table 7.

The temperature ranged between 29.70°C and 34.5°C, and the pH

ranged between 7.60 and 8.90 throughout the study period. The

level of dissolved oxygen varied from 5.21 mg/L to 8.95 mg/L, but

the averages remained comparable in the three ponds. As expected,

nitrite (NO2-N) and ammonia (NH3-N) were found to be highest in

the pond with the highest stocking density.
4 In Odisha, numerous earthen tanks or ponds have been excavated under

government schemes and community programmes for water conservation

through rainwater harvesting and multipurpose utilization. These tanks are

managed by the decentralized governance system of Gram Panchayats under

the Panchayati Raj and Drinking Water Department, the Government of

Odisha. In Odisha there are approximately 62,000 multipurpose GP tanks,

which have a total water area of 54,000 ha.

5 Women’s self-help groups are informal community groups led by women

that are often used as a means of reducing poverty and empowering women

to undertake many livelihood-generating activities using credit facilities.

Currently, the Government of Odisha nurtures approximately 600,000

WSHGs, which have approximately 7 million women in total who

participate in village-level socioeconomic activities and promote women’s

empowerment.
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4.4 Dissemination of mola seed

Mola hatchlings and fry were either sold or distributed on a

complimentary basis to carp farmers at regular intervals who had

come to purchase carp seed from the project partner hatchery. From

July 2022 to October 2022, 29 farmers took mola seed from the

hatchery, of which nine took 3-day-old hatchlings and 20 purchased

mola fry that were 1–1.5 inches in size. These farmers came from five

districts in Odisha (Jagatshingpur, Bhadrak, Jajpur, Cuttack, and

Kendrapara). A summary of mola seed sales is given in Table 8.

Cumulatively, 2.13 million hatchlings were sold directly, with

an average price of 1,043 INR per 100,000 fry, and 70,500 mola fry

were sold at an average rate of 0.28 INR per 100 fry. Seed were sold

in well-oxygenated plastic bags, filled with clean aerated

groundwater. By October 2022, the partner hatchery had earned a

total of 41,650 INR (around USD 510) by selling mola seed

originating from the project.

The basic details of all the farmerswho purchasedmola seeds were

recorded.Most of the farmers stockedmola seed into pond-based carp

polyculture systems, which had an average pond area of 0.3 ha. The

mola seed were also purchased by village committees to stock in two

Gram Panchayat (GP) tanks4, and by two private entrepreneurs for

stocking biofloc aquaculture systems. Approximately 15,000 fry were

distributed to women’s self-help groups (WSHGs)5 as part of

promotional activities for stocking in GP tanks. The remaining
TABLE 7 Different water quality parameters during nursery rearing of
mola (Amblypharyngodon mola) hatchlings at different stocking
densities.

Parameters Stocking densities

500/m2 625/m2 750/m2

Temperature (°C) 31.45 ± 1.42 30.90 ± 0.91 31.31 ± 1.24

pH 8.10 ± 0.37 8.57 ± 0.24 8.38 ± 0.36

Dissolved oxygen (mg/L–1) 7.26 ± 0.70 7.32 ± 1.14 7.25 ± 1.06

Nitrite (NO2-N) (mg/L–1) 0.27 ± 0.14 0.30 ± 0.15 0.42 ± 0.24

Ammonia (NH3-N) (mg/L–1) 0.75 ± 0.37 0.62 ± 0.23 1.12 ± 0.44

Alkalinity (mg/L–1) 134.25 ±
20.33

140.12 ±
19.55

128.00 ±
20.66

Hardness (mg/L–1) 134.50 ±
17.98

126.00 ±
16.27

126.62 ±
12.11

Transparency (cm) 29.16 ± 3.10 34.08 ± 2.60 34.33 ± 2.87
TABLE 8 Details of mola (Amblypharyngodon mola) seed sales from the
partner hatchery of Odisha during 2022.

Item Hatchlings Fry

Number of farmers purchasing 9 20

Average quantity per purchase 236,667 3525

Total quantity sold (number) 2,130,000 70,500

Average sales value (INR) 1,043 per 100,000 0.28 per fry
TABLE 6 Survival and growth performance of mola (Amblypharyngodon
mola) hatchling at different stocking densities after 21 days of nursery
rearing.

Parameter Stocking densities

500/m2 625/m2 750/m2

Initial weight (mg) 0.002 0.002 0.002

Final weight (mg) 0.32 0.21 0.07

Daily weight gain (mg/day–1) 0.315 0.218 0.076

Specific growth rate (% per day–1) 30.71 ± 2.75 30.26 ± 2.70 29.21 ± 2.71

Survival (%) 58 53 48
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unsold seed were stocked in carp polyculture ponds at the partner

hatchery for grow-out and broodfish rearing.
5 Discussion

This article reports on the first systematic breeding methods

aimed at developing a technical protocol for hatchery-based mass

production of mola seed, a popular nutrient-rich SIS from South

Asia. SIS are small and delicate to handle, making it difficult to

produce seed from them in large quantities using conventional

hatchery methods. Induced breeding, therefore, needs species-

specific innovation and specially modified technology (Rajts

et al., 2022).

In the present study, average absolute fecundity and spawning

fecundity were found to be 9,018 and 4,271, respectively, which is

comparable to the findings reported in the study by Saha (2019).

Previous studies have also reported that mola is a highly fecund fish.

The average latency and incubation periods observed in the

present study were 6 h–8 h and 12 h–14 h, respectively, which

corresponds with the findings of Saha (2019). The latency period of

mola is also similar to that of the endemic cyprinid fish Dawkinsia

rohani (7 h–8 h at 22°C–25°C with 0.5 mL–0.7 mL of WOVA-FH

per kg body weight of female fish and Barilius barila (6 h–7 h at 25°

C–28°C with 0.5 mL of WOVA-FH per kg body weight of female

fish) (Dey et al., 2016; Mariappan et al., 2021). However, the latency

and incubation periods of mola are shorter than those of Indian

major carps (Chattopadhyay, 2017).

In the present study, administering synthetic GnRH-based

hormone through the peritoneal cavity at 0.5 mL kg–1 body

weight of female mola resulted in a fertilization rate of 77%–86%

(mean 81%), and hatching rate of 76%–91% (mean 85%). The

number of hatchlings harvested per female fish ranged from 2,065

to 2,980 (mean: 2,580). This approach yielded better results than

those previously reported by Saha (2019), which were observed in

fish in their responses to PG hormone administration through the

pectoral fin cavity [at 25 mg/kg−1 body weight of female mola

(fertilization rate 84%, hatching rate 63%, and 678 hatchlings per

female fish)].

This is supported by the fact that various cyprinids, such as

Indian major carps, minor carps Labeo bata, and Pengba

Osteobrama belangeri, performed better during breeding with

synthetic hormone doses of 0.4 mL/kg−1 to 0.5 mL/kg−1 body

weight for female fish and 2 kg−1 to 2.5 kg−1 body weight for

male fish (Behera et al., 2007; Rath et al., 2007; Das et al., 2016).

However, trials are required to explore the possibilities of higher

doses of inducing agents for the mass seed production of SIS.

The efficacy of the synthetic GnRH-based hormones has been

reported to be greater than that of PG hormone in cases of other

cyprinid and carp species, as GnRHa works at a higher level of the

brain–pituitary–gonadal axis, which can facilitate more balanced

control of reproductive and physiological events for oocyte

maturation and spawning (Rath et al., 2007; Das et al., 2016;

Kumar et al., 2021). Commercial synthetic hormones are

convenient for mass production of SIS seed because they are
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easily accessible in the market, in contrast to the time-consuming

and labor-intensive process required to produce inducing solutions

from carp pituitary extracts (hypophysation).

The present study was conducted with the intent of maintaining

the sex ratio of male and female broodfish at 2: 1 (male > female),

but in practice the ratio averaged 1.6: 1 over 10 production cycles. A

male-biased sex ratio of two male fish to one female fish has been

reported for many species to lead to a significantly higher

fertilization rate, hatching rate, and larval survival (Mandal et al.,

2016; Kumar et al., 2021).

With the same tanks set up for conditioning and spawning, the

induced breeding protocol developed for the study eliminates the

need for a separate breeding pool, hatching pool, tray, or incubator.

Instead of a continuous flow of water, the current study used

controlled showering, which also serves as a water-saving strategy.

In addition, in contrast to Saha (2019), no substratum (grass, water,

hyacinth, etc.) was used during the breeding trials; instead, eggs

were attached to and gathered within the 250-mm outer hapa, which

could be handled easily.

The hatchery setup included an aeration tower in the overhead

water reservoir tank to maintain optimal levels of dissolved oxygen

and degas groundwater during hatchery operations. The concept

was first introduced in Bangladesh during the 1980s by Rajts (1986).

Toxic gases are removed from the groundwater by the aeration

tower as inflowing water pumped from the borewell passes through

it on its way to the overhead tank. In addition, this process dissolves

oxygen, ensuring that the water supply is almost completely

saturated with oxygen, which increases larval survival Rajts

(1986). By automatically aerating the water before it enters the

overhead tank, this tool has the benefit of eliminating the need for

additional aeration during breeding operation and is thus an

energy-saving strategy. According to Avery and Steeby (2004),

pretreating the water with degassing-aeration towers is a critical

step in the enhancement of dissolved oxygen and the removal of

unwanted gases, which are essential for effective hatching.

The spawning and hatching success of fish is influenced by

factors that are related to water quality, especially water

temperature. In our study, the water temperature in the breeding

tanks was 29.53°C and the dissolved oxygen concentration was 6.86

mg/L–1, both of which are favorable for breeding (Chattopadhyay,

2017). Although it has been reported that most small indigenous

fish breed at a water temperature of 26.0°C–28.5°C under captivity

(Das et al., 2016; Mariappan et al., 2021), in slightly higher water

temperatures, the embryos hatch faster, and have a better survival

rate (Olaniyi and Omitogun, 2013).

For SIS, such as mola, spontaneous spawning may also be

achieved by manipulating water quality parameters, alone or in

combination with hormone induction. This might be accomplished

by maintaining a constant level of dissolved oxygen; implementing

constant showering and flow from groundwater or pond water;

adding soft water, such as rainwater; and adding substratum to

mimic the situation in spawning ponds (Rajts et al., 2022). This

approach might stimulate fish to spawn for an extended period,

even outside of their typical spawning season. Therefore, rainwater

storage and use could be a critical additional step to stimulate the
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spontaneous spawning of SIS and extend the duration of spawning

beyond the normal breeding season. In this regard, field trials are

needed to better understand the interactions between

environmental stimuli and reproductive parameters during the

mola breeding cycle.

As mola is a prolific breeder, the sex-specific separation of mola

broodfish should be maintained during both the off-season and

breeding season to eliminate the possibility of auto-breeding.

However, in the present study, sex-specific broodfish ponds were

not maintained as it is very difficult to distinguish between male and

female mola during the early-maturity stage, and sex can be

determined only during the breeding season (Rajts and Shelley,

2020). It is also challenging to maintain the sex segregation of mola

because of handling stress and injury to the fish during sorting.

During nursery rearing, the survival of mola fry depended on

pond preparation, the presence of selectively cultured plankton in

nursery ponds, and stocking density. For the first 3–4 days of

nursery rearing, mola fry require that a sufficient number of rotifers

(their food source) is present, but they are also at risk of being eaten

by large copepod zooplankton. Therefore, management is necessary

for the selective elimination of zooplankton, and also the selective

development of protozoans and rotifers.

In the current study, ponds stocked with 500 individuals per m2

yielded the highest survival and growth rates after 3 weeks of

culture. However, from preliminary observations during the

study, it appears advisable for farmers to stock mola hatchlings at

a lower stocking density during nursery rearing, such as 200

individuals per m2.

To prevent disease outbreaks and plankton shortages, fry

should be harvested after 3 weeks of culture. They can then be

stocked into a carp–mola polyculture grow-out pond at a rate of 5–

10 individuals/m2. Further focused study is required to optimize the

stocking density of mola fry during nursery rearing, and also in

grow-out ponds.

Stocking hatchery-produced mola seed offers several potential

advantages over the previous practice of stocking broodfish

harvested from natural water bodies. Stocking wild breeders in

seasonal ponds where water is available for a short period only can

be challenging because ponds may dry up before their progeny

reach market size. Moreover, ponds stocked with wild breeders

contain SIS populations comprising a mix of age groups, resulting

in the production of fish of variable sizes, which are less marketable.

In contrast, hatchery-produced SIS seed are of uniform size and

age, and can be stocked at the optimum time and density to

maximize survival and growth. Moreover, hatchery-produced

seed can be conditioned and packed in clean well-oxygenated

water before it is delivered to farmers, which would reduce the

number of mortalities during transport and stocking. Stocking

hatchery-produced fry may also ensure a uniform size of SIS at

harvest, making them more marketable and thus more likely to be

sold at better prices. Hatchery-based seed production also offers the

possibility of stimulating spawning much earlier than in the wild,

giving farmers a head start over nature.

The project is monitoring sales of mola seed by the partner

hatchery (WorldFish, 2022). The average selling price of mola

hatchlings (INR 1,043 per 100,000 pieces) and fry (INR 0.28 per
Frontiers in Aquaculture 1451
piece) was comparable to that of carp seed sold by the hatchery. For

example, rohu hatchlings typically sell for INR 900 per 100,000

pieces, whereas mixed carp fry (rohu, mrigal, and catla) cost INR

0.20–0.25 per piece. Even so, further thorough economic analysis

and modeling are crucial to determining the cost–benefit ratio and

setting the mola seed price.

Micronutrient deficiencies are a major public health issue in the

Global South. Therefore, it is crucial that forms of aquaculture that

produce vital micronutrients without depleting underlying

environmental resources are developed (Gephart et al., 2020). The

higher levels of key micronutrients in mola than in carp, the

compatibility of mola with carp polyculture systems, and the

opportunity to obtain multiple harvests per year make mola an

ideal species for nutrition-sensitive aquaculture.

We hope that this groundbreaking commercial mass mola seed

production trial will facilitate the large-scale adoption of nutrition-

sensitive carp–mola polyculture, which will boost farm incomes,

increase the consumption of micronutrient-dense fish, and support

the livelihoods and well-being of vulnerable populations who

currently experience nutritional inadequacies in regions of India

and South Asia.
6 Conclusion

To conclude, the mass seed production of the nutrient-dense

SIS mola can be achieved through induced breeding using GnRH-

based synthetic hormone (Wova-FH) at a dose of 0.5 mL and 0.25

mL per kg body weight of female and male fish, respectively,

combined with environmental manipulation using oxygen-rich

water. The breeding protocol is simple and can be adopted by

small-scale hatchery operators.
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Connectivity between
populations of the scallop
Pecten maximus in the
Irish Sea and the implications
for fisheries management

Hayden Close1*, Gwladys Lambert1, Peter Robins2

and Luis Gimenez2

1Centre for Environment and Aquaculture Science (Cefas), Lowestoft, United Kingdom, 2School of
Ocean Sciences, Bangor University, Bangor, United Kingdom
Marine species with a pelagic larval phase have the potential to disperse

hundreds of kilometres via ocean currents, thus connecting geographically

distinct populations. Connectivity between populations therefore plays a

central role in population dynamics, genetic diversity and resilience to

exploitation or decline and can be an important vector in the management of

fisheries. The scallop, Pecten maximus, is a valuable benthic bivalve with a variety

of management measures at both regional and national scales. A bio-physical

numerical model was developed to simulate and characterise the larval

transport and population connectivity of scallops across commercial fishing

grounds within the Irish and Celtic Seas. The model incorporated realistic

oceanographic currents and known behavioural traits of P. maximus larvae

including spawning times, pelagic larval duration, and vertical migration during

the various developmental stages i.e., passive, active swimming, vertical

migrations, since growth rates change with temperature, which varies spatially

and temporally, it was used in the model to determine when an individual larva

changed its behaviour. Simulations showed a high degree of connectivity

between most populations, with multiple connections allowing for substantial

exchanges of larvae. The exception was a population off North Cornwall that was

entirely reliant on self-recruitment. A sensitivity analysis of the biological

parameters suggested that ocean current patterns primarily controlled the

connectivity network, but the strength of the connections was sensitive to

spawning date and the specific features of diel vertical migrations. The model

identified weakly connected populations that could be vulnerable to overfishing,

and populations that are ‘strong connectors’ and a vital source of larvae to

maintain the metapopulation. Our approach highlights the benefits of

characterising population connectivity as part of an effective management

strategy for sustainable fisheries.
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1 Introduction

Many marine benthic species have a pelagic larval stage

whereby ocean currents can transport the larvae within the water

column up to hundreds of kilometres over a few weeks (Shanks

et al., 2003). For such species, they may exists as a metapopulation

with spatially separated populations but with plentiful exchange of

larvae between the geographically distant populations (Caley et al.,

1996). This is important for gene flow and replenishment of natural

populations and those which are commercial fishing grounds that

become depleted e.g., through overfishing or disease (Malakoff,

1997). Some studies have suggested that over 60% of juvenile fish

with a pelagic larval stage are returning to or being retained at their

natal location (Swearer et al., 1999; Jones et al., 2009) – thereby

posing the question as to the importance of connectivity networks

within metapopulation dynamics.

Hydrodynamic models can simulate oceanographic circulation

and variability that facilitate the transport of individual larvae and

the dispersal of the spawned larval cohort. This provides the means to

investigate the relative roles of different physical and bio-physical

interactions; for example, inter-annual variability in heat- and wind-

driven currents and seasonal spawning times (Robins et al., 2013).

However, many models do not take account of the numerous

behavioural characteristics with 56% of biophysical models published

by 2019 assuming larvae are passive throughout development (Swearer

et al., 2019). Nevertheless, many species of larvae go through various

development stages such as being passive, actively swimming,

performing diel vertical migrations, or delaying their settlement.

Spatial variability in scallop population sizes, commercial catch

rates, biological characteristics, and oceanographic conditions pose

difficulties for management. For example, assessing recruitment has

been overlooked as a management tool but is now being considered

(Nicolle et al., 2017; Handal et al., 2020; Hold et al., 2021). As a result,

there may be little relationship between the spawning population and

self-recruitment, which makes it difficult to use survey data, or

commercial catch and effort data, to forecast the effects of

management measures such as catch limitations, minimum landing

sizes and effort restrictions. Predictions of connectivity and self-

recruitment can help explain the species’ genetic structure,

population dynamics, and aid in the management of the ecosystem

or resource (Crooks and Sanjayan, 2006; Botsford et al., 2009; Nicolle

et al., 2013). Species that experience population decline from disease

or exploitation can eventually recover via self-recruitment and/or

larval flow from connecting populations, provided the connectivity

network is sufficient (Grimm et al., 2003; Gimenez, 2019). Therefore,

there is a strong incentive to characterise connectivity networks for a

range of ecologically sensitive and commercially important marine

species (Miller, 2007).

The King scallop Pecten maximus is a large benthic marine

bivalve found in shallow depressions in the seabed down to a depth

of approximately 100 m, preferring firm sand and fine gravel

substrate but occasionally found on muddy sands. P. maximus

can typically live up to 20 years and is a hermaphrodite, releasing

both spermatozoa and oocytes (Beaumont and Budd, 1983);

fertilization occurs in open water leading to a planktonic larva.
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The pelagic larval duration (PLD) of scallop larvae depends on

larval growth, which is contingent on ambient water temperature

and from laboratory experiments has been shown to range between

78 days at 9°C and to 24 days at 18°C (Beaumont and Barnes, 1992).

Scallop larvae develop through seven stages, from gametes to

pediveliger, until they settle as post larva. Juvenile scallops

continue to grow and only begin to spawn when they deposit

their second annual growth ring in their shell. Spawning generally

takes place in spring (April – May) and again in early autumn (end

of August and September), with reports of additional spawning

throughout the summer (Kaartveldt et al., 1987; Raby et al., 1994;

Gallager et al., 1996; Garland et al., 2002). Scallops have been

consistently one of the most highly valuable commercial species

with total landings in 2020 of 57,434 tonnes of which 48,122 were

from ICES area VII (Irish Sea) (ICES, 2021). The majority of the

fisheries are managed under national and local legislation with no

quotas or catch limits. Currently, methods used to manage the

fisheries vary depending on the locality with differing minimum

landing sizes, seasonal closures and regulation of fishing effort such

as dredge numbers (ICES, 2021). These measures are aimed at

making the fishery sustainable but are currently not based on bio-

physical interactions, ecology or the wider ecosystem function. In

the past, poor management of scallop fisheries has caused

numerous scallop populations to undergo boom and bust cycles

caused by unsustainable exploitation and variable recruitment

(Shumway, 1991; Beukers-Stewart et al., 2003; Bloor et al., 2021).

This has resulted in populations relying heavily on recruitment

every year, which is a high risk strategy both biologically and

economically (Beukers-Stewart and Beukers-Stewart, 2009).

Previous work examining connectivity networks through

modelling approaches in P. maximus populations have focused

on using a fixed PLD (Nicolle et al., 2013; Le Goff et al., 2017;

Nicolle et al., 2017; Hold et al., 2021). In this study, we developed a

3-dimensional ocean model coupled to a Lagrangian particle

tracking model (PTM) that used the modelled water temperatures

to determine the growth rate, thus the time taken to reach each

larval stage; hence providing detailed representation of the

biological phenomenon in the simulation of the behavioural

characteristics. We quantified the larval transport and population

connectivity of scallop larvae from delineated scallop beds under a

range of oceanographic conditions within the Celtic and Irish Seas

region. In addition, a sensitivity analysis was conducted to validate

the outcomes of the model with regards to key biological parameters

such as the spawning times, larval migration strategies and

settlement criteria, to identify potential yearly recruitment

variability from the environmental variables.
2 Methods

We used outputs of simulated velocities for the Irish and Celtic

Seas obtained from a pre-existing and validated three-dimensional

ocean model, developed by Robins et al. (2013). These velocity fields

were used to drive the advection and diffusion (sub-grid-scale

mixing) of virtual larvae, iteratively through space and time,
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within a Lagrangian particle tracking model (PTM). The spatial

domain of both models is shown in Figure 1.
2.1 Oceanographic model

The 3D Princeton Ocean Model is described in detail by

Blumberg and Mellor (1987) and the Celtic/Irish Sea setup used

for this study is detailed by Robins et al. (2013). In summary, the

model is based upon a parallelised and sigma-coordinate (terrain-

following vertical layers) representation of the primitive equations

that describe the conservation of momentum, thermal energy and

continuity. Variables within the model (e.g. velocity, elevation,

turbulence and temperature) are solved using finite-difference

discretisation on an orthogonal Arakawa-C grid in the horizontal
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plane, which provides an accurate representation of the velocity

around complex coastlines such as within the Irish Sea, due to the

staggered computation of elevation and velocity nodes.

The model domain is 280 km by 708 km, with a horizontal cell

size of 1/30° (longitude) by 1/60° (latitude) resulting in a resolution

of approximately 2 × 2 km. In the vertical plane, there are 20 equally

segmented sigma layers, with an average and maximum distance

between the surface layer and the next layer of 4.3 and 9.6 m

respectively, these distances change spatially following the

underwater terrain (Robins et al., 2013). Accurate simulations of

the long-term circulation are a major challenge to ocean modellers

and confidence in the predictions of the model can only be achieved

through extensive validation of a range of variables (Robins et al.,

2013). The year 1990 was chosen for validation based upon it being

a mean representation of the long term (1989-1998) climate (Neill
FIGURE 1

Map of the study area showing the identified scallop populations (ICES, 2021) that are modelled within the study along with sea surface
temperatures for the 1st of September for 1990 predicted by the oceanographic model.
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et al., 2010) and availability of temperature records to evaluate the

models ability to simulate stratification that can be important for

larval transport.

The simulation consisted of a six-month, three-dimensional,

barotropic (tide-driven and wind-driven circulation) and baroclinic

(density-driven circulation caused by surface solar heating)

simulation for the period 1st April – 30th September 1990. The

model was forced at the open ocean boundaries of the domain with

six tidal constituents including the dominant lunar and solar cycles

(Robins et al., 2013). These two constituents were validated by

comparing the simulated amplitudes and phases of the lunar and

solar elevations with records from 18 coastal stations with records

of known values (Robins et al., 2013). Both baroclinic and

barotropic components of circulation have the potential to play

an important role in larval transport and as a result, the main

oceanographic factors that transport larvae are the residual currents

and tidal velocities. Oceanographic conditions such as,

stratification, gyres, tidal range and depth-averaged residual

currents for the period 1st April – 30th September 1990 are

presented in Robins et al. (2013). Wind effects also contribute to

the residuals, although due to the stochasticity of the wind over

several weeks these are small compared to baroclinic components

and are confined to the surface layer.

The ocean model simulated temperature change within the

domain. The temperature data was outputted every two days;

therefore, the temperature was interpolated between the two

nearest recordings to the particle tracking model time step. The

oceanographic model was run, and the outputs saved every 30

minutes to be used ‘offline’; this meant that the model only had to be

run once and allowed the computing time of the subsequent PTM

to be drastically reduced.
2.2 Particle tracking model

A Langragian 3D PTM was developed in MATLAB to simulate

the individual movement of particles spatially and temporally. These

are based on advection (movement by simulated 3D currents from

the ocean model), sub-grid-scale turbulent mixing, and the individual

particle vertical migration parameterised on scallop behaviour.

Turbulent mixing was simulated in the hydrodynamic model grid

scale (i.e., >2 km). However, sub-2 km scale turbulence exists in

reality and, so, was parameterised within the PTM (Robins et al.,

2013). This was based upon random displacement models (random

walks). For the random displacement, the longitudinal change in

position (Dc, Equation 1a), the latitudinal change in position (Dy,
Equation 1b) and the depth change (Dz, Equation 1c) over each time

step (every save) of the hydrodynamic model of 1800 seconds (Dt, 30
minutes) can be expressed as:

Dx =  
R
r
cos(2pR)(2KxDt)1=2 (1a)

Dy =  
R
r
sin(2pR)(2KyDt)1=2 (1b)
Frontiers in Marine Science 0457
 Dz = K 0
Z Dt +  

R
r
(2KZDt)

1=2 (1c)

Where R is a random number in the range of 0 – 1 and r is the

standard deviation of R cos(2pR). The horizontal diffusivities Kx

and Ky (m2 s-1) were set to (u/100)2 and (v/100)2, respectively.

Simulated larvae were released from locations that are known to

have substantial populations of scallops identified from fishing data

and stock assessment surveys (ICES, 2021); these were the waters

surrounding the Isle of Man, a small population to the northeast of

the Isle of Man (hereafter, referred to as Point of Ayre), North

Wales, Llyn Peninsula, Tremadog Bay, Cardigan Bay, Tuskar, Celtic

Sea and North Cornwall (Figure 1).

Within the model the initial egg size for each larva was

randomly assigned within the range 64.2 to 72.2 μm with a mean

of 68.8 μm, source: Iroise Sea, France, (Cochard and Devauchelle,

1993; Paulet et al., 1995) to allow for variability among individuals.

The PLD, identified from controlled laboratory experiments

for P. maximus larvae from fertilisation to metamorphosis, can

last 24 – 78 days depending on sea temperatures (Comely, 1972;

Gruffydd and Beaumont, 1972; Beaumont and Barnes, 1992;

Robert and Gérard, 1999). PLD is determined by temperature-

dependent growth rates, with faster growth in warmer waters.

However, within the domain where land meets the sea, and

particularly in small embayment’s, the temperature was

overpredicted by the model, reaching in excess of 25°C. As a

result, where the temperature exceeded 17°C, the maximum

attainable temperature in the domain was limited to 17°C

within the PTM as identified by the National Oceanography

Centre (2022). The average sea surface temperature and bottom

temperature is 8°C on the 1st April 1990 and is 15°C and 13.75°C

on the 30th September respectively (Robins et al., 2013). To
TABLE 1 Mean growth rates between 9 – 18°C taken from Beaumont
and Barnes (1992) who assumed growth was linear.

Temperature
(°C)

Mean
Growth
Rate

(mm d-1)

Temperature
Range (°C)

Growth
Rate Range
(mm d-1)

9 1.61 9.5 1.36 – 1.86

10* 2.11* [9.5 - 10.5] 1.86 – 2.36

11* 2.61* [10.5 - 11.5] 2.36 – 2.87

12 3.13 [11.5 - 12.5] 2.87 – 3.29

13* 3.44* [12.5 - 13.5] 3.29 – 3.60

14* 3.75* [13.5 - 14.5] 3.60– 3.91

15 4.07 [14.5 - 15.5] 3.91 – 4.26

16* 4.45* [15.5 - 16.5] 4.26 – 4.64

17* 4.83* [16.5 - 17.5] 4.64 – 5.02

18 5.21 [17.5 – 18.5] 5.02 – 5.40
The growth rate range was calculated by using the mean value and difference between the
upper and lower range. *indicates where interpolated values between actual values were used
as no was data available. Note, no value for the temperature below 9°C or above 18°C so it was
assumed the range was same for the temperatures either above or below.
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simulate growth rates throughout the PLD, a novel approach was

coded using growth rates (Table 1), taken from Beaumont and

Barnes (1992), at a given temperature and combining it with

known sizes of each development stages at 16°C to estimate the

size of the larvae at each stage within the larval development

(Table 2). This was important as the different larval stages (with

different sizes) have a different behaviour in the water. Natural

variability is expected in growth rates of individuals or from local

food availability (Cochard and Gerard, 1987). Therefore, a

random element was introduced to the growth rates (Equation

2a) as they were determined from laboratory studies and fed a

stable diet. The larval length was calculated by adding the growth

rate per iteration to the starting egg size (Equation 2b); this was

calculated using the following equations:

Growth Rate = L +  
(R*Ra)Dt

(ts)
(2a)

Larval length = Previous length + Growth Rate (2b)

Where L is the lowest growth rate for a given temperature

(Table 1), R is a random number in the range of 0 – 1 and Ra is the

difference of the growth rate (Table 1) of the two temperature points

either side of the given temperature and ts is the number of seconds

in a 24 hour period (86400). The growth was assumed to be linear

(Beaumont and Barnes, 1992).

In the model the larvae were grouped into five behavioural

classes (Table 2) used to capture the development of behaviours in

scallop larvae through their ontogeny. Vertical swimming

behaviour was introduced into the model when the larvae became
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trochophores (77 μm) at a rate between 0.5 – 1.0 mm s-1 towards the

surface (Cragg, 1980). Once the trochophores developed into

veligers (82 μm), the swimming speed was assigned within the

range of 1.0 – 1.5 mm s-1. Diel vertical migrations (DVMs) were

introduced at the same time, sinking during the day and rising to

the surface during the night. The depth below the surface of the

DVMs that the scallop migrate to was limited to 10 m, as identified

by Kaartveldt et al. (1987); Tremblay and Sinclair (1990) and Raby

et al. (1994). Once the larvae became eyed veligers (184 μm) they

begin to sink and stay just above the substrate. Many authors have

described that sinking rates are quicker than swimming rates, but

the former have not been quantified (Cragg, 1980; Gallager et al.,

1996; Garland et al., 2002). Therefore, it was assumed that sinking

rates were the same as the swimming rates for the PTM. All

swimming rates were randomly assigned a value within the

ranges described (Table 2).

Estimates of the length at which larvae settle is described as

between 225 – 258 mm (Gruffydd and Beaumont, 1972; Cochard

and Devauchelle, 1993; Andersen et al., 2011). For the PTM the

mean value of 241 mm was used as a settlement length threshold.

Within the model the particles only settled when they entered the

population area polygons delineated in Figure 1. It has been found

that the scallop larvae can delay their settlement typically by two

weeks (Robert and Gérard, 1999; Robert and Nicholas, 2000);

therefore, particles >241 mm were allowed 14 days to disperse to

one of the defined populations. If they encountered a population

boundary within this time, then they settled and if they had not

entered a boundary after the 14 extra days then the larvae were

deemed unsuccessful.
TABLE 2 The size of larvae stages within their development.

Larval Stage/s
Size of
Larva (µm)

References Behaviour References

1. Egg - Trochophore 64 - 76
Paulet et al. (1988)
Cochard and
Devauchelle (1993)

Close to substrate, unable to swim
Paulet et al. (1988)
Cragg and Crisp, (1991)
Comely, (1972)

2. Trochophore - Veliger 77 - 81

Comely, (1972)
Gruffydd and Beaumont
(1972)
Comely, (1972)
Robert and Gérard (1999)

Upwards swimming in range of
0.5 – 1 mm s-1

Cragg (1980)

3. Veliger – Eyed Veliger 82 - 183
Beaumont and Budd
(1983)
Comely, (1972)

Vertical diel migrations with a swimming
speed in the range of 1 – 1.5 mm s-1

Kaartveldt et al. (1987); Tremblay and
Sinclair (1990); Cragg (1980); Gallager
et al. (1996)

4. Eyed Veliger - Pediveliger 184 - 214
Gruffydd and Beaumont
(1972)
Comely, (1972)

Downwards swimming in range of
1 – 1.5 mm s-1

Comely, (1972)

5. Pediveliger - Settlement 215 - 240
Gruffydd and Beaumont
(1972); Cragg (1980)
Comely, (1972)

Downwards swimming in range of
1 – 1.5 mm s-1

Comely, (1972)

6. Settlement > 241
Cochard and
Devauchelle (1993)

All movement stopped
The size of the larva was estimated from a mean egg size of 68.2 μm with a mean growth rate of 4.45 μm d-1 at 16°C. Subsequently using the time taken from the literature on scallop development
to reach each stage, the size of the larvae at each stage was predicted.
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2.3 Boundary limits

The particles have the potential to leave the model domain at

open sea boundaries in the southwest in the Celtic Sea and in the

northwest where the Irish Sea meets the North Atlantic (Figure 1). As

a result, larvae which encountered the domain boundaries were

excluded from the analysis, this was limited to those released from

the Celtic Sea and totalled 6.88% of particles released from this site.

Larvae that reached a vertical boundary (sea surface or bed), were

reflected back into the water column at their position on the previous

iteration step. Similarly, larvae that encountered the coastline were

reflected back to their previous position within the water column.

This allowed for the maximum larval transport potential of each

larval cohort to be investigated, following similar methods employed

by North et al. (2006) and Robins et al. (2013).
2.4 Simulations

A minimum of 10,000 particles were released from each site, as

Robins et al. (2013) identified that this was sufficient to satisfactorily

simulate larval transport in this region (i.e. the transport pattern

remains similar for larger numbers of particles). The larvae were

randomly assigned to starting positions within the coordinates of

each delineated population (Figure 1). Simulations were run for each

site with all particles released on 1st April 1990 at once at 12:00, based

on a spring spawning of P. maximus (Baird, 1966). At the end of each

simulation the percentage of larvae settling within the natal

population boundary (retention), settling within a different

population boundary (connectivity) and those which did not settle

with one of the delineated boundaries (unsuccessful) were calculated.

A sensitivity analysis on the date of release and the biological

parameters was also undertaken on Cardigan Bay, see Section 2.6.
Frontiers in Marine Science 0659
2.5 Model description

Overall, the simulation of velocity and temperature fields from

the oceanographic model were in good agreement with observational

records and other models developed for this region (Xing and Davies,

2001; Horsburgh andHill, 2003; Hartnett et al., 2007). A tidal analysis

conducted by Robins et al. (2013) showed that the simulated

circulation compared well with 18 coastal tide gauge stations,

giving root-mean square errors of approximately 14 cm (M2) and

6 cm (S2) in elevation and 10° and 12° in phase. Comparisons of the

simulated seasonal mean SST with satellite data (National

Oceanography Centre 2022), showed that vertically mixed regions

were 1-2°C cooler in the model than the satellite data. Despite this the

Irish Sea front to the east of the Isle of Man and the Celtic Sea front

across the St George’s Channel were well simulated. It is important

that these are accurately simulated within the model as they can act as

barriers to larvae (Vera et al., 2022). In addition, the simulated

temperatures compared well with observed monthly mean surface

and bottom temperatures at Port Erin, Isle of Man (see Robins

et al., 2013).

The depth profile of an individual particle parameterised on P.

maximus larva, released from Cardigan Bay on the 1st of April 1990

(Figure 2), illustrates the simulated vertical swimming behaviour at

different stages of the pelagic life, with migrations from the seabed to

the surface once the larva developed into a trochophore after a PLD of

7 days (Figure 2, stage 2); exhibited DVM to 10 m when they became

eyed-veligers at day 10 (Figure 2, stage 3) and at day 62 the

pediveliger sank to the seafloor to just above the seabed (Figure 2,

stage 4). The larvae are supposed to be next to the seabed surface,

however, small differences of up to 10 m were seen for the larvae,

most likely caused by the vertical velocities exceeding the directional

swimming ability of the larvae, although the larvae only remained

above the seabed for a short time. Despite their position above the
FIGURE 2

A depth profile of an individual P. maximus larva released from Cardigan Bay on 1st April 1990 showing the different swimming behaviours, (1) No
swimming capacity, (2) swimming to the surface waters, (3) diel vertical migrations to 10 m, (4) swimming just above the seabed. The blue line
indicates the vertical path of the larva and the red line indicates the maximum depth profile from the larval path.
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seabed, the larvae were assumed to have settled, a common approach

in larval modelling (Hartnett et al., 2007; Nicolle et al., 2013).
2.6 Sensitivity analysis

2.6.1 Sensitivity analysis on the
biological parameters

A sensitivity analysis was conducted by varying the particle tracking

model parameters for the Cardigan Bay population. The spawning

times of adults are not clearly established on when larvae are released

withing a tidal cycle (Mason, 1958; Comely, 1972; Bonardelli et al.,

1996; Paugam et al., 2003); therefore, simulations were run with

particles released on the 1st and 14th of every month from April to

July to investigate the effect of the changing oceanographic parameters

on a regular interval. All other simulations within Cardigan Bay were

restricted to releases on 1st April. To test the sensitivity of the outputs to

the growth rates, the values were restricted to the mean value identified

by Beaumont and Barnes (1992), the mean ±1 and ±2 μm to allow for

greater variability (Table 3). Scallop larvae have shown DVMs have

generally only been observed in shallow depths (<15 m below surface)

for scallop larvae from laboratory experiments (Kaartveldt et al., 1987;

Raby et al., 1994; Gallager et al., 1996; Garland et al., 2002); therefore, to

test the sensitivity of the model to the migration strategy, no migrations

and migrations to a maximum of 5, 15, 20 and 25 m depth were

modelled. As the settlement size can also vary, simulations on the

settlement size were conducted using the minimum (225 μm) and

maximum size defined (258 μm) (Gruffydd and Beaumont, 1972;

Cochard and Devauchelle, 1993; Andersen et al., 2011). Larvae have

been observed to delay their settlement by 2 – 3 weeks (Robert and

Gérard, 1999; Robert and Nicholas, 2000) and it has been observed that

bivalves can extend this by up to one month (Robert and Nicholas,

2000; Nicolas and Robert, 2001); therefore, this settlement delay was

modelled using, 1 day, 1 week, 3 weeks, and 4 weeks.

Random numbers were incorporated into the model to

randomise the particle starting positions, starting egg size,
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distances and angles of the horizontal turbulent movement

(Equations 1a, 1b), growth rates (Equation 2a), and swimming

speeds. A different random number was used for each application

based on the same seed. To test sensitivity to the random numbers

used, the experiments were repeated three times with different

random numbers.

2.6.2 Statistical analysis
The average effect of each biological factor on PLD and larval

transport distance was determined using a General Linear Model

(GLM) in R (R Core Team, 2022). This followed recommendations

by White et al. (2014) that ecologists should focus on ‘biological

significance’ such as effect sizes, since applying significance testing is

not appropriate for modelling simulation outputs (Giménez et al.,

2020). To determine which factors were the main drivers, the

residuals from each simulation were compared for the PLD and

population-averaged larval transport distance.
3 Results

3.1 Larval transport and settlement success

The mean PLD for all sites for the model was 95 days with the

North Cornwall and the Llyn peninsula populations having the

longest mean PLD at 109 and 107 days, respectively (Figure 3A).

The smallest mean PLD was 83 days for North Wales. All sites

except the Celtic Sea and Cornwall had larvae with PLDs across the

range rather than aggregated around the mean. This is due to the

larvae within the same location encountering areas of varying

thermal properties that controls the growth rate. The mean larval

transport distance of all sites combined (total distance travelled)

was 2192 km with the longest mean transport distance of 3590 km

for the Llyn Peninsula and the shortest for the Celtic Sea population,

which is subject to low tidal velocities, at 1071 km (Figure 3B). In

contrast, the pelagic larval distance for most of the populations

tended to aggregate around the mean, with only a small number

occasionally having a distance that was markedly different.

However, larvae from within Cardigan Bay, Isle of Man and

Tremadog Bay were subjected to varying tidal velocities such as

strong tides around Anglesey, transporting them to the middle of

the Irish Sea towards the Isle of Man. Interestingly, no relationship

was observed between the PLD and distance travelled (Figure 3).

The regression analysis of connectivity and retention against the

population-averaged larval transport distance, for all simulations

conducted (n = 41), suggests that the shorter the distance travelled

the greater number of larvae that are retained (Figure 4A, r2 = 0.30).

Conversely, no relationship between distance and connectivity was

found (Figure 4B, r2< 0.01).
3.2 Larval connectivity and retention

The mean larval settlement success (connectivity and retention)

from all populations was 41.3%; retention and total connectivity

between populations accounted for 20.3% and 21.0%, respectively,
TABLE 3 Mean growth rates entered into the PTM for the temperatures
between 9 and 18°C with growth rate range when ± 1 and ± 2 (µm d-1).

Temperature (°C) Mean (µm d-1)
Range (µm d-1)

± 1 ± 2

9 1.61 0.61 – 2.61 0 – 3.61

10* 2.11 1.11 – 3.11 0.11 – 4.11

11* 2.61 1.61 – 3.61 0.61 – 4.61

12 3.13 2.13 – 4.13 1.13 – 5.13

13* 3.44 2.44 – 4.44 1.44 – 5.44

14* 3.75 2.75 – 4.75 1.75 – 5.75

15 4.07 3.07 – 5.07 2.07 – 6.07

16* 4.45 3.45 – 5.45 2.45 – 6.45

17* 4.83 3.83 – 5.83 2.83 – 6.83

18 5.21 4.21 – 6.21 3.21 – 7.21
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with connectivity occurring primarily between neighbouring

populations. Hence, on average, 58.7% of larvae did not find a

successful settlement site as delineated in this study. North Wales

had the greatest larval settlement success of 89.1%, this was due to

retention and primarily connecting to the adjacent Isle of Man

population (Figure 5). Conversely, a high number of unsuccessful

larvae were found from Point Ayre (99.5%) and North Cornwall

populations (98.0%) (Figure 5). Greatest retention was found within

the Celtic Sea and Isle of Man populations at 69.5% and 67.11%,

respectively, whilst the least retention was found at in the Point

Ayre and the Llyn Peninsula populations at < 0.1% and 0.9%,

respectively (Figure 5). The number of populations that were

connected varied; the Tremadog Bay population was the largest

source of larvae, exporting to five different sites, whilst the Isle of

Man population was the greatest sink for larvae with a total of four

different sources (Figure 5). The Celtic Sea and North Cornwall

populations did not connect to any other sites, but larvae had the

potential to be retained (Figure 6). North Cornwall had a low
Frontiers in Marine Science 0861
retention of larvae (2.1%) and no external sources of larvae. Despite

this, observations from Figure 6 demonstrate that North Cornwall

had the potential for self-recruitment as most larvae were in close

proximity to their release locations.
3.3 Sensitivity analysis on the
biological parameters

The biological parameters included in the model explained 51%

of variance in the PLD and 29% of the average larval transport

distance from analysis on Cardigan Bay, with the remainder of

the variation in these two metrics attributed to oceanographic

conditions (Table 4). The release date contributed to 15% of the

variation with a decrease in the PLD from 88.8 days when spawning

was delayed from the 1st of April to 67.1 days for the 1st of June, due

to increasing temperatures through the spring and summer. The

exception from this trend was the simulation for the 1st of July
A

B

FIGURE 3

Violin plots for the pelagic larval duration (A) and larval transport distances (km) (B) with red dots denoting the mean values from spawning on the
1st April 1990 from all sites.
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which had a slightly longer PLD (Figure 7). The population-

averaged transport distances increased from 1072 km in April to

2158 km in July with the exception of 1st of April and the 14th of

June 1990 (Figure 8). The change in the spawning date only

contributed to 4% of the total variance within the model (Table 4).

The proportion of larvae being retained larvae stayed broadly

the same until June (Figure 9A) for each release date. This is due to

larvae being transported away from the Cardigan Bay coast towards

the Irish coastline driven by a thermal front that develops across the

middle of Cardigan Bay. The total proportion of larvae connecting

to other populations, primarily Tuskar, the Celtic Sea and to a lesser

extent Tremadog Bay, also tended to be broadly the same at between

20 and 30% except for the larvae released on the 14th of June

(Figure 9A) which had 80% of the larvae connecting to other

populations and 2% of larvae being retained in Cardigan Bay. In

most instances where larvae were transported away from Cardigan
Frontiers in Marine Science 0962
Bay, no suitable settlement site was found. The change in the

spawning date did not appear to drastically change distribution of

the larvae, the larvae tended to stay within the area between south

Wales and Ireland. The only exception to this occurred in the

July simulation when large numbers of larvae were transported

north towards the centre of the Irish Sea, with relatively few larvae

traveling west towards the Tuskar site and then moving southwest

towards the Celtic Sea site, along the thermal front as modelled in

previous months leading up to July (see Supplementary Material for

detailed distribution maps).

Of the variance presented in the larval transport distances, 22%

can be explained by the DVM, which only explained 8% of the

variance in the PLD (Table 4). When no migrations occur and

migrations up to 5 m occurred, most larvae travelled north to their

final destination. When the DVM was 10 m or greater, the larval

transport distance was much lower (Figure 9B) and they generally
A

B

FIGURE 4

Retention (A) and connectivity (B) for the population-averaged larval transport distances (km). Black lines denote linear regression fit with the shaded
area representing the 95% confidence intervals.
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FIGURE 6

Distribution of larvae from spawning on the 1st April 1990 for P. maximus for all 9 populations within the Irish and Celtic Seas. (A) shows successful
larvae and (B) shows unsuccessful larvae, the colour represents the site of release. The distribution of the larvae within the population is not
representative of the distribution as larvae that are able to settle will do so at the edges of the sites, unless they are already within it.
FIGURE 5

Connectivity matrix between larvae from a source (row) and sink (column). The colour scale represents the percentage (%) of larvae that are retained
or connect to other populations; white cells indicate no connectivity. Retention within the same site is indicated by cells that cross the diagonal line.
The total larval success indicating the retention and the larvae received from other populations (connectivity plus retention) for each site is shown
below the matrix.
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travelled towards the west and southwest along the Irish coast.

Connectivity also increased with the depth of the DVM from 20%

with no DVM to over 50% for DVMs to 20 and 25 m (Figure 9B).

Changes to larval size at settlement and changes to the time

spawning could be delayed by, explained very little variance in the

model for PLD (3% and 2% respectively) and larval transport

distance (both <1%). Despite limited influence upon the PLD and

transport distance, the retention of larvae increased when the delay

period was extended but decreased when the size of settlement

increased (Figure 9D). Conversely, the connectivity increased

slightly with increasing settlement size (Figure 9E). The variation

in growth rate had little effect contributing to <1% of the variance
Frontiers in Marine Science 1164
with little change in percentage of the retention and connectivity of

the larvae (Figure 9C).
3.4 Sensitivity analysis on the use of
random numbers within the model

A random number was used within the model to simulate the

natural variation in the environment. Observations from changing

the random numbers in the parameters found differences in the

distributions. Random numbers were used in assigning the

individual larvae a starting position within a site, a starting egg

size, the growth rate per iteration, the random walk and the

swimming speed. However, the random number component

explained <1% of the variance within the GLM.
4 Discussion

Our results are based on mesoscale (2-10 km) and interannual-

mean perspectives of the Celtic and Irish Seas circulation. The

simulated velocities from the ocean model were generally in good

agreement with other similar scale models developed for this region

(Xing andDavies, 2001; Horsburgh andHill, 2003; Hartnett et al., 2007;

Hold et al., 2021). We incorporated the general seasonal development

of the hydrodynamics with some realistic natural variability; however,

several dispersive processes have not been fully characterised, such as

circulation patterns associated with different synoptic storm tracks

(Bricheno et al., 2023) and fine-scale coastal circulation associated with
FIGURE 7

The effect of changing the growth rate, depth of the diel vertical migration (DVM), size at settlement, delay period and release date upon the pelagic
larval duration (PLD) in days. Error bars represent the 95% confidence intervals.
TABLE 4 Contribution (%) of each variable to the total variance
determined from a general linear model.

Variable

Contribution to the total
variance (%)

PLD Larval
transport
distance

Overall 51 29

Spawning date 15 4

Diel vertical migrations 8 23

Growth rate <1 1

Settlement size 3 <1

Settlement delay 2 <1
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undulating topography (Ward et al., 2023) or estuaries (Robins et al.,

2012). Extreme weather events may produce a connectivity network

markedly different to the norm and could be an important vector in

genetic structure over long-term cycles (Corte et al., 2018). Coastal and

estuarine circulation will be an important driver of intertidal species

such as mussels but arguably less important for scallops that inhabit

deeper waters. However, simulations where large amounts of scallop

larvae interacted with the coastline, such as larvae released from the

Point Ayre population, may require a hydrodynamic model with a

resolution higher than the 2 km used here for coastal modelling or

unstructured grids which would allow high grid resolutions around the

coast where it is needed, with coarser grids in more open water (Ward

et al., 2023).

Many aspects of the behaviour and ecology of scallop larvae and

juveniles are unknown and most investigations have been

conducted in hatcheries under artificial conditions, which may

have little relevance to the natural environment (Tian et al.,

2009). In addition, some parameters are not well studied and/or

have conflicting information available, for instance diel vertical

migrations (Kaartveldt et al., 1987; Raby et al., 1994; Garland et al.,

2002). The sensitivity analysis showed that, even if we varied the

larval migration behaviour, similar connectivity networks prevailed

as seen from similar results from modelling of scallop larvae by

Hartnett et al. (2007) and Hold et al. (2020). However, the

proportions of larvae that connected or were retained varied,

which is key to understanding a population’s resilience to fishing

pressure. This variability in strength of connectivity was primarily

caused by the larval length at settlement, DVM, and the potential to

delay settlement, and should be investigated further in more detail.
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The study was novel in that the modelled temperature, which

varied spatially and temporally, was used to influence the larval

growth rate; many previous studies used a fixed PLD to determine

the connectivity of populations (Hartnett et al., 2007; Tian et al.,

2009). However, an analysis by Nicolle et al. (2013) found that a 1°C

change in temperature resulted in an error of 4 days for a pelagic

larval duration (PLD) of 34 days. The PLD estimated during this

study (mean 95 days) were greater than those determined from in

vitro studies of 78 days at 9°C decreasing to 24 days at 18°C

(Beaumont and Barnes, 1992). There was a degree of uncertainty

regarding the modelled temperature particularly in coastal regions,

such as the Bristol Channel and small inlets and bays, reaching in

excess of 25°C in the summer within the model. Additionally, the

model produced areas of cooler waters (11°C in September) found

around Anglesey, North Wales and the Southwest coast of England,

when sea surface temperature in these regions is typically 14 – 15°C

(National Oceanography Centre, 2022) although September

offshore temperatures have been shown to be below 12°C

(Hartnett et al., 2007). Incongruity between the PLDs is likely due

to variation in starting size of the larvae and the settlement size.

However, the sensitivity analysis of the delay period revealed

interesting results in that after seven days the retention of larvae

did not increase, not even after 21 days were given to allow the

larvae to find a suitable settlement site. This suggests that all

larvae that could have been retained were retained. However,

overestimation of the connectivity could be caused by an

increased PLD by delaying the settlement up to 28 days. Further

research is needed to clarify the starting and settling size along with

the maximum length of time P. maximus larvae can delay their
FIGURE 8

The effect of changing the growth rate, depth of the diel vertical migration (DVM), size at settlement, delay period and release date upon the larval
transport distances (km). Error bars represent the 95% confidence intervals.
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settlement, as this would prevent overestimation of the connectivity

between populations.

Additionally, it was expected that the shorter the PLD, the

smaller the distance the larvae would travel. However, the larval

transport distance increased with the change of release date when

growth rates would be larger and thus cause shorter PLD. This

increase in distance was caused by mesoscale density-driven

(baroclinic) flows that develop in stratified regions where surface

heating had led to increased stratification along oceanographic

fronts where well-mixed waters meet. During spring and summer

months, these residual baroclinic currents are enhanced by the

thermal fronts that contribute significantly to the circulation of the

Irish Seas. Therefore, greater distances were covered despite a

decrease of over 10 days in the PLD.

Spawning for P. maximus is thought to occur bi-annually; once

in spring (April – May) and once in autumn (September) (Mason,

1958; Minchin, 1985). However, spawning has been reported
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throughout the year (Gruffydd and Beaumont, 1972). The

simulations revealed that, as the spawning date was moved later

in the year (April through to September), the PLD decreased due to

warming seas and faster growth, but the larval transport distance

increased. The increase in distance was caused by mesoscale

density-driven (baroclinic) flows that develop in stratified regions

where surface heating had led to increased stratification along

oceanographic fronts where well-mixed waters meet. During

spring and summer months, these residual baroclinic currents are

enhanced by the thermal fronts that contribute significantly to the

circulation of the Irish Seas. Therefore, greater distances were

covered despite a decrease of over 10 days in the PLD. This is

countering the expected reduced larval transport distance from the

shorter PLD, as predicted in Gallager et al. (1996) and Duarte

(2007). Additionally, the regression analysis of connectivity and

retention against the population-averaged transport distance, for all

simulations conducted, suggests that the shorter the distance
A B

C

E

D

FIGURE 9

The effect of changing the spawning date (A), depth of the diel vertical migration (DVM) (B), growth rate (C), delay period (D) and size at settlement
(E) upon the larval success rate of those which connect (dashed line) and those that are retained (black line) in their natal population.
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travelled the greater number of larvae that are retained. Conversely,

no relationship between distance and connectivity was found. The

results imply that retention may be increased for larvae developing

in low energy environments such as the area around the Celtic Sea

population. By contrast, decreased retention is expected in high-

energy environments such as around Anglesey and the Llyn

Peninsula where strong tidal (up to 3 m/s) and residual (up to 0.1

m/s) currents are found (Horrillo-Caraballo et al., 2021). Our

simulations provide insights into larval transport from the early

spawning in April/May, and for the potential of trickle spawning

throughout the summer. Further studies could simulate the

autumnal spawning, which may provide insightful results as the

larvae become affected by the breakdown of the tidal mixing fronts

and possibly increased storm activity.

The depth of the DVM has also been the subject of much

discussion, with authors reporting shallow migrations between 5 –

15 m for P. maximus and Placopecten magellanicus (Kaartveldt

et al., 1987; Tremblay and Sinclair, 1990; Raby et al., 1994; Gallager

et al., 1996). When no migration occurred the larval transport

distances were large and connectivity low, with retention

particularly low, resulting in high proportions of larval wastage –

a pattern that has been simulated in other models (Gilbert et al.,

2010). Vertical migrations up to 5 m caused a 20% rise in the

retention of larvae, demonstrating that the movement out of the

immediate surface of the water can cause significant differences in

the transport of larvae with DVMs after 20 m having a limited effect.

This was because larvae may get entrained into different currents

depending on the depth of the DVM and suggests that DVMs to

5 m or less are influenced by surface forcing rather than ocean

currents. The retention of larvae when no DVM was used was 2%

with surface forcing having a large role in the retention of larvae,

particularly in the early stages when no migration behaviour has

developed. Within the model, a fixed depth of the DVM was used

but different stimuli such as light intensity (Kaartveldt et al., 1987),

salinity discontinuation (Raby et al., 1994), increased pressure

(Cragg, 1980) and stratification (Scrope-Howe and Jones, 1986;

Tremblay and Sinclair, 1990; Raby et al., 1994) have been observed

to modify the diel vertical migrations exhibited by veligers

swimming behaviour. Therefore, local conditions might cause

different depths of the DVM, thus causing differences in the

temporal and spatial transport of the larvae.

Random elements introduced into the model to create variation

such as small sub-scale turbulence (random walks), predator

avoidance (swimming speed), food scarcity (growth rate) and

release location had a minimal influence on the variance on the

model. It may be that these small-scale effects do not have a large

effect at the scale of the model but should be considered with higher

resolution models.
4.1 Implications for management

Currently, scallop stocks are managed individually (ICES, 2021)

with direct management in territorial waters (12 nautical miles) by

regional bodies, and nationally for offshore waters within each

country’s exclusive economic zone. The retention and connectivity
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from this study are magnitudes higher than expectations as no

mortality was introduced into the model. However, the general

dispersal patterns suggest that there is a single metapopulation

within the Celtic and Irish Seas, except for North Cornwall which

was reliant on self-recruiting. However, other scallop modelling had

identified metapopulations within the English Channel and along the

French coast, not within the scope of this study, which have the

potential to act as a source for North Cornwall and the Celtic Sea

populations (Le Goff et al., 2017; Nicolle et al., 2017). The four

populations between the west coast of Wales and Ireland (Llyn

Peninsula, Tremadog Bay, Cardigan Bay and Tuskar) appeared to be

key to the metapopulation, with a large interchange of larvae which is

consistent with other larval models for the region (Hartnett et al., 2007;

Coscia et al., 2013). In particular, the exchange of larvae between these

three central populations (Cardigan Bay, Tuskar and Tremadog Bay)

suggests that they may be resilient to over-fishing as external sources of

larvae may be able to replenish the populations (Grimm et al., 2003).

Additionally, they also provide larvae for each other and for

populations in the south (the Celtic Sea) and north (Isle of Man,

North Wales and Point Ayre). The northern area of the Celtic Sea

population is reliant on the import of larvae and to maintain the

population abundance, the Tuskar and Cardigan Bay populations will

need strong management if they are to provide a continual source of

larvae. In addition, the central populations appear to be a vital source of

larvae for the Llyn Peninsula population which has a low retention rate

(0.9%), which acts as a steppingstone connecting the central

populations to the northerly populations; but modelling by Hartnett

et al. (2007) found retentionmay occur in this region. The NorthWales

population is also a crucial population, appearing to be reliant on self-

recruitment with low external recruitment of larvae but a large

percentage of its larvae connected to the Isle of Man population, an

important fishing ground (ICES, 2021). It should also be noted that not

all scallop populations were simulated or represented in the model,

with populations identified from extensive fishing pressure with

defined boundaries used (ICES, 2021). Other populations of scallops

are known to occur in waters surrounding Northern Ireland (AFBI,

2012), Scotland (Dobby et al., 2012) and France (Nicolle et al., 2013)

with international cooperation needed to provide accurate data.

Additionally, populations exist on smaller scales such as within

Skomer Marine Nature Reserve, but the area of these populations

could not be defined or were too small in scale to be

accurately modelled.

The study does not consider that in the natural environment

larvae may not settle and recruit into the established populations or

the consideration of mortality; it only reflects the probability for a

larva to complete its larval lifespan and find a settlement substrate in

the defined populations. To simulate the larval transport and define

the patterns of dispersal a year with average conditions was chosen.

To achieve realistic predictions for a given year for management

measures, validated hydrodynamic models should be used.

Particularly as scallops take approximately two years from

fertilisation to become reproductively active adults (Devauchelle

and Mingant, 1991). Therefore, the fishery can benefit if accurate

oceanographic models for this period can be created annually to

predict patterns of recruitment. This could provide information

about when recruitment may be high or low, which could be
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proven by a coordinated stock assessment that would yield observed

densities and distributions that would substantially improve the

modelling. The implementation combined with microchemistry or

genetic methods, could help validate patterns from mathematical

models, particularly from external sources (Nicolle et al., 2013; Hold

et al., 2021). For instance, in 1985 large numbers of larvae of P.

maximus were trapped in an area with unsuitable settlement

substrate by a whirlpool located in St. Brieuc Bay, France, which

was caused by strong winds blowing in the opposite direction of the

tidal currents. The poor recruitment of individuals from the larvae in

1985 was confirmed by a noticeable decline in the catch of adults

three years later (Le Pennec et al., 2003). Therefore, understanding

and predicting the larval transport can significantly improve fisheries

management and conservation aims and objectives. Current

management of scallops is conducted as though they are small

unrelated stocks, but the results open up the possibility for the

management of the fishery to be internationally integrated, so that

the metapopulation can be maintained and to ensure resilience by

recruitment from external sources.
4.2 Conclusion

The modelling conducted as part of this study provides the most

detailed simulations of the connectivity of the well-known established

P. maximus populations describing a large interconnected

metapopulation in the Irish and Celtic Seas. The larval transport

patterns, and hence connectivity networks, appeared to be driven by

the hydrodynamics, but the proportion of larvae that were retained or

dispersed to other populations appeared to be driven by the biological

parameters. In particular, the sensitivity analysis demonstrated seasonal

variability in spawning and the DVM may play an important role in

the transport to geographically distinct areas. The PLD was

overestimated in this study due to uncertainty in the starting larval

size and final settlement size, and thus needs to be investigated further.

However, a delay in settlement (longer PLD) had little effect on

retention but suggest that modelled PLD that are longer than those

that occur would overestimate the connectivity to other populations.

This study and others published in recent years (Tian et al., 2009;

Nicolle et al., 2017; Hold et al., 2021) demonstrate that the current

model of managing the fisheries is unsuitable, with populations reliant

on retention and in some cases reliant on external recruitment. A

strong effort should be made internationally to manage scallops based

on their sensitivity to fishing pressure with key source populations

given robust management measures.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Marine Science 1568
Author contributions

HC: Conceptualization, Formal analysis, Investigation,

Methodology, Writing – original draft, Writing – review &

editing. GL: Conceptualization, Methodology, Supervision,

Writing – review & editing. PR: Methodology, Software,

Supervision, Writing – review & editing. LG: Conceptualization,

Formal analysis, Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This

research was funded by the Bluefish Project (Grant Agreement No.

80991, part-funded by the European Regional Development Fund

(ERDF) through the Ireland Wales Co-operation Programme), the

European Fisheries Fund, and the EuropeanMaritime Fisheries Fund

(Fisher-Scientist Project, 81920). The publication costs were funded

by Cefas.
Acknowledgments

To Authors thank Tiago Silva for reviewing the manuscript and

for the reviewers for their feedback and Cefas for supporting the

write-up and funding the publication.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fmars.2023.1274136/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmars.2023.1274136/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2023.1274136/full#supplementary-material
https://doi.org/10.3389/fmars.2023.1274136
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Close et al. 10.3389/fmars.2023.1274136
References
AFBI (2012). Dredge Fisheries in Northern Ireland (Belfast).Sustainable Development
Strategy for Northern Ireland’s Inshore Fisheries (afbini.gov.uk).

Andersen, S., Christophersen, G., and Magnesen, T. (2011). Spat production of the
great scallop (Pecten maximus): A roller coaster. Can. J. Zoology 89 (7), 579–598.
doi: 10.1139/z11-035

Baird, R. H. (1966). Notes on an escallop (Pecten maximus) population in Holyhead
harbour. J. Mar. Biol. Assoc. United Kingdom 46 (1), 33–47. doi: 10.1017/
S0025315400017537

Beaumont, A. R., and Barnes, D. A. (1992). Aspects of veliger larval growth and
byssus drifting of the spat of Pecten maximus and Aequipecten (Chlamys) opercularis.
ICES J. Mar. Sci. 49 (4), 417–423. doi: 10.1093/icesjms/49.4.417

Beaumont, A. R., and Budd, M. D. (1983). Effects of self-fertilisation and other
factors on the early development of the scallop Pecten maximus.Mar. Biol. 76, 285–289.
doi: 10.1007/BF00393030

Beukers-Stewart, B. D., and Beukers-Stewart, J. S. (2009). Principles for the
management of inshore scallop fisheries around the United Kingdom (York:
University of York).

Beukers-Stewart, B. D., Mosley, M. W. J., and Brand, A. R. (2003). Population
dynamics and predictions in the Isle of Man fishery for the great scallop (Pecten
maximus, L.). ICES J. Mar. Sci. 60 (2), 224–242. doi: 10.1016/S1054-3139(03)00005-5

Bloor, I. S. M., Duncan, P. F., Dignan, S. P., Emmerson, J., Beard, D., Gell, F. R., et al.
(2021). Boom not bust: Cooperative management as a mechanism for improving the
commercial efficiency and environmental outcomes of regional scallop fisheries. Mar.
Policy 132, 1–10. doi: 10.1016/j.marpol.2021.104649

Blumberg, A. F., and Mellor, G. L. (1987). “A description of a three-dimension
coastal ocean circulation model,” in Three-dimensional coastal ocean models
(Washington DC: Coastal and Estuarine Sciences, American Geophysical Union), 1–
16.

Bonardelli, J. C., Himmelman, J. H., and Drinkwater, K. (1996). Relation of spawning
of the giant scallop, Placopecten magellanicus, to temperature fluctuations during
downwelling events. Mar. Biol. 124, 637–649. doi: 10.1007/BF00351045

Botsford, L. W., Brumbaugh, D. R., Grimes, C., Kellner, J. B., Largier, J., O’Farrell,
M.R., et al. (2009). Connectivity, sustainability, and yield: Bridging the gap between
conventional fisheries management and marine protected areas. Rev. Fish Biol. Fisheries
19, 69–95. doi: 10.1007/s11160-008-9092-z

Bricheno, L., Amies, J. D., Chowdhury, P., Woolf, D., and Timmermans, B. (2023).
Climate change impacts on storms and waves relevant to the UK and Ireland. Mar.
Climate Change Impacts Partnership Sci. Rev, 1-22. doi: 10.14465/2023.reu09.str

Caley, M. J., Carr, M., Hixon, M., Hughes, T., Jones, G., and Menge, B. A.. (1996).
Recruitment and the local dynamics of open marine populations. Annu. Rev. Ecol.
systematics 27, 477–500. doi: 10.2307/4511867

Cochard, J. C., and Devauchelle, N. (1993). Spawning, fecundity and larval survival
and growth in relation to controlled conditioning in native and transplanted
populations of Pecten maximus (L.): evidence for the existence of separate stocks. J.
Exp. Mar. Biol. Ecol. 169 (1), 41–56. doi: 10.1016/0022-0981(93)90042-M

Cochard, J.-C., and Gerard, A. (1987). “Artificial production of scallops spat Pecten
maximus (L.): Analysis of factors affecting larval growth,” in Act Sixth International
Pectinid Workshop, Menai Bridge. 9–14.

Comely, C. A. (1972). Larval culture of the scallop Pecten maximus (L). ICES J. Mar.
Sci. 34 (3), 365–378. doi: 10.1093/icesjms/34.3.365
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New insights on the population genetic structure of the great scallop (Pecten maximus)
in the English Channel, coupling microsatellite data and demogenetic simulations.
Aquat. Conservation: Mar. Freshw. Ecosyst. 30 (10), 1841–1853. doi: 10.1002/aqc.3316

Hartnett, M., Berry, A., Tully, O., and Dabrowski, T. (2007). Investigations into the
transport and pathways of scallop larvae - The use of numerical models for managing
fish stocks. J. Environ. Monit. 9 (5), 403–441. doi: 10.1039/b617035h

Hold, N., Robins, P., Szotek, C., Lambert, G., Lincoln, H., and Le Vay, L. (2021).
Using biophysical modelling and population genetics for conservation and
management of an exploited species, Pecten maximus L. Fisheries Oceanography 30
(6), 740–756. doi: 10.1111/fog.12556

Horrillo-Caraballo, J. M., Yin, Y., Fairley, I., Karunarathna, H., Masters, I., and Reeve,
D. E. (2021). A comprehensive study of the tides around the Welsh coastal waters.
Estuarine Coast. Shelf Sci. 254, 107326. doi: 10.1016/j.ecss.2021.107326

Horsburgh, K. J., and Hill, A. E. (2003). A three-dimensional model of density-driven
circulation in the Irish Sea. J. Phys. Oceanography 33 (2), 343–365. doi: 10.1175/1520-
0485(2003)033<0343:ATDMOD>2.0.CO;2

ICES (2021). The Scallop Assessment Working Group Report (WGSCALLOP). ICES
Scientific Reports 3 (114), 106. doi: 10.17895/ices.pub.9561

Jones, G. P., Almany, G. R., Russ, G. R., Sale, P. F., Steneck, R. S., vanOppen, M. J.H.,
et al. (2009). Larval retention and connectivity among populations of corals and reef
fishes: History, advances and challenges. Coral Reefs 28, 307–325. doi: 10.1007/s00338-
009-0469-9

Kaartveldt, S., Aksnes, D. L., and Egge, J. K. (1987). Effect of light on the vertical
distribution of Pecten maximus larvae. Mar. Ecol. Prog. Ser. 40, 195–197. doi: 10.3354/
meps040195

Le Goff, C., Lavaud, R., Cugier, P., Jean, F., Flye-Sainte-Marie, J., Foucher, E., et al.
(2017). A coupled biophysical model for the distribution of the great scallop Pecten
maximus in the English Channel. J. Mar. Syst. 167, 55–67. doi: 10.1016/
j.jmarsys.2016.10.013

Le Pennec,M., Paugam,A., and Le Pennec,G. (2003). The pelagic life of the pectinidPecten
maximus - A review. ICES J. Mar. Sci. 60, 211–233. doi: 10.1016/S1054-3139(02)00270-9

Malakoff, D. (1997). Extinction on the high seas. Science 277, 486–488. doi: 10.1126/
science.277.5325.486

Mason, J. (1958). The breeding of the scallop, Pecten maximus (L.), in manx waters. J.
Mar. Biol. Assoc. United Kingdom 37 (3), 653–671. doi: 10.1017/S0025315400005701

Miller, T. J. (2007). Contribution of individual-based coupled physical-biological
models to understanding recruitment in marine fish populations. Mar. Ecol. Prog. Ser.
347, 127–138. doi: 10.3354/meps06973

Minchin, D. (1985). “Possible effects of an intense algal bloom of Gyrodinium
aurelolum on a year class of scallops (Pecten maximus),” in Fifth international Pectinid
Workshop(La Coruna, Spain).

National Oceanography Centre (2022). Available at: https://noc.ac.uk (Accessed June
20, 2022).

Neill, S. P., Scourse, J. D., and Uehara, K. (2010). Evolution of bed shear stress
distribution over the northwest European shelf seas during the last 12,000 years. Ocean
Dynamics 60, 1139–1156. doi: 10.1007/s10236-010-0313-3

Nicolas, L., and Robert, R. (2001). The effect of food supply on metamorphosis and
post-larval development in hatchery-reared Pecten maximus. Aquaculture 192 (2–4),
347–359. doi: 10.1016/S0044-8486(00)00462-2

Nicolle, A., Dumas, F., Foveau, A., Foucher, E., and Thiébaut, E. (2013). Modelling
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Robins, P. E., Neill, S. P., Giménez, L., Jenkins., , , S. R., and Malham, S. (2013).
Physical and biological controls on larval dispersal and connectivity in a highly
energetic shelf sea. Limnology Oceanography 58 (2), 505–524. doi: 10.4319/
lo.2013.58.2.0505
Frontiers in Marine Science 1770
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Atmospheric CO2 emissions
and ocean acidification from
bottom-trawling
Trisha B. Atwood1*, Anastasia Romanou2,3, Tim DeVries4,
Paul E. Lerner2,3, Juan S. Mayorga5,6, Darcy Bradley6,7,
Reniel B. Cabral8, Gavin A. Schmidt2 and Enric Sala5

1Department of Watershed Sciences and the Ecology Center, Utah State University, Logan,
UT, United States, 2NASA Goddard Institute for Space Studies, New York, NY, United States,
3Department of Applied Physics and Applied Mathematics, Columbia University, New York,
NY, United States, 4Department of Geography and Earth Research Institute, University of
California, Santa Barbara, Santa Barbara, CA, United States, 5National Geographic Society,
Washington, DC, United States, 6Environmental Markets Lab, University of California, Santa
Barbara, Santa Barbara, CA, United States, 7Marine Science Institute, University of California,
Santa Barbara, CA, United States, 8College of Science and Engineering, James Cook University,
Townsville, QLD, Australia
Trawling the seafloor can disturb carbon that took millennia to accumulate,

but the fate of that carbon and its impact on climate and ecosystems remains

unknown. Using satellite-inferred fishing events and carbon cycle models,

we find that 55-60% of trawling-induced aqueous CO2 is released to the

atmosphere over 7-9 years. Using recent estimates of bottom trawling’s

impact on sedimentary carbon, we found that between 1996-2020 trawling

could have released, at the global scale, up to 0.34-0.37 Pg CO2 yr-1 to the

atmosphere, and locally altered water pH in some semi-enclosed and heavy

trawled seas. Our results suggest that the management of bottom-trawling

efforts could be an important climate solution.
KEYWORDS

climate mitigation, natural climate solutions, fisheries management, ocean
conservation, blue carbon
1 Introduction

Marine sediments are thought to be the ultimate long-term carbon store; once

buried below the active layer, organic carbon can remain unmineralized for millennia

to eons (Burdige, 2007; LaRowe et al., 2020). However, disturbances to the seabed by

human activities threaten the permanency of this marine carbon (Levin et al., 2020;

Paradis et al., 2021). In the case of bottom trawling, heavy fishing gear that is dragged

across the seafloor mixes and resuspends sediments, exposing 0.16-0.40 Pg C yr-1 of

previously buried organic carbon to potential microbial degradation (Sala et al., 2021).

However, the ultimate fate of this disturbed organic carbon stock is as yet unquantified,
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hampering our understanding of the effects that bottom trawling

has on the global carbon cycle and the potential implications for

climate policies.

The protection of organic carbon stored in marine sediments,

plants, and animals has been identified as a powerful tool for

tackling climate change (Hoegh-Guldberg et al., 2019). However,

the uptake of ocean-based climate solutions has been slow due to

prevailing climate policies and carbon markets that only recognize

mitigation activities with measurable impacts on atmospheric

emissions. The challenge with identifying ocean-based solutions

under those current paradigms lies in the complexity of quantifying

atmospheric emissions generated by anthropogenic activities that

occur below the ocean’s surface (Luisetti et al., 2020). Therefore,

research addressing this challenge is crucial for discovering new

opportunities that can harness the full potential of the ocean in

contributing to mitigating climate change.

Here, we examined the fate of trawling-induced carbon released

into the global ocean between 1996-2020 and under future

scenarios, as well as estimated the fraction of CO2 emitted to the

atmosphere. To estimate trawling-induced CO2 emissions, we used

assumptions and data from Sala et al. (2021), the only study to date

to estimate the global impact of trawling on CO2 fluxes frommarine

sediments, and two classes of ocean circulation models: (I) the

Ocean Circulation Inverse Model (OCIM; 2° resolution; Holzer

et al., 2021) and (II) the NASA Goddard Institute for Space Studies

(GISS) ModelE2.1 (1° x 1.25° ocean model resolution; Lerner et al.,

2021). The latter was used in coupled climate simulations under two

realizations: prescribed atmospheric CO2 concentrations (GISScon)

and prognostic atmospheric CO2 based on anthropogenic

emissions, the land and ocean sink, and benthic trawling

(GISSemis; Ito et al., 2020). GISS and OCIM models are used to

estimate air-sea fluxes and internal oceanic transport of CO2 over

time by simulating the complex interplay of atmospheric and

oceanic processes. These models offer detailed spatial-temporal

estimates of CO2 exchange between the ocean and atmosphere by

modeling the movement of CO2 through currents, advection,

vertical mixing, biological processes (GISS only), and surface gas

exchange. Depending on the geographic location and water depth of

bottom trawling, CO2 is exposed to the sea surface within months to

centuries (Siegel et al., 2021). GISS and OCIM models are

systematically appraised against the latest observations, are

internationally accepted, and are being used in the CMIP6 to

represent ocean processes (e.g., air-sea fluxes) for the 6th

Assessment report (IPCC, 2022) and in the Global Carbon

Budget to estimate surface pCO2 (Friedlingstein et al, 2020a).

2 Materials and methods

2.1 Trawling intensity and
CO2 remineralization

We estimate the aqueous CO2 efflux that results from bottom

trawling using the same approach as Sala et al. (2021). Data on

bottom trawling activity was obtained from Global Fishing Watch

(https://globalfishingwatch.org/) via Sala et al. (2021). The fraction
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of the total organic carbon in the first meter of marine sediments

that is remineralized to aqueous CO2 (f) in a given 1 km2 pixel (i) is

estimated as:

fi   =   SVRi  �   pl  �   pr  �(1 −   e−kit)

Where SVRi is the swept volume ratio and represents the

fraction of the carbon in pixel i that is disturbed by bottom

trawling, pr   is the proportion of organic carbon that resettles in

pixel i after trawling, pl  is the fraction of organic carbon that is

labile, k is the first-order degradation rate constant, and t represents

time, which is set to one year. To accurately account for carbon

impacts from trawling gear with various penetration depths and the

resulting exposure of lower sediment layers due to a net annual loss

in sediment from trawling activities, it was necessary to include

organic carbon stocks down to one meter. However, the SVRi term

in our model constrains the impact of a trawling event to the

proportion of carbon stored only up to the penetration depth of the

specific trawling gear utilized in that pixel.

The swept volume ratio SVRi is estimated as:

SVRi   =  o
g
(SARi,g �   pdg)

where SARi,g is the swept area ratio in pixel i by vessels using

gear g, and pdg is the average penetration depth of gear type g.

The swept area ratio (SAR) is estimated as:

SARi,g   =  oV (TDi,v   �  Wv)

Ai

where TDi,v is the distance trawled by vessel v in pixel i, Wv is

the width of the gear trawled by vessel v and Ai is the total area of

pixel i. The distance trawled was estimated using fishing activity

detected by automatic identification systems (AIS) data from Global

Fishing Watch (globalfishingwatch.org) between 2016 and 2020.

We used the vessel-size-footprint relationships reported by Eigaard

et al. (2016) to calculate the width of the trawl gear for each vessel.

Average penetration depths were as follows; otter trawls: 2.44 cm,

beam trawls: 2.72 cm, towed dredges 5.47 cm, and hydraulic

dredges: 16.11 cm (Hiddink et al., 2017). The fraction of organic

carbon in each cell that resettles in that same cell after trawling (pr)

was assumed constant at 0.87 (Sala et al., 2021). The proportion of

labile organic carbon (pl) was assigned using sediment type with

values from Sala et al. (2021); fine sediments: 0.7, coarse sediments:

0.286, and sandy sediments: 0.04 (Figure S1). First-order

degradation rate constants ki were also obtained from Sala et al.

(2021) and assigned as follows for the different oceanic region:

North Pacific = 1.67, South Pacific = 3.84, Atlantic = 1.00, Indian =

4.76, Mediterranean = 12.3, Arctic = 0.275, Gulf of Mexico and

Caribbean = 16.8 (Sala et al., 2021).

Finally, the amount of organic carbon remineralized in pixel i,

Cri, is estimated as:

Cri = Coi x fi x di

where C0i is the amount of organic carbon stored in the first meter

of marine sediments in pixel i (Atwood et al., 2020), fi is the fraction

of that organic carbon that is remineralized, and di corresponds to
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an organic carbon depletion factor that accounts for the history of

trawling in a given pixel i. Using the same approach as Sala et al.

(2021) but with a more conservative annual organic carbon

accumulation rate of 4.9 Mg C km-2 yr-1 that assumes that 75%

of the annual carbon flux is naturally remineralizing regardless of

trawling (Wilkinson et al., 2018), we estimate that the CO2 efflux in

a pixel that has been trawled for over a decade stabilizes at 27.2% of

the year one flux (i.e., first year of trawling). As such, pixels that

have been trawled for more than 10 years are assigned an organic

carbon depletion factor (di) of 0.272. For pixels trawled less than 10

years, we assumed a depletion factor of 1. To estimate the number of

years that trawling has taken place in each pixel we used spatial

catch statistics from Watson (2017). Overall, 94% of trawled pixels

between 1996-2000 have been trawled for > 10 years.

For hindcasting bottom trawling prior to 2016, we assume that

the average intensity and extent of bottom trawling between 2018-

2020 is representative of what it has been since 1996 (Watson, 2017;

Amoroso et al., 2018). Bottom trawling locations appear to be

consistent from year to year as illustrated by data from Watson

(2017) and Amoroso et al. (2018). Our assumption of bottom

trawling intensity is likely conservative given that bottom trawling

catches peaked in several regions, including Europe and North

America, in the 1980s and 1990s, and both the number of vessels

and their installed capacity (kW) has been stable since the early

2000s (Watson et al., 2006; Rousseau et al., 2019; Pauly et al., 2020).
2.2 OCIM model simulations

OCIM is a data-assimilated model with a steady-state ocean

circulation (Devries, 2014). The version used here is the OCIM2-

48L used in a recent study of the ventilation of the deep Pacific

Ocean (Holzer et al., 2021). An abiotic carbon cycle is implemented

in this model using the formulation in DeVries (2014). The model is

spun up to equilibrium using a pre-industrial atmospheric CO2

concentration of 280 ppm. Then, a transient simulation is run using

an interactive atmosphere (represented by a single well-mixed box)

and carbon emissions into the atmosphere from the Global Carbon

Budget 2020 (Friedlingstein et al., 2020a). Carbon emissions are the

sum of carbon emissions from fossil fuel burning, cement

manufacture, and land use change, minus the carbon absorbed by

the terrestrial carbon sink (which is not represented in the model).

The historical emissions data are used from 1780-2019, and after

2019 the emissions are held constant at 2019 levels.

Four different simulations are run to assess the impacts of

trawling on the air-sea CO2 flux. For the control simulation (A),

there is no emission of dissolved inorganic carbon (DIC) from

trawling activity. In simulation B, DIC emissions from trawling are

applied for the years 1996-2020. In simulation C, trawling emissions

occur from 1996-2030, and in simulation D, trawling emissions

occur from 1996-2070. All model simulations are run to 2100.

Air-sea CO2 fluxes, ocean DIC change, and pH changes (see

methods below) due to trawling are assessed by subtracting these

quantities in each simulation to that from simulation A (no
Frontiers in Marine Science 0373
trawling). Calculating CO2 and pH in the model also requires

temperature, salinity, alkalinity, and nutrient data. These are not

tracked in the model, but are instead held fixed at their

contemporary values from the World Ocean Atlas for

temperature (Locarnini et al., 2019), salinity (Zweng et al., 2018),

and nutrients (Garcia et al., 2019), and the Global Ocean Data

Analysis Project phase 2 (GLODAPv2) for alkalinity (Olsen et al.,

2016). CO2 and pH are calculated using the CO2SYS calculator (van

Heuven et al., 2011). Additional information about model

development and parameters for the OCIM model can be found

in Holzer et al. (2021).
2.3 GISS coupled model simulations

Simulations were also performed with the NASA Goddard

Institute for Space Studies (GISS) E2.1-G coupled climate model

that has 2x2.5° and 1x1.25° resolution in the atmosphere and the

ocean respectively and is coupled to the NASA Ocean

Biogeochemistry Module (NOBM) (Gregg and Casey, 2007;

Romanou et al., 2013). CO2 forcing for the period 1996-2014

comes from observed emissions of CO2 while transient forcing

for the period 2015-2100 follows SSP2-4.5, a mid-range shared

socioeconomic pathway scenario, of the Coupled Model

Intercomparison Project Phase 6 (CMIP6) (O’Neill et al., 2016;

Meinshausen et al., 2020). Additional information about the

development of the GISS models and their parameters can be

found in Ito et al. (2020) and Lerner et al. (2021). All

experiments for this study were branched off a long preindustrial

simulation that ensured the ocean carbon flux at the air-sea

interface was at equilibrium followed by a historical simulation

with observed forcings for the period 1850-1995 (Miller et al., 2021).

Two distinct realizations of this model were employed for the

purposes of this study: a) a single run (GISScon) of the GISS-

E2.1-G model (as in Lerner et al., 2021) where land and radiation

only see prescribed observed atmospheric CO2 concentrations. b)

an ensemble of 15 runs with the Earth System Model GISS-E2.1-G-

CC (GISSemis) that differs from GISS-E2.1-G only in that radiation

responds to prognostic atmospheric CO2 based on anthropogenic

emissions, the land and the ocean sink (as in Ito et al., 2020) as well

as trawling emissions. The impacts of trawling on the air-sea CO2

flux in GISScon and GISSemis are assessed using simulations A-D

as described in the previous section. The purpose of the GISSemis

suite of simulations is to provide uncertainty envelopes of the

response to trawling emissions which are related to the Earth

system’s intrinsic variability (e.g., natural cycles of tropical

variability). More information is provided in the next section.

The pH and aragonite saturation state are computed following

the carbonate chemistry routines described in Orr et al. (2017).

These routines take as inputs DIC, alkalinity, phosphate, silicate,

temperature, and salinity each of which is computed prognostically

by the model. Since the model simulates nitrate instead of

phosphate, dissolved phosphate is approximated by assuming a

constant ratio of 1/16 (Redfield ratio) to nitrate. As surface ratios
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can be highly variable, we examined the effect of NO3
-:PO4

3- ratios

on delta pH and found little effect on model output (Supplementary

Material Figure S2). Additionally, sources and sinks of alkalinity

through carbonate production and dissolution are assumed to be

proportional to net primary productivity locally, following OCMIP-

2 protocols (Najjar and Orr, 1999).
2.4 Fraction of trawled CO2 emitted to
the atmosphere

The fraction of CO2 from trawling activities emitted to the

atmosphere (Figure 1) is calculated as:

fraction   (t) = ot FCO2,trawl(t) −   FCO2,notrawl(t)
� �

otBFCO2(t)

where FCO2,trawl(t) is the globally-integrated atmosphere to ocean

CO2 flux in a simulation with trawling (positive into the ocean),

FCO2,notrawl(t) is the globally-integrated atmosphere to ocean CO2

flux in the simulation without trawling, and BFCO2(t) is the

globally-integrated benthic emissions of CO2 due to trawling.

Note that FCO2,notrawl(t) only depends on the model used

(GISSemis, GISScon, or OCIM), while FCO2,trawl(t) and BFCO2(t)

also depends on the trawling scenario considered (historical,

trawling ceases in 2030, or trawling ceases in 2070).
2.5 Historical and future changes in pH

To quantify historical changes in pH, we calculated a weighted

average of pH in the upper 1000 m of a region. The weighted

average is calculated as:

pHave =
oi(oareaipHi)

oioareai

where i is an index for location of a model horizontal (lat/lon) grid

cell, oareai is the ocean area of that grid cell, and pHi is the vertical

average of pH in the upper 1000 m of that grid cell. Results for the

East China/South China Sea reported in the manuscript are for the

average change in pH due to trawling between 2000-2020. We take

this as the averaging period to avoid the initial steep decline in pH at

the beginning of the simulations, which is likely unrealistic given

that trawling activities did exist prior to 1996.

It is important to note that while GISS and OCIM agree on the

regions where pH changes are largest, they differ in the magnitude

of these changes in some locations. Particularly for the East China/

South China Sea, OCIM pH changes are larger than GISSemis

changes. These differences likely reflect differences in how trawled

carbon data is mapped onto model grids with different

bathymetries, particularly as those differences become exaggerated

near the coastlines where the majority of trawling is taking place.

These differences therefore capture real uncertainty in the pH

change in each region, as the models are an imperfect

representation of reality. There are also differences in the pH
Frontiers in Marine Science 0474
between GISS and OCIM due to differences in their base

state chemistry.
2.6 Uncertainty

2.6.1 Trawling intensity
Our estimate of trawling intensity uses a three-dimensional

footprint that relies on estimation of both the total area trawled and

the penetration depth of bottom trawling gear. We discuss sources

of uncertainty relevant to each.

First, our estimate of the area impacted by bottom trawling has

three potential sources of uncertainty: (1) uncertainty in the model

prediction of active fishing from AIS derived location information,

(2) uncertainty in coverage (i.e., what fraction of global trawling is

observable via AIS data), and (3) uncertainty in estimated trawl

width for each vessel. We have high confidence that bottom

trawling fishing activity has been accurately estimated for vessels

carrying AIS because Global Fishing Watch’s neural net is notably

good at detecting active fishing by trawlers (precision = 0.9, recall =

0.89, and f1-score = 0.89) (Taconet et al., 2019). However, AIS

coverage on trawlers < 15 m in total length is low (Taconet et al.,

2019); consequently, we underestimate the total footprint of bottom

trawling globally because our estimate misses fishing activity from

smaller fleets that are not equipped with AIS. Furthermore, the

spatial distribution of known gaps in coverage is not uniform. While

AIS provides accurate spatial patterns of fishing activity and

intensity for some regions (e.g., FAO Area 21, Northwest Atlantic

and FAO Area 27, Northeast Atlantic), important gaps in coverage

have been identified in the Arctic Sea (FAO Area 18), Western

Central Pacific (FAO Area 71), and the Eastern Indian Ocean (FAO

Area 57) (Taconet et al., 2019). For example, AIS data are nearly

absent from intensely fished regions in Southeast Asia and

Indonesia. Additional uncertainty about the area trawled is

introduced by our estimate of the width of the trawled gear, for

which we use the vessel-size-footprint relationships reported by a

study on bottom trawling on the European continental shelf

(Eigaard et al., 2016). It is possible that the vessel-size-footprint

relationship of the European fleet differs from other global fleets,

but these data are not reported elsewhere.

Second, our gear-specific estimates of penetration depth are

taken from Hiddink et al. (2017), who use a systematic literature

review coupled with a nested linear model to predict the penetration

depth for each gear component in each sediment type.

Unfortunately, Hiddink et al. (2017) do not elaborate on error

and uncertainty in their model for trawl penetration depth.
2.6.2 CO2 remineralization
Sediment organic carbon stock estimates in the top 1 m horizon

were obtained from Atwood et al. (2020), which represents the only

study to date to quantify spatially-explicit stocks at a global scale

down to 1 m in the sediment; such a depth is required for estimating

multiyear impacts of trawling due to annual sedimentation deficits

that ultimately require estimates of organic carbon stocks buried in
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sediment layers that are deeper than the ones immediately impacted

by the trawling gear. Atwood et al. (2020) model explained 76% of

the variation in organic carbon stocks and had a root-mean-square

error of 7306 Mg km−2. An additional uncertainty in carbon stocks
Frontiers in Marine Science 0575
that is acknowledge, but not quantified by Atwood et al. (2020) is

variation in carbon stocks with sediment depth. In many cases

Atwood et al. (2020) had to extrapolate carbon stocks to 1 m using

data from shallower samples.
B

A

FIGURE 1

Fraction of trawled CO2 emitted to the atmosphere. (A) The fraction of trawled CO2 emitted to the atmosphere from historical trawling (1996-2020)
and future projections. Colors represent different trawling scenarios, with blue denoting historical trawling from 1996-2020 and zero trawling
thereafter, magenta denoting a future scenario where trawling stops in 2030, and red denoting a future scenario where global trawling ceases in
2070. Continuous lines are ensemble mean solutions from the GISSemis runs, dashed-dotted lines are from the GISScon runs (often not visible in
the graph due to overlap with other data points), and dashed lines are from the OCIM simulations. Shading represents the internal variability in the
ensemble simulations with the GISSemis model. Arrows indicate when ~99% of the total emissions are released to the atmosphere post-trawling for
each of the three trawling scenarios. (B) Effect of the magnitude of CO2 flux on the fraction of CO2 emitted to the atmosphere. The solid data line
represents the historical (1996-2020) trawling flux estimated using the Sala et al. (2021) carbon model, the dotted lines represent an arbitrarily
increase (Sala model x 10) and decrease (Sala model x 0.1) of Sala et al. (2021) flux estimate by one-order of magnitude. Models represent
OCIM simulations.
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The largest uncertainty in the CO2 remineralization model is

the estimates of first-order degradation rate constants (k-values).

Field studies have shown that k-values can vary substantially both

spatially and with depth in the sediment, and unfortunately, studies

examining the effects of trawling on organic carbon activity and k-

values are extremely limited. We used the k-values published in Sala

et al. (2021), which used a literature review and independent

validation sites to characterize and generalize region-specific k-

values. Across their validation sites, their average model percent

error for predicting sediment-water CO2 fluxes ranged from -45%

to +39% when accounting for annual organic carbon flux, with an

average absolute error of 23% (Atwood et al., 2023).

It has been suggested by studies that organic carbon reactivity in

subsurface sediments could be one to two-orders of magnitude lower

than those used in Sala et al. (2021) (Epstein et al., 2022; Hiddink

et al., 2023). As a result, we investigated how reductions of one- and

two-orders of magnitude in Sala et al. (2021) first-order degradation

rates would impact estimated atmospheric emissions. We found that

Sala et al. (2021) emission estimates were relatively robust to changes

in first-order degradation rates because in the multiyear trawling

model, reductions in this parameter substantially reduced carbon

depletion through time. Under Sala et al. (2021) original carbon

model (global k = 2.6), GISS and OCIM models estimated that

trawling emitted as much as ~0.34-0.37 Pg CO2 yr-1 to the

atmosphere. When first-order degradation rates were reduced by 1-

order of magnitude (global average k = 0.28), resulting in only a

~6.8% remineralization efficiency of disturbed organic carbon, the

magnitude of atmospheric emissions remained similar to Sala et al

(2021) original model (0.19-0.21 Pg CO2 yr
-1, Atwood et al., 2023).

The magnitudes are comparable because in Sala et al, (2021) original

model, organic carbon depletion after a decade of trawling results in

emissions that are ~27.2% of the year one flux. Conversely, when

degradation rates are reduced, more organic carbon stays in the

system longer, and changes in trawling-induced fluxes across time

stabilize quickly. However, a reduction of the first-order degradation

rates by two orders of magnitude (global average k = 0.028; 1.2%

remineralization efficiency) does result in a much larger decrease in

atmospheric emissions, which are reduced to 0.02-0.03 Pg CO2 yr
-1

(Atwood et al., 2023), or ~1% of the global emissions from land-use

change (Friedlingstein et al., 2020a).

Our models do not account for trawling-induced impacts on

organic carbon remineralization due to changes in sediment biota

(Epstein et al., 2022). Although the current paradigm in soil science

is that microbial communities dominate benthic metabolism in

marine sediments, a process that is accounted for in our models,

animals undoubtedly play a key role in marine sediment carbon

cycling (Snelgrove et al., 2018; LaRowe et al., 2020; Bianchi et al.,

2021); yet aquatic and terrestrial animals are universally ignored in

Earth Systems Models (Schmitz et al., 2018; Snelgrove et al., 2018;

Bianchi et al., 2021). The absence of animals from Earth System

Models stems from the lack of generalizable predictions about how

animal community changes will likely affect carbon cycling

(Schmitz et al., 2018; Schmitz et al., 2023). It can be argued that

trawling can stimulate or retard organic carbon remineralization

through its differing and often context-dependent effects on infauna

communities (Epstein et al., 2022). Yet, the considerable particle
Frontiers in Marine Science 0676
mixing and sediment flushing that results from the movement of

fishing gear across the seabed could offset some of the potential loss

of processes like bioturbation and bioirrigation. Nevertheless,

holistic models that include the indirect effects of trawling on

organic carbon remineralization through changes in animal

communities are needed to make more accurate predictions,

especially at smaller spatial scales. However, to better characterize

variability and uncertainty in model parameters, further large-scale

empirical studies on the biotic and physical processes controlling

carbon retention and remineralization in marine sediments, as well

as how these processes are affected by trawling, are critical.

2.6.3 Atmospheric emissions
In terms of the response of the global air-sea CO2 flux to a given

trawling emissions pattern, the agreement of the two models suggests

that atmospheric emission estimates are fairly robust and inter-model

variation is low. Because of the coarse resolution of the models

(OCIM: 2° resolution; GISS: 1° x 1.25° resolution), however, regional

estimates will have more uncertainty. Thus, the greatest uncertainty

in atmospheric emissions estimates comes from the quantification of

CO2 remineralization from trawling impacts on sedimentary carbon

(see uncertainties above). Atmospheric emissions and the amount of

trawling-induced CO2 remineralized scale linearly because the air-sea

partitioning depends on the circulation timescale and the gas

exchange timescale, both of which are unaffected by the relatively

small amount of CO2 emitted by trawling compared to fossil fuel

emissions. Therefore, any changes to the amount of trawling-induced

CO2 generated would result in a proportionally similar change in

atmospheric CO2 emissions.

Our models also do not account for the release of N or P from

trawled sediments and the potential for those nutrients to stimulate

pelagic primary productivity. Unfortunately, there are no global

maps of N and P stocks in marine sediments and to our knowledge

no empirical studies have explicitly tested this hypothesis. However,

modeling studies and theory suggested that if impacts to light

attenuation from suspended sediments is short-term, trawling

could potentially stimulate primary productivity, and thus uptake

of CO2 (Dounas et al., 2007; Epstein et al., 2022).

2.6.4 Internal climate variability
The GISSemis suite of simulations aims to assess the relative

importance of the response to the trawling emissions compared to

the system’s internal variability. The ensemble mean is very close to

the GISScon and OCIM responses while the internal variability can

produce a wide range of individual ensemble member responses

that can be ±20% of the ensemble average for the atmospheric CO2

change and ±40% of the ensemble average for the ocean carbon sink

change (see Table S1). However, this uncertainty is model

dependent and might be different for other climate models.
3 Results and discussion

Our retrospective and prospective analyses showed that 55-60%

of the CO2 released into the water column by bottom trawling
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impacts on sediment carbon stocks is emitted to the atmosphere

within ~9 years of the trawling event (Figure 1). Furthermore, we

found that the fraction of CO2 accumulating in the atmosphere

remained at 55-60% until the end of our simulations at 2100,

regardless of the magnitude of CO2 predicted to be released into the

water column by trawling (Figure 1). These results are significant in

that they imply that the 55-60% fraction can be easily applied to

estimate trawling-induced CO2 emissions to the atmosphere under

a variety of historical and future trawling scenarios.

Using Sala et al. (2021) estimates of sediment efflux, our models

suggest that trawling could have emitted a cumulative 8.5-9.2 Pg

CO2 into the atmosphere between 1996 and 2020 (Table S1;

Figure 2), contributing 0.97-1.14 ppm to atmospheric CO2

concentrations (Figure 2). These emissions would equate to

~0.34-0.37 Pg CO2 yr−1, which is equivalent to ~9-11% of the

global emissions from land-use change in 2020 (Friedlingstein et al.,

2020b), or nearly double the estimated annual emissions from fuel

combustion for the entire global fishing fleet (Parker et al., 2018).

Trawling emissions of this magnitude suggest that the protection of

seabed organic carbon from benthic trawling gear could prove to be

an impactful climate solution. For example, if we continue to trawl

at current intensities and spatial distributions, we estimate that

bottom trawling could contribute an additional 0.2-0.5 ppm in

atmospheric CO2 concentrations by 2030 and 1.03-1.36 ppm by

2070 (Figure 2).
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Whether or not reductions in trawling could be adapted as a

climate solution not only depends on the magnitude of the emission

reductions, but also the time frame over which those reductions can

be achieved. We found that the release of trawling-induced CO2

from the ocean to the atmosphere occurred rapidly, with ~99% of

the total emissions occurring within 7-9 years post-bottom trawling

(OCIM: 7 yrs; GISScon: 9 yrs; GISSemis: 9 yrs ± 5 yrs (standard

deviation of ensemble members). When emissions were arbitrarily

increased by one order of magnitude, it took slightly less time

(OCIM:~5 yrs) for total emissions to be released into the

atmosphere. The rapid release of CO2 from the ocean to the

atmosphere suggests that historical trawling has only short-term

legacy effects on atmospheric emissions. Thus, policies that

eliminate or significantly limit trawling impacts on sedimentary

carbon stocks would quickly reduce this industry’s contribution to

rising atmospheric CO2 concentrations with maximum benefits

occurring 7-9 years after implementation.

In general, atmospheric CO2 emission hotspots coincided with

areas where trawling had the most significant impact on benthic

carbon, mainly the East China Sea, the Baltic and the North Sea, and

the Greenland Sea (Figure 3). However, horizontal advection can

transport trawling-induced CO2 and resuspended organic carbon to

other locations, leading to cross-boundary effects of bottom trawling

on local carbon cycles. This phenomenon likely explains why some

areas such as the South China Sea, Norwegian Sea, and off the east
B

C

A

FIGURE 2

Effects of benthic trawling on CO2 emissions and bottom water pH. Time series of the (A) change in cumulative carbon uptake by the ocean due to
trawling, or equivalently a flux of CO2 to the atmosphere, (B) change in atmospheric CO2 concentrations due to trawling in the different model
simulations (OCIM, GISScon, GISSemis), and (C) global ocean pH change due to trawling. Colors represent different trawling scenarios, with blue
denoting historical trawling from 1996-2020 and zero trawling thereafter, magenta denoting a future scenario where trawling stops in 2030, and red
denoting a future scenario where global trawling ceases in 2070. Continuous lines are ensemble mean solutions from the GISSemis runs, dashed-
dotted lines are from the GISScon runs, and dashed lines are from the OCIM simulations. Shading represents the internal variability in the ensemble
simulations with the GISSemis model.
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coast of Japan in the Pacific Ocean had higher atmospheric emissions

than expected based on the local rate of trawling emissions (Figure 3).

As a result of these cross-boundary effects, we cannot assume that all

the atmospheric emissions within a country’s jurisdictional waters

come from trawling activities within that zone.

Our ability to quantify the extent of the global bottom trawling

fleet through time and space in this study was somewhat limited. Our

estimates do not capture trawling activities before 1996, because the

intensity and spatial distribution of bottom trawling before that time

are unknown. Yet, large-scale bottom trawling began as early as 1950

and peaked in the 1980s and 1990s (Watson et al., 2006; Watson and

Tidd, 2018). Furthermore, our model relies on the AIS vessel tracking

database processed by Global Fishing Watch (https://

globalfishingwatch.org/) to derive trawling events at the global

level. Unfortunately, AIS coverage is poor in some fishing-intensive

areas. Thus, we undoubtedly underestimate trawling activity in areas
Frontiers in Marine Science 0878
of Southeast Asia, the Bay of Bengal, the Arabian Sea, parts of Europe,

and the Gulf of Mexico (Taconet et al., 2019).

There are additional uncertainties in the parameters used to

estimate the amount of organic carbon remineralized after trawling

due to a lack of rigorous field studies. Though our model is

parameterized using the best available empirical data (Sala et al.,

2021; Atwood et al., 2023), an alternative line of reasoning argues that

first-order degradation rates could be one- to two orders of

magnitude lower (Hiddink et al., 2023). Because we find that

atmospheric emissions scale linearly with the amount of organic

carbon remineralized to aqueous CO2 by trawling, we can

straightforwardly examine the sensitivity of our results to this

alternative assumption. Leveraging Atwood et al. (2023) finding

that reducing first-order degradation rates by one order of

magnitude has a negligible effect on the estimated magnitude of

organic carbon remineralized after 10 consecutive years of trawling,
B

A

FIGURE 3

Spatial differences in the historical effects of benthic trawling on CO2 emissions. (A) Cumulative emissions of trawled CO2 between 1996-2020. (B)
Cumulative changes in the air-sea CO2 flux due to trawling between 1996-2020. It is important to note that significant knowledge gaps exist
regarding trawling activity in the Arctic Sea (FAO Area 18), Western Central Pacific (FAO Area 71), and the Eastern Indian Ocean (FAO Area 57)
(Taconet et al., 2019). Consequently, emissions attributed to trawling in these regions are likely underestimated.
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we find that retaining this reduction to first-order degradation rates

results in an estimated 0.19-0.21 Pg CO2 yr-1 emitted to the

atmosphere due to bottom trawling between 1996-2020. A two-

orders of magnitude reduction to first-order degradation would

result in 0.02-0.03 Pg CO2 yr
-1 emitted over the same time period

– comparable to the mitigation potential for managing fires in

temperate forests (Griscom et al., 2017).

Currently, climate actions aimed at reducing CO2 emissions from

anthropogenic practices (e.g., carbon markets, renewable energy

standards, reforestation efforts, etc.) focus exclusively on atmospheric

emissions. However, these frameworks overlook the total impact of

ocean-use change activities on the carbon cycle, because they ignore the

pool of DIC that remains sequestered by the ocean. In the case of

trawling, we found that 40-45% of the cumulative trawling-induced

CO2 emissions remained dissolved in seawater, augmenting the

acidification already occurring from the burning of fossil fuels. Using

Sala et al. (2021) carbon model, we found that trawling increased the
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global DIC inventory by ~1.82-1.90 Pg C from 1996-2020 (Table S1).

This additional dissolved inorganic carbon from trawling results in

increased ocean acidification with a global reduction in pH of 3-5 ×10-4

by 2020 (Figure 2). At the global scale, a pH reduction of that

magnitude by 2020 is not significant compared to the effect of

anthropogenic emissions due to fossil fuels. However, our models

suggest that some semi-enclosed seas could be highly sensitive to an

injection of CO2 from anthropogenic activities. In particular, our

models showed that extensive trawling could lead to increased

localized acidification in the East and South China Sea (Figure 4).

The decrease in pH in this region due to trawling between 2000 and

2020 (GISSemis: -0.034+/-0.001; OCIM: -0.050) is comparable to that

from rising atmospheric CO2 due to the burning of fossil fuels over the

same time period (GISSemis: -0.034+/-0.004; OCIM: -0.020). An

important caveat to our pH findings is that our models are limited

in resolving coastal processes both due to their coarse resolution and

lack of biogeochemical complexity. Nevertheless, considering that
B

A

FIGURE 4

Spatial differences in the historical effects of benthic trawling on pH. Change in upper 1000-m average pH due to trawling in 2020 for (A) GISScon
Model results and (B) OCIM Model results.
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ocean chemistry can influence organismal development, physiology,

and behavior (Baag and Mandal, 2022), and ultimately can affect a

species’ productivity and survival, future studies and policy should

consider the potential impacts trawling can have on localized

ocean acidification.
4 Conclusion

Ocean-based solutions offer promise in closing the emissions gap

to limit global temperature increases to 1.5°C, while also supporting co-

benefits like biodiversity preservation and food security (Hoegh-

Guldberg et al., 2019; Sala et al., 2021). However, current climate

policies and markets require estimates of avoided atmospheric

emissions, posing challenges for identifying and implementing these

solutions. Our study, which highlights that 55-60% of CO2 produced

from bottom trawling is released into the atmosphere within nine years,

becomes a crucial tool for evaluating the reduction of bottom trawling

effort as an effective ocean-based climate solution. To refine

atmospheric emission estimates, it is essential for field studies to

tackle uncertainties in our understanding of how bottom trawling

influences the biological and physical processes that govern carbon

remineralization and preservation. Furthermore, the incorporation of

high-resolution regional models that resolve small-scale processes, such

as local currents, will be pivotal in delivering more precise emission

estimates at scales pertinent to local policy considerations. Lastly, our

findings emphasize the need for policy to avoid exclusive focus on

avoided atmospheric emissions, as our results show that trawling-

induced increases in DIC in seawater could have severe implications for

local or regional ocean acidification.
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Mariculture may intensify
eutrophication but lower N/P
ratios: a case study based on
nutrients and dual nitrate isotope
measurements in Sansha Bay,
southeastern China
Dezhi Bu1, Qingmei Zhu2, Jialin Li1, Jiali Huang1,
Yanpei Zhuang1,3*, Wei Yang1 and Di Qi1*

1Polar and Marine Research Institute, College of Harbour and Coastal Engineering, Jimei University,
Xiamen, China, 2College of Ocean and Meteorology, Guangdong Ocean University, Zhanjiang, China,
3Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, China
Themariculture industry has grown rapidly worldwide over the past few decades.

The industry helps meet growing food demands and may provide an effective

means of carbon sequestration; however, it may harm the marine ecological

environment, and the extent of its impact depends on the type of mariculture.

Here we focus on the impact of mariculture on the nutrient status and

eutrophication in Sansha Bay, which is a typical aquaculture harbor in

southeastern China that employs a combination of shellfish and seaweed

farming. Nutrient concentrations and dual nitrate isotopes were measured in

Sansha Bay during the winter of 2021. The average concentrations of nitrate and

phosphate were 31.3 ± 10.5 and 2.26 ± 0.84 µM, respectively, indicating that the

water was in a eutrophic state. However, the N/P ratios were relatively low (14.3 ±

2.2). Nitrate isotope measurements were 8.8‰–11.9‰ for d15N-NO3
− and

2.2‰–6.0‰ for d18O-NO3
−. Source analysis based on the nitrate isotope

measurements indicates that nitrate in Sansha Bay is derived mainly from the

excretion of organisms and sewage discharge from mariculture. The isotopic

fractionation model of nitrate assimilation by organisms indicates that surface

waters in Sansha Bay experience strong biological uptake of nitrate, which is

likely related to seaweed farming in winter. The low N/P ratios may be attributed

to excessive nitrogen uptake (relative to phosphorus) during shellfish and

seaweed farming, as well as nitrogen removal through sediment denitrification,

which is fueled by the sinking of particulate organic matter from mariculture.

Overall, our study shows that mariculture activities dominated by shellfish and

seaweed cultivation in Sansha Bay may exacerbate eutrophication but reduce N/

P ratios in the water column in aquaculture areas.
KEYWORDS

marine aquaculture, nutrients, N/P ratio, nitrate isotopes, denitrification
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1 Introduction

Under the combined influence of global warming and human

activities, the open ocean regions of the world’s oceans have become

more nutrient-poor, whereas coastal areas have become more

nutrient-rich (Cloern, 2001; Boyd et al., 2015; Zhuang et al.,

2021a). Coastal eutrophication is primarily caused by excessive

loading of nitrogen (N) and phosphorus (P). Over the past few

decades, the influx of N and P into coastal waters has increased

dramatically (Beusen et al., 2022), leading to dramatic ecological

and environmental consequences such as the expansion of harmful

algal blooms (Glibert et al., 2018) and hypoxia (Wang et al., 2017).

In general, nutrients in coastal waters are derived mainly from river

input, organic matter regeneration, atmospheric deposition,

submarine groundwater discharge, and seasonal transport of

water masses (Liu et al., 2012; Lao et al., 2022). Mariculture

activities, dominated by the extractive culture of aquatic plants,

filter-feeding bivalves, and fed-culture marine finfish and

crustaceans, may also contribute to eutrophication in coastal

zones (Gao et al., 2021; Beusen et al., 2022).

Owing to the growing global demand for seafood, the scale of

mariculture has expanded rapidly in recent decades, and the Food

and Agriculture Organization (FAO) predicts that this growth will

continue (FAO, 2020). Studies have shown that mariculture may

have significant environmental impacts that are closely related to

the type of mariculture employed (Zhang et al., 2022; Xiong et al.,

2023). Two generally accepted views are that fed culture (i.e., cages

and ponds) releases N and P (Wang et al., 2012; Bannister et al.,

2016; Carballeira et al., 2018), and photosynthetic seaweed may act

as a nutrient sink (Xiao et al., 2017). The nitrogen discharged into

the water as mariculture feed each year may reach levels as high as

2.1 × 106 tons, but most of the feed is not utilized by cultured

organisms (Williams and Crutzen, 2010), thus promoting

eutrophication in coastal waters. In contrast, mariculture systems

involving seaweed cultivation can absorb nutrients through

photosynthesis, converting nutrient-rich waters into beneficial

resources and somewhat offsetting the environmental impact of

heterotrophic fish and shrimp farming (Jiang et al., 2020).

Furthermore, seaweed cultivation is widely recognized, not only

for providing food and biofuels, but also for removing CO2 from

seawater, thus increasing the ocean’s carbon absorption capacity

and providing new potential means for carbon neutrality (Zhang

et al., 2017; Gao et al., 2021). These studies emphasize the need to

better understand the impact of mariculture systems involving

seaweed cultivation on the nutrient dynamics of coastal waters in

our quest to adopt sustainable and environmentally friendly

mariculture models.

Sansha Bay is a semi-enclosed bay located in the coastal area of

the East China Sea. It is known for its seaweed-based mariculture

systems and is referred to as the “hometown of Chinese nori” and

the “hometown of Chinese kelp” (Chen et al., 2013). The bay

experiences minimal winter runoff, and its hydrography is

primarily influenced by the China Coastal Current (CCC) in

winter. The nutrient concentrations of the bay waters are more

heavily affected by mariculture activities than other factors such as

ocean currents owing to the narrow outlet connecting the bay to the
Frontiers in Marine Science 0283
open ocean (Han et al., 2021). Larimichthys crocea is the main

species of fish cultured in the bay, and millions of tons of feed are

required annually to maintain the fish culture (Xie et al., 2020).

However, approximately 5%–10% of the feed decomposes in the

water (Duan et al., 2001). Han et al. (2021) observed that the Sansha

Bay water mass had relatively low salinity compared with the East

China Sea Shelf Water and the CCC but much higher nutrient

concentrations than other water masses in this coastal area, and

they suggested this disparity may be due to the influence of

intensive mariculture activities. These factors make Sansha Bay an

ideal location for studying the environmental impact of mixed

mariculture systems involving seaweed cultivation. The

biogeochemical processes of nutrients in Sansha Bay are

complicated; however, systematic biogeochemical studies

are lacking.

The abundance of 15N and 18O in nitrates (d15N-NO3
− and

d18O-NO3
−) is useful for identifying the sources and biological

transformations of N in coastal ecosystems (Wankel et al., 2009;

Chen et al., 2022a; Tian et al., 2022). In this study, nutrients and

dual nitrate isotopes (d15N-NO3
−, d18O-NO3

−) were measured in

the waters of Sansha Bay during the winter of 2021. In addition, a

Bayesian stable isotope mixing model was used to calculate the

relative contributions from several nitrate sources. Our overall aims

were to (1) determine the eutrophication status of the bay’s winter

seawater; (2) identify the ranges of dual nitrate isotope values and

assess the main sources of nitrate in Sansha Bay; and (3) evaluate

the impact of seaweed-based aquaculture on the nutrient dynamics

of the bay waters.
2 Materials and methods

2.1 Study area

Sansha Bay (26°30′–26°58′E, 119°26′–120°10′N) is located on

the northeast coast of Fujian Province, China (Figure 1). The

surface current outside Sansha Bay is influenced by the CCC in

winter and the South China Sea Warm Current (SCSWC) in

summer. In late autumn and winter, seawater from the East

China Sea or from farther north of China is transported along the

coast under the influence of winter winds. In addition, observations

based on radium isotopes (226Ra and 228Ra) have shown that

groundwater input in Sansha Bay also affects the nutrient flux

(Wang et al., 2018). Seasonal activities such as seeding, growing, and

harvesting on the densely clustered floating mariculture mats in the

bay also have a substantial effect on the spatial–temporal

distribution of its hydrochemical parameters (Wang et al., 2018).

In addition, driven by the Asian monsoon, the hydrographic

characteristics of Sansha Bay were significantly influenced by the

plume water of the Jiao River, which showed the highest freshwater

discharge rate in warm months (from April to September) and the

lowest in cold months (from October to April the following year).

Han et al. (2021) observed a water mass with relatively lower

salinity than CCC meandering in Sansha Bay and influenced by

intensive mariculture activities, nutrient concentrations in this Bay

were much higher than other water masses in this coastal area.
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2.2 Sampling strategy

A research cruise was carried out in Sansha Bay on 11–12

December, 2021 (Figure 1). Water samples were collected at 25

stations using a 5L Niskin bottle guided by a Conductivity–

Temperature–Depth (CTD; Seabird® WQM 2019) recorder,

which simultaneously measured sea surface temperature (SST)

and salinity (SSS). Salinity in the water column samples was

determined using a portable salinometer (Portasal 8410A,

Guildline Co., Canada) and used to calibrate data from the CTD

recorder. Water samples were obtained from two or three depth

layers at each sampling site, depending on the overall water depth.

“Surface waters” refer to waters 1 m below the surface, and “bottom

waters” denote waters 1 m above the sediment bed.
2.3 Nutrient analysis

Nutrient samples were filtered using cellulose acetate

membranes with a pore size of 0.45 mm that had been acid-

cleaned. Two hundred and fifty mL of filtered seawater was

f rozen and s tor ed a t −20°C and used fo r rou t ine

spectrophotometric analysis of NO3
−, NO2

−, PO4
3−, and Si(OH)4

concentrations using the Technicon AA3 automatic analyzer (Bran-

Lube, GmbH; Han et al., 2021). Concentrations of NO3
− + NO2

−

were determined using a Cu–Cd column reduction method, and

NO2
− contents were determined using spectrophotometry with
Frontiers in Marine Science 0384
standard pink azo dye (Dai et al., 2008). Concentrations of PO4
3−

and Si(OH)4 were measured using standard spectrophotometric

methods (Knap et al., 1996). The detection limits for NO3
− + NO2

−,

PO4
3−, and Si(OH)4 were 0.1, 0.08, and 0.08 µM, respectively. The

relative standard deviations (RSD) of repeat measurements of

selected samples were<5%.
2.4 Analysis of nitrate isotopes

Isotope analyses of NO3
−were carried out according to themethod

of Sigman et al. (2001) and Casciotti et al. (2002) (Equations 1 and 2)

using an isotope-ratio mass spectrometer (IRMS). The international

nitrate reference materials NITS USGS34 (d15N = −1.8‰; d18O =

−27.9‰) and NITS USGS35 (d15N = 2.7‰; d18O = 57.5‰) were used

to correct for drift, oxygen isotopic exchange, and blanks. The average

standard deviation was typically 0.2‰ for d15N and 0.5‰ for d18O,
which is applicable to samples with NO3

− concentrations ≥ 1 mM.

Isotope ratios are reported in delta (d) notation in units of per mil (‰):

d15N(‰ ) = ½ (15N=14N )sample

(15N=14N )reference
− 1� � 100 (1)

d18O(‰ ) = ½ (18N=16N )sample
(18N=16N )reference

− 1� � 1000 (2)

where (15N=14N )reference denotes N2 in air and (18N=16N )reference
denotes Vienna Standard Mean Ocean Water (VSMOW).
FIGURE 1

Location maps and sampling sites in Sansha Bay in December 2021. The top right inset shows a schematic trajectory of the surface current outside
Sansha Bay, with the China Coastal Current (CCC, blue arrows) in winter and the South China Sea Warm Current (SCSWC, red arrows) in summer
(Han et al., 2021). Sample stations are indicated by blue solid triangles. Light green areas represent tidal flats, and the various grids represent different
types of mariculture.
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2.5 Potential eutrophication

Phytoplankton absorbs nutrients from seawater according to

the Redfield ratio (Redfield, 1963), leaving relative excess of

nitrogen or phosphorus. Excess nitrogen or phosphorus do not

have direct contribution to eutrophication but could be considered

as a potential factor, known as potential eutrophication (Sun et al.,

2006). In order to highlight the limiting characteristics of nutrient

salts, dissolved inorganic nitrogen (DIN, including NO3
-, NO2

- and

NH4
+) and active phosphate (PO4

3-), which play a bottleneck role in

phytoplankton growth (Zhuang et al., 2021b), were selected as

evaluation parameters. The potential eutrophication evaluation

model (Table 1, Guo et al., 1998; Sun et al., 2016; Yang et al.,

2020) was adopted for the evaluation of the nutrient condition in

the study area.
2.6 Calculation of N*

To evaluate the nitrate deficit, we used the parameter N*

proposed by Gruber and Sarmiento (1997), where N* = ([NO3
−]

− 16*[PO4
3−] + 2.9) × 0.87. In the equation, 16 is the Redfield ratio

of 16:1, and 0.87 is a calculated factor based on the specific

stoichiometric ratios in denitrification and remineralization

processes. The constant (2.9) was introduced to set the mean N*

to zero and is based on global measurements (Gruber and

Sarmiento, 1997). The N* index reflects the net effect of N2

fixation and denitrification, and negative N* values imply a

nitrate deficit in the ocean (Deutsch and Weber, 2012).
2.7 Stable isotope analysis in R
mixing model

SIAR (stable isotope analysis in R) is a software package that

uses a Bayesian stable isotope mixing model, which is used to

calculate the relative proportion of various nitrate sources. In the

mixing model, the Bayesian framework is utilized to calculate the

probability distribution amongst the different nitrate sources. The
Frontiers in Marine Science 0485
model framework is as follows:

Xij =ok
k=1Pk(Sjk + Cjk) + ϵij (3)

SjkeN(mjk,w
2
jk)

CjkeN(ljk, t
2
jk)

ϵjkeN(0,s 2
j )

where Xij denotes the isotope values (j = 2, d15N-NO3
−, and

d18O-NO3
−) of the sample i (i = 1, 2, 3,…N); Sjk is the isotope value

j of the source k (k = 1, 2, 3, … K) and is normally distributed with

an average mjk and standard deviation wjk; Pk is the proportion of

source k, as calculated using the SIAR model; Cjk is the fractionation

factor for j on source k and is normally distributed with an average

ljk and standard deviation tjk; ϵjk is the residual error of the

additional unquantified variations between individual samples

and is normally distributed with an average 0 and standard

deviation sj. The model uses CSV Microsoft Excel of d15N-NO3
−

and d18O-NO3
−, Sjk, and Cjk as inputs. It then outputs numerical

and graphical depictions of the relative contributions of the

potential sources (Zhang et al., 2018) (Equation 3). More detailed

information of the Bayesian stable isotope mixing model has been

provided by Moore and Semmens (2008); Xue et al. (2009), and

Zhang et al. (2018).
3 Results

The water depth in Sansha Bay ranges from 8 to 50 meters

(Figure 2A). During winter, water temperatures at the survey

stations in Sansha Bay range from 17.8 to 18.6°C, with an average

of 18.4 ± 0.1°C, and salinity ranges from 20.25 to 21.99, with an

average of 21.45 ± 0.45 (Figures 2B, C; Supplementary Figure 1).

There were only very small horizontal and vertical variations in

temperature and salinity within the bay (Supplementary Figure 2),

indicating a relatively homogeneous hydrographical property. The

small amount of winter runoff from rivers into Sansha Bay
TABLE 1 The evaluation standards for potential eutrophication.

Grade Nutrient level DIN (mmol L−1) DIP (mmol L−1) DIN/DIP

I Oligotrophic level <14.28 <0.97 8-30

II Moderate-level nutrient 14.28-21.41 0.97-1.45 8-30

III Eutrophication >21.41 >1.45 8-30

IVp Phosphate-limiting moderate-level nutrient 14.28-21.41 / >30

Vp Phosphate moderate limiting potential eutrophication >21.41 / 30-60

VIp Phosphate-limiting potential eutrophication >21.41 / >60

IVN Nitrogen-limiting moderate-level nutrient / 0.97-1.45 <8

VN Nitrogen moderate limiting potential eutrophication / >1.45 4-8

VIN Nitrogen-limiting potential eutrophication / >1.45 <4
fr
ontiersin.org

https://doi.org/10.3389/fmars.2024.1351657
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Bu et al. 10.3389/fmars.2024.1351657
(Supplementary Figure 3), the influence of riverine inputs on the

physicochemical properties of the water is minimal, as reflected by

the distribution patterns of temperature and salinity.

During the investigation, nitrate concentrations at the Sansha Bay

survey stations ranged from 8.4 to 44.9 µM, with an average

concentration of 31.3 ± 10.5 µM, phosphate concentrations ranged

from 0.46 to 3.61 µM, with an average concentration of 2.26 ± 0.84

µM, and silicate concentrations ranged from 9.8 to 52.9 µM, with an

average concentration of 32.8 ± 11.3 µM (Figures 2D–F;

Supplementary Figure 1). The lowest nutrient concentrations in the

surface and bottom waters were recorded at the mouth of Sansha Bay.

The NO3
−/PO4

3− ratios in the water at the survey stations

ranged from 9.3 to 20.0, with an average value of 14.3 ± 2.2,

which is lower than the Redfield ratio (16:1). The highest NO3
−/

PO4
3− ratios in surface and bottom layers were observed at the

mouth of Sansha Bay, corresponding to the lowest nutrient

concentrations (Figure 2G; Supplementary Figure 1). The NO3
−/

PO4
3− ratios in the bay were lower than those at the bay mouth,

suggesting that biogeochemical processes modify the nutrient

structure in the bay. During the investigation, the NO3
−/DSi

ratios in the water ranged from 0.6 to 1.1, with an average value

of 0.96 ± 0.11, which is close to the Redfield ratio (1:1).

In winter, the d15N-NO3
− values in Sansha Bay were 8.8‰–

11.9‰, with an average value of 9.8‰ ± 0.6‰. d18O-NO3
− values

were 2.2‰–6.0‰, with an average value of 4.0‰ ± 0.8‰

(Figures 2H–I). There is a positive correlation between d15N-
NO3

− and d18O-NO3
− in surface waters (using the equation d18O-

NO3
− = 0.70 × d15N-NO3

− − 2.9), indicating either a relatively

uniform source of surface nitrate or that similar biogeochemical
Frontiers in Marine Science 0586
processes were active (Figure 3A). However, there is no significant

correlation between d15N-NO3
− and d18O-NO3

− values in bottom

waters (Figure 3B). As observed in the nutrient distribution pattern,

d15N-NO3
− and d18O-NO3

− values were higher in the mariculture

area within the bay and lower at the bay mouth.
4 Discussion

4.1 Nutrient status of Sansha Bay in winter

The winter waters in Sansha Bay, like most coastal harbors

affected by the CCC in southeastern China, appear to be

characterized by eutrophication (e.g., Cai et al., 2013; Yang et al.,

2018). Approximately 81% of the data points (50/62) in this study

exceeded the thresholds for eutrophication in harbor waters proposed

by Guo et al. (Guo et al., 1998; NO3
− >21.4 µM, PO4

3−>1.45 µM),

indicating that most of the winter water in Sansha Bay was eutrophic

(Figure 4). The small amount of winter run off from rivers into

Sansha Bay and another area of low surface nutrient concentrations

was found at the mouth of the Sai River, suggesting that winter river

input does not greatly influence nutrient levels in the bay. The lowest

nutrient concentrations in the surface and bottom waters were

recorded at the mouth of Sansha Bay., indicating that offshore

water input may not be the main source of nutrients into the bay.

Areas of high nutrient concentrations were observed mainly in

mariculture areas, indicating that mariculture activities contribute

to nutrient levels in the bay. The influence of the winter CCC extends

from 26°N to 35°N along the southeastern coast (Wang et al., 2003).
FIGURE 2

Surface distributions of (A) station depth (m), (B) temperature (°C), (C) salinity, (D) NO3
− (µM), (E) PO4

3− (µM), (F) Dsi (µM), (G) NO3
−/PO4

3−, (H) d15N-
NO3

−, and (I) d18O-NO3
− in Sansha Bay in winter 2021.
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As shown in Figure 5, the NO3
−/PO4

3− ratios in CCC-influenced

harbors along the southeastern coast of China generally decrease

from north to south. Owing to the input of nutrients from the

Yangtze River, NO3
−/PO4

3− ratios can exceed 80 in the winter waters

of the Yangtze River estuary (Liu et al., 2009). The CCC carries signals

from the land sources of the Yangtze River and a large volume of

nutrients to the southeastern coastal harbors during winter, which is

one of the main reasons for the high N/P ratios in these harbors

(Yang et al., 2018). The NO3
−/PO4

3− ratios in Hangzhou Bay,

Xiangshan Bay, and Sanmen Bay are relatively similar (Cai et al.,

2013; Wu et al., 2020) and lower than those of the Yangtze River

estuary, but they further decrease to 14.3 ± 2.2 in Sansha Bay

(Figure 5; Supplementary Table 1).

The winter waters of Sansha Bay have lower NO3
−/PO4

3− and

NO3
−/DSi ratios than many other nearshore harbors influenced by the
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CCC (Supplementary Table 1). Correlation analysis showed significant

positive relationships between concentrations of NO3
− and both PO4

3−

and DSi (Figure 4). The relationship between NO3
− and PO4

3−

concentrations was examined by linear regression and indicates that

NO3
− concentrations increased with increasing PO4

3−; however, the

slope was only 11.5, lower than the Redfield ratio (Figure 4A).

Similarly, NO3
− concentrations increased with increasing DSi, with a

slope of 0.9 (Figure 4A). These results indicate that the winter waters of

Sansha Bay are eutrophic but have relatively low N/P ratios.

The distribution of the N* index reflects the excess (positive

values) or deficiency (negative values) of nitrate relative to

phosphate (Deutsch and Weber, 2012). The N* values decrease

gradually along the southeastern coast, with values approaching 0 in

Sansha Bay, indicating that strong denitrification processes occur as

the excess nitrate flows southward and enters coastal harbors.
B

A

FIGURE 3

Relationship between d15N-NO3
− and d18O-NO3

− in surface (A) and bottom (B) waters in Sansha Bay in winter.
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This may be related to intense nitrogen removal via sedimentary

denitrification (Li et al., 2021). Indeed, observations show that

denitrification at the mouth of the Yangtze River is the main

pathway for the removal of excess nitrogen, with nitrogen

removal rates reaching up to 28.49 ng N g−1·h−1 (Li et al., 2021).
4.2 Sources and biochemical
transformation of nitrate in Sansha
Bay waters

Based on the dual isotope method for nitrate source identification

(Kendall et al., 2007; Xue et al., 2009), the d15N-NO3
− (8.8‰–11.9‰)
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and d18O-NO3
− (2.2‰–6.0‰) values in Sansha Bay waters (Figure 6)

suggest that the main sources of nitrate are manure and sewage, as

evidenced by the more positive d15N-NO3
− values. The d15N-NO3

−

values are lower at the mouths of the main rivers entering the bay

(Figure 2) when the river input is low (Supplementary Figure 3),

suggesting that the more positive anthropogenic signal may be

introduced by mariculture activities within the bay. Previous

studies have suggested that the main sources of nutrients in Sansha

Bay during winter are the eutrophic coastal currents and mariculture

inputs (Han et al., 2021); however, the extent of the latter depends

heavily on the type of mariculture. Jiang et al. (2020) found that

seaweed aquaculture in Xiangshan Bay absorbed nutrients and

alleviated eutrophication. The type of mariculture may also affect
B

A

FIGURE 4

Relationship between (A) NO3
− (µM) and PO4

3− (µM), (B) NO3
− and DSi (µM). Dashed red lines represent the Redfield ratios of NO3

−/PO4
3- = 16:1 and

NO3
−/DSi = 1:1. Dashed blue lines represent linear regression lines.
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the distribution of dual nitrate isotopes. In Xiangshan Bay, where

seaweed aquaculture is dominant, d15N-NO3
− and d18O-NO3

− values

range from 5.7‰ to 8.8‰ and from 1.8‰ to 6.8‰, respectively

(Yang et al., 2018). In Laizhou Bay, where sea cucumber aquaculture

is dominant, d15N-NO3
− and d18O-NO3

− values range from 2.0‰ to

11.8‰ and from −7.8‰ to 12.6‰, respectively (Kang and Xu, 2016).

The application of Bayesian mixing models reveals that the

surface water in Sansha Bay has a mixture of sources

(Supplementary Figure 4), which poses a challenge for nitrate

source analysis. According to previous studies, the main nitrate

sources in water are likely manure and sewage, reduced nitrogen

fertilizer, nitrate derived from soil nitrogen, and atmospheric

deposition (Dai et al., 2008; Ye et al., 2016). The relative

contributions of these four potential nitrate sources have been

calculated in many studies across a broad range of study areas

(e.g., Moore and Semmens, 2008; Xue et al., 2012; Zhang et al., 2018;

Lao et al., 2019). Therefore, we calculated the potential sources of

nitrate using d15N-NO3
− and d18O-NO3

− values in a Bayesian

isotope mixing model (Chen et al., 2022b). The uncertainty

associated with these calculations is difficult to constrain with the

present data because (a) the range of isotopic values from potential

nitrate sources is relatively large (Supplementary Table 2), and (b)

the end-members of the potential nitrate sources originate from the

reference literature and not from the measurement of samples in

Sansha Bay. Nevertheless, such an estimate can provide an insight

into nitrate sources in Sansha Bay. The end-member values for the

potential nitrate sources are presented in Supplementary Table 2,

and the results are shown in Figure 6. The results suggest that

manure and sewage were the predominant sources of nitrate in the

surface waters of Sansha Bay (51%–75%, average 63%), followed by

soil organic nitrogen (3%–45%, average 26%) and reduced nitrogen

fertilizer (0%–24%, average 11%).
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4.3 Impact of mariculture on nutrient
loading and N/P ratios

Mariculture activities are commonplace in the harbors along the

southeastern coast of China and include kelp farming in Xiangshan

Bay (Yang et al., 2018), mixed crab and seaweed farming in Sanmen

Bay (Cai et al., 2013), and mixed shellfish and seaweed farming in

Sansha Bay (Han et al., 2021). Most mariculture activities increase

nutrient loading in water owing to the excretion of farmed organisms

and the addition of feed (Bouwman et al., 2013). In this study, the

higher nutrient concentrations in Sansha Bay compared with the bay

mouth suggest nutrient loading from mariculture. However, the low

NO3
−/PO4

3− ratios in Sansha Bay compared with the bay mouth

indicate the possibility of denitrification in the bay, which may be

caused by the structural modification of nutrients, potentially owing

to seaweed farming. Zhang et al. (2022) suggested that seaweed

farming may increase N/P ratios, whereas bivalve farming may

decrease N/P ratios. Overall, the N/P ratio of nutrients removed by

mariculture is close to 18. In Sansha Bay, where mixed shellfish and

seaweed farming occurs, excess nitrate (relative to phosphate) may be

absorbed during mariculture activities under conditions of sufficient

nitrogen, and excess nitrogen may be removed from the water during

the harvest season (Han et al., 2021).

Previous studies have shown that when algae have high rates of

nitrate assimilation, the d15N of the remaining nitrate will increase

significantly owing to the preferential utilization of 14N by the

organism (Ahad et al., 2006; Chen et al., 2013). Average d15N-NO3
−

values in Sansha Bay during winter were as high as 9.8‰ ± 0.6‰,

higher than the spring ratios measured in the Yangtze River Estuary

(6.9‰, Chen et al., 2013) and the Pearl River Estuary (2.2‰–4.4‰,

Chen et al., 2022b). These values are also higher than those

measured in the upper bay area of Xiangshan Bay, where kelp
FIGURE 5

(A) North–south variations in NO3
−/PO4

3− and N* (mM), as measured in the coastal ports of Southeast China, which are under the influence of the
CCC. (B) Geographical locations of the coastal harbors of Southeast China. Dashed lines represent linear regression lines. CJ: Changjiang estuary,
HZ: Hangzhou Bay, XS: Xiangshan Bay, SM: Sanmen Bay; YQ: Yueqing Bay, SS: Sansha Bay.
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farming is predominant (8.1‰ ± 0.5‰), and the lower bay area,

which is significantly influenced by dilution via input from the

Yangtze River (6.2‰ ± 0.3‰) (Yang et al., 2018). These results

indicate that Sansha Bay experiences strong biological absorption

and transformation of nitrate.

The intense biological production and deposition of organic debris

in the surface layer during seaweed cultivation provides abundant

organic matter to the sediment (Zhuang et al., 2022). The re-

mineralization of this organic matter may enhance sedimentary

denitrification (Wu et al., 2021), thus removing more nitrogen (while

phosphates remain unaffected) and reducing N/P ratios. Denitrification

enriches the residual nitrate, with d15N and d18O having a ratio close to

2:1 (Kendall, 1998; Mengis et al., 1999). The higher d15N-NO3
− and

d18O-NO3
− values in the bottom waters of the mariculture area in

Sansha Bay compared with the surface waters support the idea that

denitrification processes are occurring in the sediment (Figure 3).

These findings suggest that in areas where shellfish and seaweed are

cultivated, the strong absorption of nitrate by organisms and enhanced

sedimentary denitrification stimulated by the downward settling of

organic matter result in the reduction of N/P ratios in the water.
5 Conclusion

The average concentrations of nitrate and phosphate in Sansha

Bay during winter 2021 were 31.3 ± 10.5 and 2.26 ± 0.84 µM,

respectively, indicating eutrophic conditions. However, N/P ratios

were relatively low, with an average of only 14.3 ± 2.2. Nitrate isotope

ratios in Sansha Bay were 8.8‰–11.9‰ for d15N-NO3
− and 2.2‰–
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6.0‰ for d18O-NO3
−. Based on the nitrate isotopes, it is suggested that

the main sources of nitrate in Sansha Bay are likely sewage discharge

and biological excretion associated with mariculture activities.

Therefore, mariculture has contributed to the eutrophication of the

water. However, the isotopic fractionation model of nitrate

assimilation by organisms indicates that strong biological uptake of

nitrate is occurring in the surface waters of Sansha Bay, possibly owing

to extensive algal cultivation during winter. The low N/P ratios of

Sansha Bay may be attributed to excessive nitrogen uptake by shellfish

and algae cultivation, as well as the introduction of organic matter

from algal cultivation, which enhances denitrification and nitrogen

removal in sediments. Therefore, aquaculture activities in Sansha Bay

may exacerbate eutrophication while also altering nutrient

compositions and reducing N/P ratios.
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Effective “off-on” switch
for fertility control in
female zebrafish
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Qiyong Lou1, Xia Jin1, Jiangyan He1, Gang Zhai1,2,3*

and Zhan Yin1,2,3,4*

1State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese
Academy of Sciences, Wuhan, China, 2College of Advanced Agricultural Sciences, University of
Chinese Academy of Sciences, Beijing, China, 3Hubei Hongshan Laboratory, Huazhong Agriculture
University, Wuhan, China, 4The Innovative Academy of Seed Design, Chinese Academy of Sciences,
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The implementation of a controllable sterility strategy is crucial for the

commercialization of precise trait improvements in farmed fish using genome

editing and sustainable development of fisheries. Our previous research has

demonstrated that females deficient in pituitary gonadotropin luteinizing

hormone b-subunit (lhb) or gonadal steroidogenesis gene steroidogenic acute

regulatory protein (star) exhibit sterility due to impaired oocyte maturation and

ovulation. Nevertheless, the effective restoration of fertility in lhb- or star-

deficient females remains unsolved. This study has discovered that the

administration of exogenous 17a,20b-dihydroxy-4-pregnen-3-one (DHP) at

100 and 300 mg/L for 6 h (from 02:00 to 08:00 a.m.) effectively restores the

fertility of lhb- or star-deficient females. Fertilized eggs from these mutant

females can be raised without noticeable developmental defects for up to 3

weeks post-fertilization (wpf) compared to the wild-type (WT) control zebrafish.

The increased expression levels of adamts9 and adam8b in lhb- or star-deficient
zebrafish females treated with DHP demonstrate a positive correlation with

oocyte maturation and ovulation restoration. In contrast, exogenous DHP

administration did not rescue the sterility phenotype observed in progesterone

receptor (pgr)-deficient females. Building on our recent success in generating an

all-female carp population through cytochrome P450, family 17, subfamily A,

polypeptide 1 (cyp17a1)-depletion, our research presents a promising and

effective strategy for an “off-on” switch for managing fertility in genome-edited

cyprinids. The strategy would offer practical guidance and theoretical justification

for developing “controllable fertility” in all-female fish, which would support the

sustainable development of fisheries by promoting the use of novel

biotechnologies in aquaculture in an eco-friendly manner.
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Introduction

Advances in genome editing technologies, such as transcription

activator-like effector nuclease (TALEN) and clustered regularly

interspaced short palindromic repeats associated with Cas9

(CRISPR/Cas9), provide effective and precise tools for enhancing

fish traits for aquaculture purposes. For example, improved growth

and feed conversion efficiency have been observed in gibel carp

(Carassius gibelio) and all-female common carp (Cyprinus carpio)

populations by depleting the phosphoinositide-3-kinase, regulatory

subunit 1 (alpha) (pik3r1), and cytochrome P450, family 17,

subfamily A, polypeptide 1 (cyp17a1) loci, respectively (Huang

et al., 2021; Zhai et al., 2022a). However, potential spread of

edited alleles into wild-type (WT) stocks limits use of genome-

edited fish in aquaculture. To circumvent this, we have dedicated

ourselves to developing a strategy by creating an all-female fish

population (Zhai et al., 2022a) and its sterilization (Gratacap et al.,

2019; Okoli et al., 2022). In this study, we establish a “off-on” switch

for fertility control of female fish to breed and maintain desirable

traits of sex-controlled breeding. Building on our recent success

with the all-female carp population generated via the cyp17a1-

depletion strategy, a practicable “off-on” technique for sterility in

female cyprinids will be exhilarating particularly.

In vertebrates, pituitary gonadotropins are critical for ovarian

development throughout the reproductive cycle, a multifaceted

biological process (McGee and Hsueh, 2000). The pituitary

gonadotropin, Lhb, a member of the glycoprotein hormone

family, binds to its receptor Lhcgr on the granulosa or theca cells

to regulate of oocyte growth, development and maturation (Gharib

et al., 1990). Mutation of LH or Lhcgr in both humans and mice can

result in ovarian hypogonadism and infertility due to defective

gonadal steroidogenesis (Lei et al., 2001; Zhang et al., 2001; Ma

et al., 2004; Huhtaniemi and Themmen, 2005; Huhtaniemi, 2006; Li

and Ge, 2020). Ovarian development in zebrafish can be categorized

into five stages: primary oocyte growth (stage I), accumulation of

cortical alveoli (stage II), vitellogenesis (stage III), and maturation

(stages IV and V). Stage IV includes stage IVa (onset of oocyte

maturation and 3 h before lights on), and stage IVb (oocytes mature

but before ovulation, 1 h before lights on) (Liu et al., 2018).

Stimulation from Luteinizing hormone-releasing hormone

(LHRH) prompts Lh secretion from the pituitary gland, resuming

the meiotic cell cycle and inducing germinal vesicle breakdown

(GVBD), an indicator of oocyte maturation. In stage V, the

completely developed eggs are released and prepared for

spawning (Nagahama et al., 1995; Nagahama and Yamashita, 2008).

In zebrafish, the crucial regulatory roles of Lh in ovarian

steroidogenesis have been documented. Briefly, LH activates the

intracellular signaling pathway (cAMP/PKA/CREB), the

production of maturation-induced hormone and 17a,20b-
dihydroxy-4-pregnen-3-one (DHP), and oocyte maturation by

binding to Lhcgr, which is located on the theca cells of the ovary

(Ascoli et al., 2002; Nagahama and Yamashita, 2008; Levavi-Sivan

et al., 2010). In theca cells, cholesterol undergoes conversion to 17a-
hydroxy-progesterone and testosterone. These hormones are then

respectively converted to DHP and estradiol in the granulosa cells

(Clelland and Peng, 2009). Lh binds to Lhcgr to increase insulin-like
Frontiers in Marine Science 0294
growth factor 3 (igf3) expression as well, which subsequently binds

to the insulin-like growth factor 1 receptor (igf1r) and initiates

oocyte maturation and ovulation (Li et al., 2018). Lh can also

initiate follicle activation and promote follicle growth via the Fsh

receptor (Fshr), which compensates for the absence of Fsh in

folliculogenesis (Zhang et al., 2015). Steroidogenic acute

regulatory protein (Star), an enzyme responsible for transporting

cholesterol into the inner mitochondrial membrane for DHP

production, has been identified as a downstream target of Lh for

oocyte maturation in zebrafish (Shang et al., 2019) and some other

teleost fishes (Nagahama and Yamashita, 2008). However, the

specific functions and mechanisms of progestin signaling in

initiating oocyte maturation and ovulation in zebrafish requires

further elucidation.

Recently, we reported that the maturation-arrested oocyte

phenotypes could be partially rescued by the administration of

DHP precursors, pregnenolone or progesterone, including DHP

itself, in lhb- or star-deficient females (Shang et al., 2019). Progestin

signals can be mediated through membrane progestin receptor a
(mPRa) and nuclear progestin receptor (Pgr). Arrested oocyte

maturation and mature oocytes trapped within the follicular cells

were observed in mPRs-deficient and npr-deficient females,

respectively (Zhu et al., 2015; Wu et al., 2020). These results

indicate that the progestin signaling may be disrupted in lhb- or
star-deficient females due to impaired steroidogenesis in mutant

fish. However, the exact pathological mechanisms responsible for

impaired oocyte maturation and ovulation in lhb- or star-deficient
females remain elusive, hindering the development of effective

restoration strategies for their fecundity.

A ovulation-impaired phenotype was also observed in the pgr-

deficient females (Liu et al., 2018). In preovulatory follicular cells

(stage IVb) of female zebrafish, the expression levels of four

metalloproteinases, including ADAM metallopeptidase with

thrombospond in type 1 mot i f , 9 (adamts9 ) , ADAM

metallopeptidase domain 8b (adam8b), ADAM metallopeptidase

with thrombospondin type 1 motif, 1 (adamts1) and matrix

metallopeptidase 9 (mmp9), increased dramatically in WT

females, but reduced in pgr-/- zebrafish (Liu et al., 2018). In vitro

experiments conducted on pre-ovulatory follicles have

demonstrated that DHP upregulates adamts9 expression in a

dose-, time-, and Pgr-indispensable manner (Liu et al., 2018).

adamts9 expression in pre-ovulatory follicular cells is also

regulated by human chorionic gonadotropin (hCG, a LH analog),

which has been demonstrated to be Lhcgr-dependent, but not Pgr-

dependent (Liu et al., 2020). These findings suggest that the

regulation of adamts expression in pre-ovulatory follicular cells

may involve multiple contributing factors.

In this study, we examined the effects on oocyte maturation/

ovulation caused by deficiencies in lhb or star in female zebrafish.

The strategy for restoring fecundity in these mutants has been

continuously refined through synchronized assessments of the

gonadal anatomy, fertility capacity, and the efficacy of each

chosen steroid compound, along with its dosage and duration

(Chen et al., 2013; Zhu et al., 2015; Lau et al., 2016; Tang et al.,

2016; Lu et al., 2017; Yin et al., 2017; Crowder et al., 2018; Tang

et al., 2018; Yu et al., 2018; Zhai et al., 2018; Li et al., 2020; Shu et al.,
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2020). Our results indicate that treatment of exogenous DHP

effectively restores the fecundity of lhb- or star-deficient female

zebrafish. The main findings of this study using genome editing

models provide a valuable basis for developing an “off-on” switch to

control female fertility in teleosts.
Materials and methods

Animals

Zebrafish were maintained under standard conditions at 28.5°C,

in a circulated water system with a 14 h light and 10 h dark cycle as

previously described (Westerfield, 2000). The lhb, star and pgr

heterozygous males and females were inbred to generate population

that contained lhb, star and pgr homozygotes, respectively (Tang

et al., 2016; Shang et al., 2019). Mutant lhb has an 8 bp deletion in

the second exon, star has a 1 bp deletion in the second exon, and pgr

has a deletion of the flanked genomic fragment (13.40 kb) between

the first and the sixth exon.

Natural mating
Natural mating was conducted as previously described (Shu

et al., 2020). Briefly, WT, lhb- or star-deficient females were kept

withWTmales in a breeding tank with an insert and a divider in the

middle. The divider was removed at 08:00 the following morning

and the ratio of spawning, fertilization, and survival were recorded

in every tank.

Administration with DHP
DHP (CAS No. 1662-06-2, P712080, Toronto Research

Chemicals, Canada) was dissolved in Dimethylsulfoxide (DMSO),

and the stock solutions of 10 g/L was sub-packed and stored in -80 °

C. The lhb- and star-deficient females were subjected to immersion

treatments with 100 and 300 mg/L DHP from 02:00 to

08:00, respectively.

hCG intraperitoneal injection and administration
with DHP

The hCG (hor-250, PROSPEC, Israel) was dissolved in water at

25 IU/mL as stock solution and the working solution was diluted to

1/5 with normal saline. Intraperitoneal hCG injection was

conducted as described in a previous study, with minor

modifications (Kinkel et al., 2010). After anesthetization, lhb- or

star-deficient females were quickly placed on a piece of wet gauze

and carefully injected with 10 mL of the working solution into the

pelvic midline fins at 00:00 using a microsyringe. lhb- and star-

deficient females were subsequently administrated with the

immersion treatments with 100 and 300 mg/L DHP from 02:00 to

08:00, respectively.

Collection of follicular cells from stage IV follicles
The ovaries were dissected, and follicular cells of preovulatory

follicles at stage IV were collected approximately 1 h prior to

ovulation with lights on. Follicular cells, collected from 100
Frontiers in Marine Science 0395
follicles per fish were separated from stage IV follicles using

precision tweezers, according to a previous study with minor

modifications (Liu et al., 2018).

RNA extraction and quantitative real-time
polymerase chain reaction (qPCR)

Total RNA was extracted from the follicular cells of lhb- or star-
deficient females with Trizol reagent (15596026, Ambion, TX,

USA). 500 ng of the RNA template was used for reverse

transcription and cDNA synthesis using the EasyScript One-Step

gDNA Removal and cDNA Synthesis SuperMix Kit (AE311-03,

Transgen, China). The qPCR was conducted using PerfectStartTM

Green qPCR SuperMix (AQ601-02, Transgen, China) according to

a previous study (Shi et al., 2022). qPCR was conducted using a Bio-

Rad Real-Time System (Bio-Rad Systems, USA). All the mRNA

levels were calculated as the fold change relative to eukaryotic

translation elongation factor 1 alpha 1 (ef1a). The primers of

adamts9, adam8b, adamts1, and mmp9 used for qPCR are listed

in Table 1.

Histological analysis
Hematoxylin and eosin staining was performed as previously

described (Zhai et al., 2022b). Briefly, fish were euthanized with MS-

222 and the ovary was isolated for fixation in Bouin’s solution. Fixed

samples were dehydrated, infiltrated and embedded in paraffin for

sectioning on a Leica microtome (RM2235, Leica Biosystems,

German). Paraffin sections were stained with hematoxylin and

eosin and examined microscopically using a Nikon Eclipse Ni-U

microscope (Nikon, Tokyo, Japan). The scale bar is displayed in

each image.

Statistical analysis
Detailed information regarding the number of zebrafish used

per experiment is provided for each experiment and the

corresponding figure. All analyses were conducted with the

GraphPad Prism 6.0 software program and the differences were

evaluated using the student’s t-test. The results were expressed as

the mean ± SD. For all statistical comparisons, a P value 0.05 was

used to indicate a statistically significant difference.
Results

WT females could be induced to spawn
after DHP administration

For the regular WT zebrafish natural mating group, one male

and one female were placed overnight in a tank separated by a

transparent divider. The following morning, the divider was

removed for natural fish mating (Figure 1A). Ovulation of mating

females was induced by overnight housing with the mating males

(Figures 1B–I, Table 2). If a female was not primed by an overnight

housing with a male before the mating (no priming group)

(Figure 1J), this naïve single female would not naturally engage in

ovulation and mating behavior with a male (Figures 1K–R, Table 2).
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FIGURE 1

WT females could be induced to spawn after DHP administration. (A) Schematic illustration of the spawning test for paired WT females (depicted in
red). One WT female (depicted in red) and one WT male (depicted in blue) are housed overnight in the tank, separated by a transparent divider. At
08:00 (light on), the divider is removed, then the spawning between the paired WT female and WT male succeeds. (B–I) The anatomical
examination and microphotographs of follicles are sampled from paired WT females at 02:00, 04:00, 06:00, and 08:00 (n = 3 at each timepoint).
(J) Schematic illustration of the spawning test for unpaired WT females (depicted in pink). WT females (depicted in red) are housed overnight in the
tank with WT male (depicted in blue), then natural mating of the unpaired WT females (pink) with the paired males (blue) failed. (K–R) The
anatomical examination and microphotographs of follicles sampled from unpaired WT females at 02:00, 04:00, 06:00, and 08:00 (n = 3 at each
timepoint). (S) Schematic illustration of the spawning test for unpaired WT females (depicted in pink) treated with DHP (tank depicted in brown). WT
females are exposed to 50 mg/L DHP from 2:00 to 8:00, then natural mating with males (depicted in blue) which are from another tank paired with
WT females (depicted in red) overnight succeeds. (T–A’) The anatomical examination and microphotographs of follicles sampled from WT females
treated with 50 mg/L DHP for 0 h (02:00), 2 h (04:00), 4 h (06:00), and 6 h (08:00) (n = 3 at each timepoint). The samples at the timepoints depicted
in red are harvested for oocyte analysis. (B, F, K, O, T, X) 0 h (C, G, L, P, U, Y) 2 h (D, H, M, Q, V, Z) 4 h (E, I, N, R, W, A’) 6 h.
TABLE 1 Primers used in this study for qPCR.

Gene Primer directiona and sequence (5’-3’) Product size (bpb) References

adamts9
F: TCACCCAACCCCGATTTTCG

224 (Liu et al., 2018)
R: CAAGAGCGCTGTTCAATGGG

adam8b
F: CCTGGCATCCACAATTGCAC

254 (Liu et al., 2018)
R: CATTACCACAGACAGGCCCA

adamts1
F: ACACCGTGCACTCCAGATTC

247 (Liu et al., 2018)
R: GGCTACGGCCTCCAAAAGAT

mmp9
F: TCTGCCTTTGAGGACCACCT

260 (Liu et al., 2018)
R: CCGAAAGCTGCATCAGTGAA

ef1a
F: AAGATCGGCTACAACCCTGC

107 (Shang et al., 2019)
R: TTCCATCCCTTGAACCAGCC
F
rontiers in Marine Sc
ience 0496
aF, Forward; R, Reverse.
bbase pair.
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However, if the WT female was treated with 50 mg/L DHP for 6 h

from 02:00 to 08:00, the effective ovulation could be seen in DHP

treated female (Figures 1S-A’). When a pair of DHP-treated females

and males was set up for mating after 6 h DHP treatment, the DHP

treated WT females could naturally mate with the WT males and

spawn (Table 2). Although the fertilization ratio of the offspring

from DHP administrated WT females and WT males was

significantly lower than that of the natural mating group, the

ratios of membrane breakage and survival at 3 wpf were

unaffected (Table 2). These results indicate that DHP treatment

can effectively replace overnight housing with male fish to induce

the ovulation and spawning in female fish. The viabilities of the

naturally fertilized eggs from primed by overnight housing and

DHP treatment were equivalent.
Anovulation defects in lhb- or star-
deficient females rescued with the
DHP administration

Previously, the phenotypes of oocyte maturation and ovulation

were observed in lhb- or star-deficient females. We found that the

follicles in the lhb mutants did not enter stage V as it normally

occurred in the WT control females between 06:30 and 07:30 when

mated with WT males (Shang et al., 2019). We first examined the

restorative effects of DHP on ovulation in these females. The lhb- and
star-deficient females were exposed to 100 and 300 mg/L DHP,

respectively, from 02:00 to 08:00 (Figure 2A). At 02:00, the follicles

from the dissected ovaries of lhb-deficient females were non-

transparent (Figures 2B, F); however, after 2 h DHP administration

(at 04:00), the follicles became semi-transparent (Figures 2C, G),

marking the beginning of oocyte maturation. More apparently, the

anatomical examination of lhb-deficient females exposed to 100 mg/L
DHP for 4 h (at 06:00) was sufficient to induce maturation of oocytes,

as evidenced by the microphotographs of follicles, which had become

transparent embedded in the dissected ovaries and few eggs with egg

membrane formed (characterized as stage V) (Figures 2D, H). At

08:00, when the lhb-deficient females were exposed to DHP for 6 h,

more eggs with membrane formed, suggesting that the follicles

reached to stage V, and released into the vicinity of the genital

pore in lhb-deficient females (Figures 2E, I). The successful induction

of follicles at different time points after DHP administration was also
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supported by the observed oocyte maturation and ovulation in star-

deficient females (Figures 2J-Q). These results suggest that the

arrested oocyte maturation and ovulation in lhb- or star-deficient
females in vivo could be effectively rescued by DHP administration.
Infertility of lhb- or star-deficient females
was rescued with DHP administration

Following the sketches depicted in Figure 2A, the rescue of the

infertility phenotypes in lhb- or star-deficient females administrated

diverse combinations of the hormones, including DHP and hCG

respectively, were evaluated with natural mating with WT males

(Table 3). For comparison of the rescue efficiency, the “fecundity

index” was adopted for representing the capacity of each

experimental mating group to produce healthy offspring. The

“relative fecundity” indicates the rescue efficiency of each

treatment, represented by the fecundity index of the treated

mutant group/fecundity index of WT control group (Table 3).

After a 6 h treatment (from 02:00 to 08:00), the lhb-deficient
females were placed in a new breeding tank with an insert at the

bottom and a divider in the middle. WTmales, which had been kept

with WT females in another breeding tank contained system water

that night, were transferred into the tank with the DHP-treated lhb-
deficient females. Natural mating was observed between WT males

and DHP-treated lhb-deficient females. Compared with the hCG

treatment, the administration of DHP effectively rescued the defects

of oocyte maturation and ovulation of the lhb-deficient females, as

the spawned and fertilized eggs with the genotype of lhb+/- were
observed (76.00 ± 23.32% lhb-deficient females spawned, 25.90 ±

12.28% alive eggs were fertilized, 68.11 ± 31.45% fertilized eggs

broke the egg membrane, and 59.80 ± 39.56% fertilized eggs

survived to juvenile stage) (Table 3).

Noteworthily, the administration of 100 mg/L DHP for 6 h,

which was sufficient to rescue the defects of oocyte maturation and

ovulation in the lhb-deficient females, did not work well in the

star-deficient females, as no spawned eggs were observed, even

with artificial squeeze (Data not shown). The star-deficient

females were subsequently exposed to 300 mg/L DHP from 02:00

to 08:00. Strikingly, 6 h DHP administration at 300 mg/L
effectively rescued the defects of oocyte maturation and
TABLE 2 Comparison of the fecundities of wild-type zebrafish female induced by overnight housing and DHP treatment.

Group Ratio of
spawning

(%)

Number of
spawning

eggs

Ratio of
fertilization

(%)

Ratio of
membrane
break (%)

Ratio of
survival
at 3

wpf (%)

Fecundity
index*

Relative
fecundity
ratio** (%)

WT + overnight
housing of the
mating partner

92.50 ± 8.29a 257.83 ± 100.94a 91.15 ± 6.09a 96.94 ± 2.24a 85.00 ± 7.83a 179.13 100.00

WT + DHP treatment 88.87 ± 7.87a 243.11 ± 55.60a 60.63 ± 9.39b 88.10 ± 7.56b 76.71 ± 8.50a 88.54 49.43
N = 6–10 for each group.
*Fecundity index = Ratio of spawning (%) × Number of spawning eggs × Ratio of fertilization (%) × Ratio of membrane break (%) × Ratio of survival at 3 wpf (%).
**Relative fecundity ratio = Fecundity index of the treated mutant group / Fecundity index of wild-type control fish group.
Different letters in the table represent significant differences compared with the control group (P < 0.05).
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ovulation in the star-deficient females (Table 3), resulting in the

observation of the spawned and fertilized eggs with the genotype

of star+/- (51.90 ± 18.84% star-deficient females spawned, 72.87 ±

9.92% alive eggs were fertilized, 47.81 ± 26.25% fertilized eggs

broke the egg membrane, and 66.04 ± 32.40% larvae of them

survived to juvenile stage) (Table 3).

The developmental outcomes of the fish from the control

females, the lhb- or star-deficient females and WT males were also

evaluated. The fertilized eggs at the early stage during embryonic

development (12 h post-fertilization, hpf), larval stage (72 hpf and

5 days post-fertilization, dpf), and juvenile stage (3 weeks post-
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fertilization, wpf) from the control females and from the lhb- or
star-deficient females and WT males were comparable as

evaluated by the gross appearance (Supplementary Figures 1A–

L, Table 3). At 1-month post-fertilization (mpf), the body weight,

body length and full length of the fish from control females were

comparable with rescued fish from the lhb- or star-deficient

females mated with WT males (Supplementary Figures 1M–O).

These results suggest that DHP at 100 or 300 mg/L from 02:00 to

08:00 is sufficient to rescue ovarian maturation and ovulation

defects of lhb- or star-deficient females as evaluated with natural

mating with WT males, while the overall efficiency of star-
FIGURE 2

The arrested oocyte maturation of lhb- or star-deficient females can be rescued by DHP administration. (A) Schematic illustration of the DHP
administration for lhb- or star-deficient females (depicted in pink) during the daily spawning cycle. lhb- or star-deficient females are exposed to 100
or 300 mg/L DHP from 02:00 to 08:00, then natural mating with males (depicted in blue) which are from another tank and paired with WT females
(depicted in red) overnight. (B–I) The anatomical examination and microphotographs of follicles sampled from lhb-deficient females exposed to 100
mg/L DHP for 0 h (02:00), 2 h (04:00), 4 h (06:00), and 6 h (08:00) (n = 3 at each timepoint). (J–Q) The anatomical examination and
microphotographs of follicles sampled from star-deficient females exposed to 300 mg/L DHP for 0 h, 2 h, 4 h, and 6 h (n = 3 at each timepoint). The
samples at the timepoints depicted in red are harvested for oocyte analysis. (B, F, J, N) 0 h (C, G, K, O) 2 h (D, H, L, P) 4 h (E, I, M, Q) 6 h.
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deficient females administrated with 300 mg/L DHP for 6 h is

better than those of DHP-treated lhb-deficient females.
DHP administration upregulated adam8b
and adamts9 expression in pre-ovulatory
follicle cells of WT females mimicked the
effect of natural mating with WT males

It is known that the metalloproteinases, including adamts9 and

adam8b, are required for zebrafish ovulation, and their expression

significantly increased at 1 h prior to ovulation (Liu et al., 2018; Liu

et al., 2020). Both metalloproteinases, adamts9 and adam8b, but not

adamts1 and mmp9 (Figures 3A–D, column 2 vs. 1), were

significantly upregulated in the pre-ovulatory follicle cells of WT

females paired with WT males 1 h before light on compared to

those of unpaired WT females. Intriguingly, in the follicular cells of

WT females exposed to DHP for 2 h (from 05:00 to 07:00) exhibited

upregulated expression of adamts9 and adam8b compared to the

unpaired WT females, mimicking the effect of natural mating with

WT males (Figure 3D, column 3 vs. 2).
DHP administration restores adam8b and
adamts9 expression in pre-ovulatory
follicle cells of lhb- or star-
deficient females

Both metalloproteinases, adamts9 and adam8b (Figures 4, 5A–

E, column 2 vs. 1), but not adamts1 and mmp9 (Figures 4, 5F, G,

column 2 vs. 1), were significantly upregulated in the pre-ovulatory

follicle cells of control females paired with WT males 1 h before

light on. Contrarily, the increased expression of adamts9 and
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adam8b in follicular cells was not observed in lhb- or star-

deficient females paired with WT males 1 h before light on

(Figures 4, 5D, E, column 4 vs. 3). We hypothesized that this may

be one of the major reasons for arrested oocyte maturation and

ovulation. Intriguingly, the follicular cells of lhb- or star-deficient
females exposed to DHP for 2 h (from 05:00 to 07:00) exhibited

upregulated adamts9 and adam8b expression, compared to the

untreated fish (Figures 4, 5D, E, column 5 vs. 3). These results

suggest that the upregulated adamts9 and adam8b expression may

be induced by DHP to restore the final maturation of oocyte and

ovulation in lhb- or star-deficient females.
Pgr signaling is indispensable for DHP-
induced ovulation in zebrafish

Genomic progestin signaling and ovulation require the

participation of Pgr, and pgr depletion is known to cause

ovulation failure but does not affect oocyte maturation in

zebrafish (Zhu et al., 2015). Our observations in the pgr-deficient

female zebrafish replicated the manifestations of impaired ovulation

reported in previous studies (Zhu et al., 2015). In control females

paired with WT males, normal mature stage V oocytes that were

released into the vicinity of the genital pores were observed at 08:00

(Figure 6A). However, anovulation with mature stage V oocytes

trapped within the ovary was observed in pgr-deficient females

(Figure 6B). The results of histological analysis demonstrated that

the outer layer cells of the mature follicles failed to breakdown in the

pgr-deficient fish (Figure 6C, D). Moreover, we found that the

anovulation defects observed in pgr-deficient female zebrafish could

not be rescued by DHP administration at a range of concentrations

(Figure 6E-H). These results suggest that Pgr signaling is

indispensable for DHP-mediated ovulation in zebrafish.
TABLE 3 Efficiencies of the fecundity rescue of lhb- and star-deficient females with diverse steroids treatments.

Group Ratio of
spawning

(%)

Number of
spawning eggs

Ratio of
fertilization

(%)

Ratio of
membrane
break (%)

Ratio of
survival at
3 wpf (%)

Fecundity
index*

Relative
fecundity
ratio** (%)

WT Control 91.48 ± 9.02a 266.11 ± 83.96a 80.54 ± 22.35a 94.19 ± 6.62a 93.56 ± 8.97a 172.79 100.00

lhb-/- 0 0 0 0 0 0 0

lhb-/- + hCG 0 0 0 0 0 0 0

lhb-/- + DHP 76.00 ± 23.32a 193.14 ± 81.39a 25.90 ± 12.28b 68.11 ± 31.45b 59.80 ± 39.56b 15.50 8.97

lhb-/- + hCG + DHP 84.00 ± 14.97a 288.50 ± 136.70a 24.57 ± 12.95b 28.60 ± 21.78c 35.68 ± 21.62b 6.08 3.52

star-/- 0 0 0 0 0 0 0

star-/- + hCG 0 0 0 0 0 0 0

star-/- + DHP 51.90 ± 18.84b 251.75 ± 52.91a 72.87 ± 9.92b 47.81 ± 26.25b 66.04 ± 32.40b 30.06 17.40

star-/- + hCG + DHP 66.67 ± 9.43b 224.80 ± 91.63a 40.02 ± 19.05c 72.36 ± 25.63b 71.60 ± 22.32b 31.07 17.98
N = 6–10 for each group.
*Fecundity index = Ratio of spawning (%) × Number of spawning eggs × Ratio of fertilization (%) × Ratio of membrane break (%) × Ratio of survival at 3 wpf (%).
**Relative fecundity ratio = Fecundity index of the treated mutant group / Fecundity index of WT control fish group.
Different letters in the table represent significant differences compared with the control group (P < 0.05).
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Discussion

Although several studies have been conducted in zebrafish, the

precise physiological processes and mechanisms involved in oocyte

maturation and ovulation remain unclear. This study investigated

the replacement of overnight mating partner housing with DHP

treatment for oocyte maturation and ovulation induction in WT

zebrafish. Based on these trails, DHP was selected to rescue sterility

phenotype in lhb- or star-deficient females. After multiple trials to

determine the appropriate compound, dosage, and duration, it has

been discovered that DHP and DHP + hCG administration can

achieve consistently restore fertility in lhb- or star-deficient females.

The increased levels of adamts9 and adam8b present in follicular

cells of lhb- or star-deficient females, as well as WT females exposed

to overnight housing pairing or DHP treatment, demonstrated a

positive relationship with the induction of oocyte maturation and

ovulation induction. Since DHP administration failed to rescue the

ovulation failure observed in pgr-deficient female zebrafish despite
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the presence of mature stage V oocytes (Zhu et al., 2015), we

concluded that Pgr is imperative for DHP-mediated ovulation.

The process of oocyte maturation and ovulation lasts for a few

hours in fish within the spawning cycle. In the preovulatory follicles

of WT female zebrafish, the relative expression of lhb began to

increase from 03:30, and reached the peak at 05:30, the beginning of

oocyte maturation (follicles started to become semi-transparent)

(Shang et al., 2019). Similarly, the transcript and protein levels of

Pgr begin to increase at 05:00 (prior to maturation) and peak level at

06:00–07:00 (in the middle of maturation) in female zebrafish (Liu

et al., 2018). DHP is the major maturation-inducing hormone in

zebrafish (Nagahama and Yamashita, 2008; Tokumoto et al., 2011;

El Mohajer et al., 2022). Previously, we found that Lhb regulates

DHP synthesis in zebrafish by targeting star, the first step of gonad

steroidogenesis from cholesterol (Shang et al., 2019). This is

supported by the observations in lhb-, or star-, or mprs-deficient

females, wherein the oocyte maturation was impaired (Wu et al.,

2020). These findings suggest that Lhb/Star/Progestin signaling is
A

B

C

D

FIGURE 3

Expression of adamts9 and adam8b is upregulated after DHP administration. (A) Schematic illustration of unpaired WT females. (B) Schematic
illustration of paired WT females. (C) Schematic illustration of the DHP administration on WT females from 05:00 to 07:00. The samples at the
timepoint depicted in red are harvested for analysis. (D) The expression of adamts9, adam8b, adamts1, and mmp9 in pre-ovulatory follicular cells at
07:00 of paired WT females or WT females exposed to DHP are comparatively evaluated with that of control females unpaired with WT males. The
letters in the bar charts represent significant differences.
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closely related to oocyte maturation. However, most of the

conclusions that DHP promotes oocytes maturation were

conducted on stage IV follicles in vitro. Here, the assessment of

DHP in oocyte maturation and ovulation was firstly examined in

vivo from 02:00 to 08:00 in lhb- or star-deficient females with DHP

administration at 100 and 300 mg/L, respectively. Oocytes become

to be transparent following GVBD due to fusion of yolk proteins,
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allowing more lights to pass through. At 04:00, after 2 h DHP

treatment, the follicles became semi-transparent, indicating the

beginning of oocyte maturation. At 06:00, after 4 h DHP

treatment, the follicles became transparent, and very few oocytes

formed egg membranes, marking the completion of oocyte

maturation (stage V) started. At 08:00, after 6 h DHP treatment,

the transparent follicles were not trapped in the vicinity of the
A B C

D E F G

FIGURE 4

Expression of adamts9 and adam8b in follicular cells of lhb-deficient females after pairing with WT males or DHP administration. (A) Schematic
illustration of unpaired control or lhb-deficient females. (B) Schematic illustration of paired control or lhb-deficient females. (C) Schematic illustration
of the DHP administration on lhb-deficient females from 05:00 to 07:00. The samples at the timepoint depicted in red are harvested for analysis.
(D–G) The expression of adamts9, adam8b, adamts1 and mmp9 in preovulatory follicular cells at 07:00 of control females unpaired with WT males,
control females paired with WT males, lhb-deficient females unpaired with WT males, lhb-deficient females paired with WT males, and lhb-deficient
females treated with DHP. The letters in the bar charts represent significant differences.
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FIGURE 5

Expression of adamts9 and adam8b in follicular cells of star-deficient females after paired WT males or DHP administration. (A) Schematic illustration
of unpaired control or star-deficient females. (B) Schematic illustration of paired control or star-deficient females. (C) Schematic illustration of the
DHP administration on star-deficient females from 05:00 to 07:00. The samples at the timepoint depicted in red are harvested for analysis.
(D–G) The expression of adamts9, adam8b, adamts1, and mmp9 in preovulatory follicular cells at 07:00 of control females unpaired with WT males,
control females paired with WT males, star-deficient females unpaired with WT males, star-deficient females paired with WT males, and
star-deficient females treated with DHP. The letters in the bar charts represent significant differences.
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ejaculatory pore and were ready to spawn, forming egg membranes

followed by dissection. These results provided direct in vivo

evidence supporting that oocyte maturation and ovulation

occurred effectively in lhb- or star-deficient females after

DHP administration.

The lhb- or star-deficient females reared in control medium

(1‱ DMSO system water) exhibited no egg-laying when naturally

mated with WT males. Nevertheless, DHP treatment from 02:00 to

08:00 effectively rescued the defects in oocyte maturation and

ovulation of lhb- or star-deficient females when naturally mated

with WT males, i.e. the restored spawned and fertilized eggs

(Figure 2, Table 3). Noteworthily, the spawning ratio of the lhb-
or star-deficient females and the fertilization ratio of the offspring

were decreased compared to the WT control group (Table 3). One

possibility is that the spawned eggs may not be in their most

appropriate status for fertilization with the above treatment

method. Therefore, further efforts to optimize the process,

including concentration of the chemical reagent, mode of the

administration, or other factors, are needed to improve the

quality of the eggs from the mutant females. This hypothesis

could be partially supported by the observations that the ratio of

membrane break and survival at 3 wpf of the offspring from the

DHP + hCG treated star-deficient females mated with WT males

were higher than with the females with DHP treatment only
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(Table 3). Intriguingly, the survived fish (lhb+/- or star+/-)

displayed normal growth performance (body weight, body length

and full length) compared with the control fish (lhb+/+ or star+/+)

as observed at 1 mpf (Supplementary Figure 1).

Metalloproteinases are important for zebrafish ovulation. The

relative expression of metalloproteinases, adamts9, adam8b, mmp9,

and adamts1, was upregulated in the follicular cells of pre-ovulatory

follicles at stage IV, approximately 1 h prior to ovulation and light

on (Liu et al., 2018). Among the four metalloproteinases, adamts9

and adam8b, were significantly upregulated in follicular cells of

control females paired with WT males, and WT females, lhb- or
star-deficient females exposed to DHP for 2 h (from 05:00 to 07:00),

but not in lhb- or star-deficient females paired with WT males.

Thereby, it is reasonable to speculate that dysregulated expressions

of adamts9 and adam8b in follicular cells of preovulatory follicles at

stage IV of lhb- or star-deficient females might be due to insufficient

DHP synthesis. Thus the insufficient expressions of adamts9 and

adam8b may be the cause for the impaired oocyte maturation and

ovulation, which is in agreement with a previous report on the

reduced expression of adam8b and adamts9 in the follicular cells of

preovulatory follicles of pgr-/- females (Liu et al., 2018). We

discovered that a concentration of 50 mg/L can induce oocyte

maturation, ovulation, and spawning in WT females (Figure 1,

Table 2). Upregulated adamts9 and adam8b expression in the
FIGURE 6

Comparison of ovaries from control and pgr-deficient female fish paired with WT males or treated with DHP after light onset. (A, B) Anatomical
analysis of ovaries. Normal mature and ovulated oocytes were released into the vicinity of the genital pore in control females paired with WT males
(A, dashed red circle), and anovulation with mature oocytes trapped within the ovary in pgr-deficient females paired with WT males (B, black arrow
heads). (C, D) Histological analysis of mature follicles. Compared with control fish (C), the outer layer cells of the mature follicles from the pgr-
deficient female fish failed to breakdown (D, red arrows). (E) Schematic illustration of the DHP administration on pgr-deficient females from 02:00 to
08:00. The samples at the timepoint depicted in red are harvested for analysis. (F–H) The anovulation with mature oocytes trapped within the ovary
in pgr-deficient females (black arrow heads) cannot be rescued by administration of 50, 100 and 300 µg/L DHP.
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follicular cells of the pre-ovulatory follicles of control females

exposed to DHP from 05:00 to 07:00 mimicked the effect of

natural mating with WT males (Figure 3D).

Anovulation, wherein mature oocytes were retained in the

ovary, was observed in pgr-deficient females when mated with

WT males. However, DHP administration was ineffective in

restoring ovulation in pgr-deficient females when paired with WT

males, indicating that the critical role of Pgr in ovulation. This is

further demonstrated by the distinct phenotypes of pgr- and lhb- or
star-deficient females, which display impaired ovulation and oocyte

maturation, respectively. Therefore, it is reasonable to hypothesize

that Star plays a role in the downstream LH signaling pathway,

leading to the direct synthesis of DHP to enhance oocyte

maturation and ovulation, with ovulation being dependent on Pgr.

Previously, it has been reported that the intraperitoneally

inject ion of hCG, DHP precursors (pregnenolone or

progesterone), and DHP itself, partially rescued the maturation-

arrested oocyte phenotypes in lhb-deficient females (Shang et al.,

2019; Chu et al., 2014). Among the chemicals, hCG administered

via intraperitoneal injection successfully induced the maturation of

a small number of follicles and ovulation in lhb-deficient females.

However, the report lacked clarity regarding the restorative effects

of natural spawning and fertilization (Chu et al., 2014). Herein, we

also evaluated the combined effect of hCG injection and DHP

administration for 6 h (hCG injection at 00:00) and found no

spawning and fertilized eggs from the hCG treated lhb-deficient
females mated with WT males. However, compared with the star-

deficient females exposed to 300 mg/L DHP only, the improvement

of the ratio of spawning, membrane broken and survival at 3 wpf

were observed in star-deficient females with hCG injection and 300

mg/L DHP administration for 6 h (66.67 ± 9.43%, 72.36 ± 25.63%,

and 71.60 ± 22.32%, respectively). The overall relative fecundity

ratio, a novel concept evaluated in this study was that star-/-

zebrafish treated with DHP and hCG exhibited a ratio at 17.98%.

It is noteworthy that there was a limited improvement in these

parameters in lhb-deficient females after hCG injection and

administration of 100 mg/L DHP for 6 h (Table 3). These

observations suggest that although hCG is a LH analog, its

function in regulating oocyte maturation and ovulation may differ

in various animal species.

In channel catfish, sterilization was achieved through genetic

editing of LH using a modified zinc finger nuclease technology with

electroporation. This accomplishment not only enhances the

comprehension of the roles of LH in farmed fish, but also

represents progress towards fertility control in females of

transgenic fish (Qin et al., 2016). CRISPR/Cas9 techniques have

been suggested to improve economic traits. However, the

application of sterilization technology can be utilized to establish

fertility control strategies for genetically modified farm fish.

Fertility-controlled fish, which are unable to breed naturally, offer

natural biosecurity benefits by preventing escapee from mating with

the WT stock and protecting intellectual property rights (Okoli

et al., 2022). To the best of our knowledge, this study represents the

first model with the manipulation of sex steroid-related genes,

which opens up prospects for its application in the aquaculture

industry, particularly in the genetic engineering of farmed fish with
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the aim of improving economic traits. Notably, our recent research

involving zebrafish and common carp revealed that all homozygous

cyp17a1-deficient fish gonads developed into testes with proper

spermatogenesis; however, they lacked the typical male sexual

characteristics and mating behaviors (Zhai et al., 2018; Zhai et al.,

2022a). All offspring resulted from the artificial fertilization of the

neomale common carp (cyp17a1-/-;XX genotype) sperm with the

eggs from WT females (cyp17a1+/+;XX genotype) developed into

all-female common carp. The genotype (cyp17a1+/-;XX genotype),

all-ovarian differentiation (n>500) and significant growth

advantage have been confirmed (Zhai et al., 2022a). The fertility

of this genome-edited all-female population of common carp

presents a potential eco-risk, thus hindering its application in

aquaculture. This strategy offers the possibility of addressing the

challenging situation. However, the “controllable fertility” strategy

proposed in this study offers a solution by enabling the production

and sterilization of the all-female population (cyp17a1+/-;lhb (or

star)-/-;XX). This can be achieved by crossing the cyp17a1-/-;lhb (or
star)-/-;XX males (neomales) with cyp17a1+/+;lhb (or star)-/-;XX

females, who are administered DHP. Fortunately, no obvious defect

in fertility of lhb-/- or star-/- male zebrafish was observed,

suggesting that mutation of lhb or star did not affect fertility in

male fish (Shang et al., 2019). Based on the achieved relative

fecundity ratio of star-/- zebrafish treated with the DHP and hCG

procedure, a ratio of 17.98% was obtained (Table 3). This ratio

suggests that more than 10,000 healthy fingerlings can be produced

from each star-/- common carp with its egg-carrying capacity,

providing an effective rescue strategy for farmed fish. However,

further improvements will be required to enhance rescue efficiency.

Overall, the genome-edited population of all-female carp rendered

infertile via this procedure could impede the ecological risks by

preventing the interbreeding of genome-edited escapees with WT

carp stocks, as they are unable to reproduce naturally.
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SUPPLEMENTARY FIGURE 1

The gross appearance of offspring at diverse stages from control females,

DHP-administrated lhb- or star-deficient females naturally mated with WT
males. (A–C) Representative image of the gross appearance of embryos at 12

hpf. (D–F) Representative image of the gross appearance of larvae at 72 hpf.
(G–I) Representative image of the gross appearance of larvae at 5 dpf. (J–L)
Representative image of the gross appearance of fish at 21 dpf. (A, D, G, J)
Offspring from control females naturally mated with WT males. (B, E, H, K)
offspring from lhb-deficient females exposed to 100 mg/L DHP for 6 h and

naturally mated with WT males. (C, F, I, L) Offspring from star-deficient
females exposed to 300 mg/L DHP for 6 h and naturally mated with WT

males. (M) The bar chart represents body weight of the fish at 1 mpf. (N) The
bar chart represents body length of the fish at 1 mpf. (O) The bar chart

represents full-length of fish at 1 mpf. The letter a in the bar charts indicates
no significant difference.
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Development of a nature-based
solution for mitigation of Pacific
oyster summer mortality:
use of the intertidal zone to
improve resilience to
environmental stressors
Clara L. Mackenzie1*, Monique R. Raap1, Sarah Leduc2,
Chen Yin V. Walker1, Timothy J. Green2, Eliah Kim1,
Emaline M. Montgomery1, Sierra L. M. Gray1, Amy Long1

and Christopher M. Pearce1

1Pacific Biological Station, Fisheries and Oceans Canada, Nanaimo, BC, Canada, 2Centre for Shellfish
Research, Vancouver Island University, Nanaimo, BC, Canada
In recent years, Pacific oyster growers in British Columbia (BC), Canada have

experienced devastating losses due to summer mortality syndrome. While

anecdotal evidence suggests that intertidally-grown oysters may fare better

during mass mortality events than deep-water counterparts, there remains a

lack of research examining how different culture conditions may influence

severity. To address this, we compared growth, condition, histopathology,

reproductive status, and survival between intertidally- and deep-water-

cultured oysters over 2 years at three oyster farms in Baynes Sound (BC). A

reciprocal transplant was carried out after 1 year to test the use of the intertidal

as a mechanism for promotion of physiological resilience prior to deep-water

deployment. Field trial results showed significantly higher final survival in

oysters transferred from the intertidal to deep water (83.5%) compared to

those maintained in deep water (63.6%), but only at one farm, likely as a

consequence of varying physical and/or biological characteristics associated

with particular farm locations. Histopathology showed little role of disease with

regards to varying survival among treatments, though higher occurrence of

Viral Gametocytic Hypertrophy was observed in Year 1 oysters under deep-

water (62.2%) versus intertidal (37.8%) conditions. Additionally, after 2 years,

there was no significant difference in oyster size nor condition index between

oysters transplanted from the intertidal to deep water and those solely cultured

in deep water. A laboratory-challenge experiment determined significantly

different survival curves of Year 1 intertidally- and deep-water-cultured

oysters under immersion/emersion and warming conditions, with final

survival of 88% and 64%, respectively, under conditions of high temperature

(25°C) and immersion. Likewise, Year 2 (i.e. post-transfer) intertidally- and

deep-water-cultured oysters showed significantly different survival curves
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under laboratory-based Vibrio challenge conditions (16°C) with final survival of

63% and 34%, respectively. Results suggest that partial culture in the intertidal at

some farms may be an effective method for conferring resilience to summer

mortality in Pacific oysters.
KEYWORDS

food security, heatwaves, mitigation, Pacific oyster (Crassostrea gigas), shellfish
aquaculture, summer mortality syndrome
1 Introduction

Pacific oyster (Crassostrea gigas) growers across the globe

continue to contend with mass mortality events during summer

months. In recent years, this widespread and recurrent

phenomenon has caused increasing annual losses (20–100%) at

farms spanning North America, Europe, Asia, and Australia

(Malham et al., 2009; Cotter et al., 2010; Dégremont et al., 2010;

Green et al., 2019; King et al., 2019; Lafont et al., 2019; Ashton et al.,

2020; Yang et al., 2021). The shellfish aquaculture industry is a large

global employer and provides an increasingly important dietary

protein source for human populations (FAO, 2022). Likewise, the

industry contributes greatly to international markets, global exports

of bivalve mollusks being worth approximately USD 4.3 billion in

2020 (FAO, 2022). Accordingly, there is a critical need for the

development of practical mitigation methods to reduce summer

mortality in order to support regional economies and safeguard

global food security.

Summer mortality of Pacific oysters is associated with a complex

set of interrelated and interactive physical and biological factors.

While events are primarily driven by high seawater temperatures (i.e.

>19−20°C) (Green et al., 2019; Petton et al., 2021), there is a range of

additional key contributory factors including reproductive status,

genetics, growth and condition, and viral/bacterial pathogenic

infection (Li et al., 2009; Barbosa Solomieu et al., 2015; Petton

et al., 2021; Cowan et al., 2023). Other environmental factors,

including low salinity events (Brown and Hartwick, 1988) and

harmful algal blooms (Cassis et al., 2011), have also been associated

with increased levels of mortality during the summer.

The Pacific oyster has broad environmental tolerance limits and

consequently is successfully cultured under a wide range of growing

conditions. Culture environments extend from the intertidal zone,

where diurnal tidal emersion events generate large and regular

environmental fluctuations, to deep-water (i.e. suspended culture)

conditions where animals experience constant immersion and

relatively stable growing conditions. The distinctive exposures

associated with intertidal and deep-water culture environments

drive contrasting magnitudes and frequencies of related stress

responses with direct repercussions for growth/condition,

reproduction, and survival (Cotter et al., 2010; Pernet et al., 2012,

2014; Petton et al., 2021; Cowan et al., 2023).
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Species inhabiting the intertidal zone contend with daily

fluctuations in physical (e.g. temperature, dissolved oxygen, pH)

and biological (e.g. feed availability, predators) parameters. This is

particularly relevant for oysters and clams, which, as non-motile

thermo-conformers, cannot directly avoid such conditions. To

combat this, intertidal bivalves have evolved a number of

adaptative mechanisms that allow them to tolerate diurnal and

seasonal variations in physical conditions (e.g. wide thermal

fluctuations) and to survive short-term stressor events (e.g.

hypoxia/anoxia, osmotic stress, heat stress) (Clark et al., 2018;

Masanja et al., 2023). These include a well-developed antioxidant

defense system, the ability to enter a metabolically-depressed state

(including shifting to anaerobic glycolysis metabolism),

mitochondrial adjustments, episodic shell gaping to access

atmospheric oxygen, protective burrowing behaviors, and changes

in shell morphology (Somero, 2002; Abele et al., 2009; Tagliarolo

et al., 2012; Li et al., 2013; Zhang et al., 2016; Meng et al., 2018;

Lafont et al., 2020; Amorim et al., 2021). Additionally, gene

expression profiles of individuals from intertidal populations tend

to be markedly different in comparison to those from subtidal ones,

the former’s characterized by an upregulation in genes involved in

respiration, antioxidant production, protein degradation, DNA

repair, and cytoskeleton pathways, reflecting the stressor

conditions associated with the intertidal environment (Li et al.,

2018; Clark et al., 2019). While animals in the intertidal face regular

stress events (e.g. high atmospheric temperature, increased

oxidative stress) (Pörtner, 2012; Zhang et al., 2016), deep-water

counterparts largely experience less challenging physical conditions

whilst also benefiting from increased availability of feed and reduced

predation pressure.

Gene-environment interactions represent a major shaping force

of the intertidal zone and lead to considerable intra-specific

variation in the evolved responses of marine invertebrates across

the intertidal environmental gradient. The interplay between

genetics and the surrounding environment dictates phenotypic

plasticity, which serves as an important mechanism by which

intertidal species may respond to changing environmental

conditions (Li et al., 2018; Clark et al., 2019). Indeed, phenotypic

plasticity has been observed in an extensive range of bivalve traits

including metabolism and shell structure (Tagliarolo et al., 2012;

Clark et al., 2018), gene expression (Hamdoun et al., 2003; Clark
frontiersin.org

https://doi.org/10.3389/fmars.2024.1345493
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Mackenzie et al. 10.3389/fmars.2024.1345493
et al., 2018), energy allocation (Ernande et al., 2004), and feeding

behavior (Bayne, 2004), with responses encompassing whole-

organism to tissue-, cellular-, and molecular-level systems

(Somero, 2002). A number of recent investigations have also

demonstrated that phenotypic plasticity may be adaptively-

favored by intertidal organisms (Clark et al., 2018; Li et al., 2018;

Wang et al., 2021, 2023).

Anecdotal evidence from oyster growers (British Columbia

Shellfish Growers Association, pers. comm.) and previous

research (Peeler et al., 2012; Pernet et al., 2019) suggest that

intertidally-grown oysters may fare more favorably during mass

mortality events compared to counterparts in deep-water culture

conditions. The higher mortality rates observed at deep-water sites

compared to intertidal sites may be due to several factors. Firstly, as

previously discussed, deep-water cultured oysters lack the exposure

to short-term stress events regularly experienced by animals in the

intertidal, which could serve as important physiological triggers for

the development of resilience to more extreme stressor events

(Wang et al., 2012; Zhang et al., 2016; Meng et al., 2018).

Secondly, shore-based culture may promote an oyster

microbiome that is better suited to contend with various

pathogens (e.g. Vibrio) (King et al., 2019; Offret et al., 2020). As

well, the reduced feeding duration of intertidal animals may result

in lowered reproductive condition and reduced spawning, thus

decreasing the stress associated with the latter (Cotter et al., 2010;

Huvet et al., 2010; Cowan et al., 2023). In contrast, deep-water

cultured animals may have to contend with an extended presence of

seasonally-unfavorable seawater conditions that may be the result of

environmental variations (e.g. high seasonal water temperatures,

harmful algal blooms) (Evans et al., 2019) or due to high-density

culture within oyster trays/stacks (e.g. reduced flow rates, low

dissolved oxygen concentration, high dissolved waste

concentration) (Campbell and Hall, 2019). Additionally, intertidal

and deep-water culture conditions may vary in terms of altered

host–pathogen interactions as intertidal host species spend less time

underwater so benefit from reduced exposure to seawater pathogens

(Pernet et al., 2012, 2014). The proliferation of pathogens in host

oysters is also likely to vary according to site-driven differences in

metabolism and growth (Pernet et al., 2014).

There remains a lack of research examining how the varying

physical conditions and oyster physiologies associated with deep-

water and intertidal culture sites may promote or reduce the

severity of summer mortality events. To address this, the present

study compared growth, condition, histopathology, reproductive

status, and survival between intertidally- and deep-water-cultured

oysters over one full growth cycle (i.e. 2 years, initial deployment to

harvest). Additionally, we tested the use of the intertidal zone as a

mechanism for promotion of physiological resilience prior to deep-

water deployment via a reciprocal transplant between intertidal and

deep-water sites after the first year. We also examined site-based

responses to specific summer mortality stressors via controlled

temperature and pathogen challenge experiments within a

laboratory setting. Results will contribute to the collective

understanding of drivers of Pacific oyster summer mortality and

advance the development of practical mitigation strategies in order

to promote the sustainability of this important global food resource.
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2 Methodology

2.1 Field experiment

InMarch 2021, juvenile (~8months old, mean shell height (± SD):

26.22 ± 3.30 mm, N = 30) Pacific oysters were placed in “surface” float

bags (black Vexar® 9-mm mesh bags, L x W x H = ~100 x 50 x 15

cm). Approximately 500 individuals were placed in every bag (N =

180), representing commercial stocking densities, prior to deployment

at an intertidal site and a deep-water site at each of three commercial

farms: Deep Bay (DB), Denman Island (DN), and Fanny Bay (FB),

located within Baynes Sound, British Columbia (BC), Canada

(Figure 1). Baynes Sound represents the most intensely farmed

shellfish area in BC (BCMSRM, 2002) and farms across the region

have experienced considerable summer mortality events in recent

years (Cowan, 2020; Cowan et al., 2023). Stocking of float bags with

oysters and deployment of bags were carried out by an industry

partner (Taylor Shellfish Canada) according to industry protocols.

Two lines of 30 float bags (~15 cm between bags) were positioned near

a main oyster growing area within each farm with one line positioned

in a subtidal area and the other established in the intertidal zone. In

the subtidal sites (hereafter referred to as deep-water sites), float bags

remained floating in surface seawater (~50 cm depth) for the duration

of the field trial, thus providing continuous immersion, irrespective of

tidal phase. At the intertidal sites, float bags were positioned along the

6-foot tidal mark as per industry protocol, thus providing regular (i.e.

diurnal) periods of emersion/immersion according to tidal phases.

The distance between intertidal and deep-water sites was <300 m at all

three farms. In August 2021, the density in all bags was reduced by

50% to approximately 250 animals per bag to ensure optimal growing

densities, as per industry protocol. Bags were then left over the autumn

and winter months (i.e. October through April) with periodic visits

made to check the integrity of the float bags and the general condition

of animals.

In May 2022, a reciprocal transplant of 15 bags from the deep-

water site and 15 bags from the intertidal site was carried out at each

farm. Alternating bags from each line were transferred and re-

attached to the corresponding deep-water/intertidal line. This

resulted in four experimental treatment groups: (1) animals solely

cultured in deep-water (Deep), (2) animals initially cultured in deep

water and then transplanted to the intertidal (Deep→Intertidal), (3)

animals solely cultured in the intertidal (Intertidal), and (4) animals

initially cultured in the intertidal and then transplanted to deep

water (Intertidal→Deep). In early June 2022, all bag densities were

reduced by 50% to approximately 100 animals per bag to ensure

optimal growing densities, as per industry protocol.
2.2 Survival assessment

Survival assessments were carried out across all three farms on a

bi-weekly (i.e. every 2 weeks) basis from May 2021 to September

2021 (Year 1: T01−T08). From April 2022 to September 2022 (Year

2: T09−T16), bi-weekly assessment was limited to two farms (DB,

DN) due to winter damage occurring at the FB farm. In Year 1,

survival was assessed in six bags per line (n = 6, N = 12 counts per
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farm) at each time point as the percent of the 500 (or 250, after

thinning) original animals that were alive, as the shells of dead

oysters were easily broken down/lost between sampling events due

to the small size of animals. Counts were conducted according to a

blocked design along the line (i.e. one bag counted per block of five

bags). In Year 2, survival percent was assessed via live and dead

counts on a sub-set of five bags from each treatment group (n = 5,

N = 20 counts per farm). As in Year 1, counts were conducted

according to a blocked design along the line (i.e. one bag of each

treatment counted per block of six bags). Dead or moribund

(determined as those displaying continuous gape) animals and

any empty shells were recorded as “dead”. Following counts, all

live and dead animals and empty shells were replaced in the bags to

mimic normal farm growing conditions.
2.3 Sampling

During survival assessment, animals were sampled for analyses

of condition index, growth, reproductive status, and histopathology.

In Year 1, a single animal was haphazardly sampled from every bag

(N = 30) and a randomly chosen sub-set was then used for

condition index (18) and histology (12). Due to sampling

constraints in Year 2, the routine was reduced to haphazardly

sampling five animals from bags that were used for survival

assessment (N = 5). A randomly chosen sub-set was then used

for condition index (3) and histopathological analyses (2). Sampled

animals were placed into labelled bags and stored in cool insulated

boxes for transport. Histology sections (one per sampled animal)

were taken and fixed in Davidson’s solution within 24 hours of

collection (see details below). Animals to be used for measurement
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of condition index were frozen and stored at -80°C until

subsequent processing.
2.4 Seawater monitoring

Sea surface temperatures (SST) at intertidal and deep-water

sites, and air temperature during tidal emersion at intertidal sites,

were tracked over the two summer periods (June−August) of the

project. HOBO pendant loggers (ONSET, Bourne, MA, USA) were

added to bags situated within each site (N = 3 per line) at each farm,

with readings taken at 30-minute intervals. SST and salinity were

also monitored via a ProQuatro hand-held multiparameter probe

(YSI Incorporated, Yellow Springs, OH, USA) during sampling

events at deep-water sites only. Triplicate readings were taken along

each line of float bags (at end-points and mid-point) within the top

30 cm of surface waters. In addition, in Year 2, dissolved oxygen was

monitored between May and August at DB and DN deep-water

sites. U26-001 dissolved oxygen loggers (ONSET, Bourne, MA,

USA) were positioned at two points across each line with readings

taken at 15-minute intervals.
2.5 Reproductive status and histopathology

Tissue cross sections were processed using routine histological

techniques (Marty et al., 2006). In brief, 5-mm-thick tissue sections

were cut from paraffin-embedded samples, stained with Harris’s

modified hematoxylin and eosin (H&E), and then examined under

light microscopy for assessment of reproductive stage (i.e. gonad

maturity) and histopathology. Assessment was restricted to summer
FIGURE 1

Maps of study location. Main map shows location of Baynes Sound (red square) in British Columbia, Canada. Inset map shows location of the three
farms (red dots) where the experiment took place: Deep Bay (DB), Denman Island (DN), and Fanny Bay (FB). At each farm, oysters were deployed at
an intertidal site and a deep-water suspended site in close proximity to one another. Maps produced using Canada Marine Planning Atlas interactive
mapping tool and contain information licensed under the Open Government Licence - Canada.
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months (June − August) in both years of the project. Reproductive

stage was determined following a qualitative classification (six

stages: 0 to 5; Supplementary Table 1), based on Mann (1979),

Normand et al. (2008), and Steele and Mulcahy (1999). Sex ratio

was determined as the ratio of females to males (F:M) excluding

hermaphrodites and undifferentiated oysters. Histopathology

included screening for Diffuse Haemocyte Infiltration (DHI),

Focalized Haemocyte Infiltration (FHI), Rickettsia-like inclusion

(RLP-like), Metaplasia of Digestive Gland Tubules (MDGT), and

Viral Gametocytic Hypertrophy (VGH).
2.6 Condition index and growth

Condition index (CI) was determined according to Rainer and

Mann (1992): CI = (P1 × 100)/P2, where P1 equals the dry weight

(g) of soft tissues and P2 equals the dry weight (g) of the shell. Shell

length, width, and height were taken with Vernier digital calipers to

0.01 mm. Wet and dry weights (DW) of tissues and shells were

measured to 0.001 g (Pioneer PX, Ohaus, Parsippany, NJ, USA).

DWs were taken after a 7-day drying period at 60°C, ensuring

drying to constant weight. Mean growth values were determined as

final shell height and tissue DW at the end of each growing season

(T08, T15). At deployment, mean (± SD) CI, shell height, and tissue

DW were 9.1 ± 2.1, 26.22 ± 3.30 mm, and 0.09 ± 0.03 g, respectively

(N = 30).
2.7 Laboratory-challenge experiments

Challenge experiments were carried out to compare the survival

of deep-water- and intertidally-cultured oysters under separate and/

or coinciding high-temperature and Vibrio aestuarianus stress

conditions. Juvenile oysters for the experiment were taken from

treatment groups at the DB farm and were collected when bag

densities were reduced in Year 1 (using excess individuals) and at

the end of Year 2. Animals were then used in laboratory-challenge

experiments carried out at Vancouver Island University’s Centre for

Shellfish Research (CSR).

2.7.1 Heatwave challenge (year 1)
In Year 1, following 8 months of culture under deep-water or

intertidal conditions at DB, approximately 300 animals from each of

the two treatment groups (Deep, Intertidal) were collected for use in a

laboratory-challenge experiment comparing survival under high-

temperature stress conditions. Ten haphazardly-selected animals

from each treatment group were placed in each of fifteen 20-L glass

tanks with 5 L of 80 µM-filtered seawater and held at 15, 20, or 25°C

(n = 5 tanks per treatment level, N = 10 tanks per temperature level)

via temperature-controlled rooms. Temperatures were chosen to

reflect average summer temperatures (15−16°C, Cowan et al., 2023)

and natural warming events (~25°C, present study) for the region,

and the approximate temperature associated with the onset of

summer mortality (19−20°C, Go et al., 2017). Salinity was

approximately 30 ppt and a constant air supply was provided to
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each tank via an air stone. Oysters were acclimated to temperatures

over a 24-hour period. No feed was administered over the experiment

in order to prevent altered algal concentrations across temperature

treatments and to avoid issues with bacterial growth. An additional

emersion challenge (i.e. dry conditions) at the same temperatures was

carried out in parallel (n = 5 per treatment, 10 animals per replicate)

along bench tops in the temperature-controlled rooms. Animals were

left under constant emersion conditions with no recovery period (i.e.

immersion in seawater) over the entire exposure period. The authors

emphasize that the emersion challenge was not carried out to

simulate natural conditions but strictly posed as a fitness test for

intertidally- versus deep-water-cultured oysters. Mortality in all

treatments was assessed on a daily basis over a 10-day exposure

period. Moribund animals and/or those displaying a lack of response

to stimulus (i.e. continuous gape) were reported as “dead” and

removed from the tanks/bench tops.

2.7.2 Heatwave and Vibrio challenge (year 2)
In Year 2, 5 months after the reciprocal transfer, approximately

250 animals from each of the deep-water treatment groups (Deep,

Intertidal→Deep) at the DB farm were collected for use in a second

laboratory-challenge experiment comparing survival rates under

separate and/or coinciding high-temperature and V. aestuarianus

stress conditions. The specific farm and treatment groups were

selected for the challenge due to pre-observed differences in

survival during the field trial, and as part of a continued

investigation of whether time in the intertidal zone confers

increased resilience to summer mortality stressors post-transfer to

deep-water conditions, respectively. Vibrio aestuarianus was used for

the pathogen challenge as has been previously isolated from

moribund oysters displaying signs of summer mortality syndrome

(Labreuche et al., 2006; Cowan et al., 2023). Prior to the challenge, all

animals were notched on the distal portion of the shell (adjacent to

the adductor muscle) for later inoculation. Following, 11

haphazardly-selected animals from each treatment group were

placed in each of twenty 20-L glass tanks (N = 40) with 5 L of 80

µM-filtered seawater (i.e. static) and held overnight at 16°C. Salinity

was approximately 30 ppt and a constant air supply was provided to

each tank via an air stone. The following day, a 2x2 fully factorial

design (high/low temperature x Vibrio/no Vibrio) was applied with

animals from both treatment groups (Deep, Intertidal→Deep) (n = 5

tanks per treatment level, N = 20 tanks per temperature level). All

Vibrio treatment oysters were inoculated with 50 µL of V.

aestuarianus solution via injection into the adductor muscle as per

Mackenzie et al. (2022). Vibrio aestuarianus was grown overnight

with constant agitation at 21°C in tryptic soy broth containing 2%

NaCl (TSB + 2% NaCl) with inocula taken from frozen glycerol

stocks and tested for purity prior to use. Following, cells were washed

and re-suspended to OD600 = 1.9 with concentration based on pilot

studies carried out using subsets of individuals from each treatment

group. The relationship between OD and colony-forming units

(CFUs) was determined by serial dilution plating (OD600 = 2.50

per 50-µL dose; CFUs = 5.09 x 108 ml-1). All pathogen control (i.e. no

exposure to Vibrio) animals were injected with 50 µL of autoclaved

seawater and placed in separate tanks from Vibrio treatment animals.
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Seawater temperature was then maintained at 16°C (temperature

control) or raised to 24°C. Temperature conditions were maintained

via temperature-controlled rooms. As in Year 1, no feed was

administered in order to prevent altered algal concentrations across

temperature treatments and to avoid issues with bacterial growth.

Mortality was assessed on a daily basis over a 2-week exposure period

according to the same criteria as previously described. After 8 days,

the high temperature (24°C) challenge was ended due to ≥50%

mortality across all treatment groups. The control temperature (16°

C) challenge continued for an additional week until ≥50% mortality

was observed in the Vibrio treatment groups.
2.8 Data analyses

Three-way ANOVAs were applied to examine the effect of

culture site/treatment, farm, timepoint, and all interactions on

survival, condition index, and oyster size (shell height and tissue

DW). Percent survival data were logit-transformed prior to

ANOVA. Where significant differences were detected, Tukey’s

HSD method for multiple comparisons was applied. Additionally,

one-way and two-way ANOVAs with post-hoc testing were carried

out to compare treatment groups at a particular farm across time or

at specific timepoints across farms. All data were tested to ensure
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assumptions of normality (Kolmogorov-Smirnov, p < 0.05) and

homogeneity of variances (Levene’s Test, p < 0.05) were met prior to

analyses. All ANOVAs were carried out in RStudio (v4.2.2; R Core

Team, 2022). Means ± SDs are presented.

Kaplan-Meier survival curves of treatment groups under

laboratory-based heatwave and/or Vibrio challenges were

generated in RStudio and compared via log-rank testing. Cox

proportionate hazards analyses were carried out to investigate

associations between survival time and predictor variables.
3 Results

3.1 Seawater monitoring

In April to August of Year 1 (2021), SST ranged between 7.5 and

30.8°C (DB), 7.6 and 26.8°C (DN), and 6.0 and 28.1°C (FB) at deep-

water sites, and between 8.9 and 37.5°C (DB), 6.6 and 37.7°C (DN),

and 6.4 and 44.8°C (FB) at intertidal sites (Figure 2). Mean salinities

over sampling events for DB, DN, and FB over the same period

ranged from 24.5 to 28.1 ppt, 24.5 to 27.7 ppt, and 23.8 to 25.2 ppt,

respectively. Mean monthly SSTs, salinities, and DO levels measured

during sampling events are provided in Supplementary Table 2. Of

note, an acute warming event took place in late June 2021 lasting for
B

C

A

FIGURE 2

Continuous temperature data for deep-water sites (red-dashed line) and intertidal sites (blue-dashed line) at (A) Deep Bay, (B) Denman Island, and
(C) Fanny Bay farms in Year 1 (May−September 2021).
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approximately 1 week, during which average SSTs were 22.0 ± 2.4°C

(DB), 21.5 ± 2.0°C (DN), and 21.2 ± 2.6°C (FB) at deep-water sites,

and 23.3 ± 4.3°C (DB), 22.0 ± 4.1°C (DN), and 22.5 ± 4.6°C (FB) at

intertidal sites (Figure 2). Mean SSTs at DB and DN from

September 2021 through April 2022 were 8.2 ± 3.6°C and 8.4 ±

3.2°C, respectively.

In May to August of Year 2 (2022), SST ranged between 6.3 and

25.0°C (DB) and 7.9 and 27.5°C (DN) at deep-water sites, and between

9.2 and 35.0°C (DB) and 9.6 and 34.3°C (DN) at intertidal sites. Mean

salinities at DB and DN over the same period were 24.4 ± 1.6 ppt and

23.9 ± 1.5 ppt, respectively. Of note, an acute warming event took

place in late July 2022 lasting for approximately 1 week, during which

average SSTs were 21.9 ± 1.1°C (DB) and 22.2 ± 1.2°C (DN) at deep-

water sites, and 22.8 ± 2.5°C (DB) and 22.9 ± 2.6°C (DN) at intertidal

sites. Maximum SSTs during this event were 25.0°C (DB) and 25.7°C

(DN) at deep-water sites, and 32.9°C (DB) and 34.3°C (DN) at

intertidal sites. In May to August of Year 2, DO levels at DB and

DN showed a gradual decline over time with increasing daily

temperature, and a clear increase in DO fluctuations (between

hypoxia and normoxia) was observed following the warming event

at the end of July 2021, with daily DO ranging from approximately

2 to 15 mg L-1 (Figure 3).
3.2 Survival

In Year 1, mean percent survivals in August (T07) for Deep and

Intertidal treatment groups at DB, DN, and FB were 86.4 ± 6.1%,

91.7 ± 2.8%, and 96.6 ± 5.0% (Deep), and 89.5 ± 14.1%, 84.4 ± 9.8%,

and 96.1 ± 4.3% (Intertidal), respectively (Figure 4). Collectively
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across all farms and sites, a 3-way ANOVA detected a significant

difference in percent survival among sampling times (F(6,245) =

10.14, p = 0.003), but no significant effect of farm nor site, or any

interaction between/among factors. For the time factor, only one

pairwise comparison was significant, early May (T01) having

significantly higher percent survival than early August (T07).

In Year 2, mean percent survivals in September in the four

treatments at DB and DN farms were: 63.6 ± 10.2% and 70.6 ± 10.1%

(Deep), 68.9 ± 14.4% and 65.4 ± 11.6% (Deep→Intertidal), 86.6 ±

10.7% and 61.2 ± 15.7% (Intertidal), and 83.5 ± 11.0% and 70.6 ±

13.1% (Intertidal→Deep), respectively (Figure 5). A three-way

ANOVA showed a significant effect of time (F(7,273) = 8.51, p <

0.001) and treatment (F(3,276) = 13.15, p < 0.001), but no significant

effect of farm (F(1,278) = 1.67, p = 0.197). There were, however,

significant interactions between time and farm (F(7,217) = 3.76, p <

0.001) and treatment and farm (F(3,217) = 22.39, p < 0.001). A one-way

ANOVA examining final percent survival at DB showed a significant

treatment effect (F(3,16) = 11.56, p < 0.001). Post-hoc testing revealed

the following: (Intertidal = Intertidal→Deep) > (Deep→Intertidal =

Deep), demonstrating that oysters spending their first year in the

intertidal zone had significantly increased percent survival in

comparison to those spending Year 1 in deep water, regardless of

Year 2 culture conditions. In contrast, a one-way ANOVA examining

final percent survival at DN showed no significant treatment effect.
3.3 Reproductive status

In Year 1, the highest proportion of females for a given

timepoint, irrespective of farm/site, occurred in early August
B

A

FIGURE 3

Continuous temperature (red-dashed line) and dissolved oxygen (grey-dashed line) data for deep-water sites at (A) Deep Bay and (B) Denman Island
farms in Year 2 (June−September 2022).
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(T07) (83.3%, F:M = 6.1). When farms and sites were considered

separately, the highest proportion of females occurring in Deep

and Intertidal groups within each farm also occurred at T07. At

DB, a higher proportion of females was reported in the Deep group

(91.6%; F:M = 11.0) compared to the Intertidal group (83.3%, F:M

= 10.0) at T07. In contrast, at DN and FB farms, higher

proportions of females were reported in Intertidal groups (DN:

100%, F:M = n/a; FB: 83.5%, F:M = 5) than in Deep groups (DN:

75%, F:M = 3; FB: 66.7%, F:M = 2.7) at T07. Across all farms and

sites, the majority of males and females were classed as Stage 3

maturity (Mature/Ripe) from mid-June through August.

In Year 2, the highest proportion of females for a given timepoint,

irrespective of farm/treatment, occurred in late August (T14) (90.3%,

F:M = 9.3). When farms and treatments were considered separately,

the highest proportion of females occurred in late July (T12) at both

DB and DN, but under varying treatments. At DB, the highest

proportion of females occurred in late July at the Intertidal site

(100%, F:M = n/a), followed by Deep→Intertidal (90.0%, F:M = 9.0),

Intertidal→Deep (88.9%, F:M = 8.0), andDeep (70.0%, F:M = 7.0). By

late August (T14), this pattern had generally reversed with the Deep
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treatment having the highest proportion of females (80.0%, F:M =

4.0). The majority of DB males and females, irrespective of treatment

group, were classed at Stage 3 (Mature/Ripe) or Stage 4 (Partially

Spawned) from late June (T10) through to late July (T12), thereafter

largely shifting to Stage 4 through to late August.

At DN, the highest proportion of females in Year 2 also

occurred in late July (T12) in the following treatment order:

Deep→Intertidal (90%, F:M = 9), Intertidal→Deep (66.7%, F:M

= 2), Intertidal (66.7%, F:M = 2), and Deep (62.5%, F:M = 1.7). Of

note, there was also an elevated preponderance of females in the

Deep treatment in late June (T10) (80%), which dropped to 62.4%

by late July (T12) before steadily increasing again. The majority of

males and females in the Deep and Intertidal→Deep treatments

were classed at Stage 3−4 in late June (T10), shifting to mostly

Stage 4 by early July (T11) and throughout August. The DN

Intertidal and Deep→Intertidal treatments were largely classed at

Stage 4 in late June (T10), shifting to Stages 4−5 by early July

(T11), suggesting an earlier/faster maturation status at the

intertidal site in comparison to deep water. By late July (T12),

the DN intertidal treatment groups were generally classified as
B

C

A

FIGURE 4

Box plots of survival (%) in Deep and Intertidal (blue) sites at (A) Deep Bay, (B) Denman Island, and (C) Fanny Bay farms in Year 1 (T01−T07).
T01 = early May, T02 = late May, T03 = early June, T04 = late June, T05 = early July, T06 = late July, and T07 = early August. Due to inclement sea
conditions, sampling could not take place at T02 at Denman Island (Deep and Intertidal sites) and Fanny Bay (Deep and Intertidal sites) nor at T07 at
Fanny Bay (Intertidal site). T08 is not included as bag splitting (number of oysters per bag reduced from 500 to 250) occurred at this timepoint.
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Stage 3 or 4, shifting to Stage 4 with some Stage 5 by late August

(T14), suggesting that the DN intertidal treatment groups may

have had multiple spawning events.
3.4 Histopathology

In general, there were minimal histopathological conditions

observed in Year 1 samples. However, of note, VGH was observed

in 37/330 (11.2%) of screened animals with more cases observed in

oysters from deep-water (23/37, 62.2%) than intertidal sites (14/37,

37.8%). The highest proportion of infected individuals for a given

timepoint, irrespective of farm or site, occurred in mid-August

(T08) (9/37, 24.3%). Comparison of infection incidence across

farms, irrespective of sites and timepoints, showed slightly higher

incidence at FB (13/37, 35.1%) and DN (13/37, 35.1%) than at DB

(11/37, 29.7%). In contrast, in Year 2, VGH was observed in only

13/358 (2.3%) of screened animals with slightly higher proportion

of infected individuals in Deep (4/13, 30.8%) and Deep→Intertidal

treatments (4/13, 30.8%) compared to Intertidal (3/13, 23.1%) and

Intertidal→Deep (2/13, 15.4%) treatments. The highest proportion

of infected individuals for a given timepoint, irrespective of farm or

treatment, occurred in early August (T13) (6/13, 46.2%). The

majority of infected animals were observed at the DB farm (7/13,

53.8%). A number of other histopathological conditions were

reported in Year 2 samples including localized FHI and DHI (in

various tissues), MDGT, and ciliate infection, but generally

conditions were reported as minor or light infections with no

associated pathogens. It should be noted that due to poor
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fixation, the histopathology of a large number of samples from

late July (T12) and early August (T13) of Year 2 (2022) sampling

periods could not be properly assessed.
3.5 Condition index and growth

3.5.1 Condition index
In Year 1, mean CIs at DB, DN, and FB were 11.9 ± 3.9, 12.8 ±

4.4, and 9.6 ± 2.0, respectively (Figure 6). Maximum CI in Deep and

Intertidal sites at each farm occurred at T03 and T03 (DB), T03 and

T04 (DN), and T08 and T06 (FB), respectively. Mean CIs at the end

of Year 1 in Deep and Intertidal sites at each farm were 11.1 ± 3.1

and 10.9 ± 2.7 (DB), 10.7 ± 2.2 and 9.3 ± 2.1 (DN), and 10.3 ± 1.6

and 9.0 ± 1.8 (FB), respectively.

In Year 2, mean CIs at DB and DN were 9.7 ± 2.1 and 12.3 ± 3.0,

respectively (Figure 7). Maximum CI in Deep, Deep→Intertidal,

Intertidal, and Intertidal→Deep treatment groups at each farm

occurred at: T09 and T14, T14, T13, and T15 (DB), and T10,

T09, T09, and T10 (DN), respectively. Mean CIs at the end of the

field tr ia l in Deep, Deep→ Intert idal , Intert idal , and

Intertidal→Deep treatment groups at each farm were 11.1 ± 1.2,

7.3 ± 1.9, 7.4 ± 3.0, and 10.9 ± 3.1 (DB), and 11.5 ± 2.3, 9.1 ± 3.2,

10.4 ± 2.3, and 12.1 ± 2.3 (DN), respectively.

Two-way ANOVAs looking at the effect of site/treatment and farm

on CI at the end of each growing season [i.e. late August 2020 (T08),

mid-September 2021 (T15)] showed an influence of site (F(1,102) = 4.69,

p < 0.05) and farm (F(2,102) = 3.39, p < 0.05) on CI at the end of Year 1

(T08), and an effect of treatment only (F(3,32) = 4.56, p < 0.01) on CI in
B

A

FIGURE 5

Box plots of survival (%) in Deep (dark red), Deep→Intertidal (light red), Intertidal (dark blue), and Intertidal→Deep (light blue) treatments at (A) Deep
Bay and (B) Denman Island farms in Year 2 (T09−T16). T09 = late May, T10 = late June, T11 = early July, T12 = late July, T13 = early August, T14 =
late August, T15 = mid-September, and T16 = late September. Bag splitting (number of oysters per bag reduced from 250 to 100) occurred between
T09 and T10.
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Year 2 (T15), with no significant interactions between factors at either

timepoint. One-way ANOVAs of CI between sites/treatments

within each farm at the end of each growing season showed an effect

of site (F(1,34) = 5.18, p < 0.05) at the end of Year 1 (T08) at FB only,

with Deep oysters having a significantly greater CI than Intertidal

oysters, and a significant effect of treatment (F(3,16) = 3.77, p < 0.05) on

CI at the end of Year 2 (T15) at DB only. However, post-hoc testing

detected no significant differences in CI between any treatment groups

at the end of Year 2 at DB.

3.5.2 Growth
In Year 1, mean shell heights by late August (T08) at Deep and

Intertidal sites at each farm were 78.10 ± 7.19 mm and 74.35 ± 4.73

mm (DB), 73.69 ± 4.78 mm and 64.68 ± 4.95 mm (DN), and 70.06 ±

6.32 mm and 72.07 ± 7.43 mm (FB), respectively (Figure 8A). Mean

tissue DWs for the same timepoint (T08) atDeep and Intertidal sites

at each farm were 1.64 ± 0.58 g and 1.55 ± 0.54 g (DB), 1.36 ± 0.45 g

and 1.07 ± 0.29 g (DN), and 1.47 ± 0.41 g and 1.49 ± 0.39 g (FB),

respectively (Figure 8B).

In Year 2, mean shell heights at the end of the field trial (T15) in

Deep, Deep→Intertidal, Intertidal, and Intertidal→Deep treatment

groups at each farm were 90.34 ± 6.88 mm, 94.66 ± 5.76 mm, 86.68 ±

3.03 mm, and 94.60 ± 9.28 mm (DB), and 95.00 ± 8.73 mm, 93.38 ±
Frontiers in Marine Science 10115
2.43 mm, 93.02 ± 5.67 mm, and 87.20 ± 4.77 mm (DN), respectively

(Figure 9A). Mean tissue DWs for the same timepoint (T15) in Deep,

Deep→Intertidal, Intertidal, and Intertidal→Deep treatment groups

at each farmwere 4.52 ± 1.07 g, 3.37 ± 1.45 g, 2.43 ± 1.01 g, and 4.75 ±

1.46 g (DB), and 6.18 ± 2.28 g, 5.06 ± 1.88 g, 5.44 ± 1.74 g, and 6.16 ±

1.73 g (DN), respectively (Figure 9B).

Two-way ANOVAs looking at the effect of site/treatment and

farm on shell height at the end of each growing season [i.e. late

August 2020 (T08), mid-September 2021 (T15)] showed a significant

influence of site (F(1,102) = 9.60, p < 0.01) and farm (F(2,102) = 13.24,

p < 0.001), and an interaction effect (F(2,204) = 7.59, p < 0.001) at the

end of Year 1 (T08), but no significant effect of treatment or farm, nor

interaction, at the end of Year 2 (T15). One-way ANOVAs of shell

height between sites within each farm at the end of each growing

season showed a significant effect of site (F(1,34) = 30.9, p < 0.001) at

the end of Year 1 (T08) at DN only, with Deep oysters having a

significantly greater shell height than Intertidal oysters, but no

significant effect of treatment at the end of Year 2 (T15) at

either farm.

Two-way ANOVAs looking at the effect of site/treatment and

farm on tissue DW at the end of each growing season [i.e. late

August 2020 (T08), mid-September 2021 (T15)] showed a

significant influence of farm (F(2,102) = 6.72, p < 0.01) at the end
FIGURE 6

Box plots of condition index (CI) at Deep (red) and Intertidal (blue) sites at Deep Bay (DB), Denman Island (DN), and Fanny Bay (FB) farms in Year 1
(T01−T08). T01 = early May, T03 = early June, T04 = late June, T05 = early July, T06 = late July, and T08 = late August. T02 and T07 are not shown
as no samples were collected due to logistical constraints.
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FIGURE 7

Box plots of condition index (CI) at Deep (dark red), Deep→Intertidal (light red), Intertidal (dark blue), and Intertidal→Deep (light blue) treatments at
Deep Bay (DB) and Denman Island (DN) farms in Year 2 (T09−T15). T09 = late May, T10 = late June, T11 = early July, T12 = late July, T13 = early
August, T14 = late August, and T15 = mid-September.
BA

FIGURE 8

Box plots of (A) shell height and (B) tissue dry weight (DW) at Deep (red) and Intertidal (blue) sites at Deep Bay (DB), Denman Island (DN), and Fanny
Bay (FB) farms in Year 1 (T01−T08). T01 = early May, T03 = early June, T04 = late June, T05 = early July, T06 = late July, and T08 = late August. T02
and T07 are not shown as no samples were collected due to logistical constraints.
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of Year 1 (T08), and significant effects of treatment (F(3,32) = 3.63, p

< 0.05) and farm (F(1,32) = 22.69, p < 0.001) at the end of Year 2

(T15), with no significant interactions between factors at either

timepoint. One-way ANOVAs of tissue DW between sites/

treatments within each farm at the end of each growing season

showed a significant effect of site (F(1,34) = 5.42, p < 0.05) at the end

of Year 1 (T08) at DN only, with Deep oysters having significantly

greater tissue DW than the Intertidal oysters, and a significant effect

of treatment (F(3,16) = 5.57, p < 0.01) at the end of Year 2 (T15) at

DB only, with Deep and Deep→Intertidal oysters having a

significantly greater tissue DW than Intertidal oysters. Of note,

there were no significant differences in the tissue DW of

Intertidal→Deep and Deep treatments at either farm at the end of

the field trial (T15).
3.6 Laboratory-challenge experiments

3.6.1 Heatwave challenge (year 1)
Under an immersion challenge at 15°C, final percent survivals

were 100% and 98% in oysters from Intertidal and Deep sites,

respectively, while under emersion at 15°C, final percent survivals

were only 30% and 10%, respectively (Figure 10A). Under emersion

conditions, log-rank testing showed a significant difference (c2 = 8.4,

df = 1, p = 0.004) in survival curves of oysters from Intertidal and

Deep sites, and hazards analyses determined a significantly decreased

hazard (HR = 0.53, 95% CI = 0.34−0.83, p = 0.006) in oysters from the

Intertidal site in comparison to those from theDeep site (Figure 10A).

Under an immersion challenge at 20°C, final percent survivals

were 100% and 88% in oysters from Intertidal and Deep sites,

respectively (Figure 10B). Log-rank testing showed a significant

difference (c2 = 6.3, df=1, p = 0.010) in survival curves. Hazards

analyses could not be carried out for this comparison due to total

survival of oysters in the Intertidal treatment group. Under an
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emersion challenge at 20°C, final percent survivals were 4% and 2%

in oysters from the Intertidal and Deep sites, respectively. Log-rank

testing of oysters emersed at 20°C showed a significant difference

(c2 = 19.2, df = 1, p < 0.001) in survival curves of oysters from Deep

and Intertidal sites, and hazards analyses determined a significantly

decreased hazard (HR = 0.43, 95% CI = 0.28−0.64, p < 0.001) in

oysters from the Intertidal site in comparison to those from the

Deep site (Figure 10B).

Under an immersion challenge at 25°C, final percent survivals

were 88% and 64% in oysters from Intertidal and Deep sites,

respectively (Figure 10C). Log-rank testing showed a significant

difference (c2 = 8.5, df=1, p = 0.004) in survival curves of oysters

from Deep and Intertidal sites, and hazards analyses determined a

significantly decreased hazard (HR = 0.28, 95% CI = 0.11–0.70, p =

0.007) in oysters from the Intertidal site in comparison to those

from the Deep site (Figure 10C). Under an emersion challenge at

25°C, the majority of animals from both sites spawned within 48

hours so the challenge was ended.

Under all temperature and immersion/emersion conditions,

Deep oysters experienced earlier and greater mortality than their

Intertidal counterparts. This was most obvious at 20 and 25°C

under emersion challenge, where Deep oysters experienced some

morality at 2 days (at both 20 and 25°C) compared with Intertidal

counterparts that showed zero mortality (at 20°C) or delayed

mortality until 6 days (at 25°C).

3.6.2 Heatwave and Vibrio challenge (year 2)
Under 16°C and control (no Vibrio) conditions, final percent

survivals were 100% for oysters from both Intertidal→Deep and

Deep treatments (Figure 11A). Under 16°C and a Vibrio challenge,

final percent survivals were 63% and 34% for oysters from

Intertidal→Deep and Deep treatments, respectively. Log-rank

testing showed a significant difference (c2 = 4.4, df = 1, p =

0.040) in survival curves and hazards analyses determined a
BA

FIGURE 9

Box plots of (A) shell height and (B) tissue dry weight (DW) in Deep (dark red), Deep→Intertidal (light red), Intertidal (dark blue), and Intertidal→Deep
(light blue) treatment groups at DB and DN farms in Year 2 (T09−T15). T09 = late May, T10 = late June, T11 = early July, T12 = late July, T13 = early
August, T14 = late August, and, T15 = mid-September.
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significantly decreased hazard (HR = 0.49, 95% CI = 0.25−0.97, p =

0.041) for oysters from the Intertidal→Deep treatment in reference

to those from the Deep treatment (Figure 11A).

Under 24°C and control (no Vibrio) conditions, final percent

survivals were 54% and 37% for oysters from Deep and

Intertidal→Deep treatments, respectively (Figure 11B). However,

log-rank testing showed no significant difference (c2 = 0.8, df = 1,

p = 0.400) in survival curves and hazards analyses showed an

insignificant decrease in hazard (HR = 1.40, 95% CI = 0.71−2.60, p =
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0.348) for oysters from the Intertidal→Deep treatment in reference

to those from the Deep treatment (Figure 11B).

Under 24°C and Vibrio challenge, final percent survivals were

14% and 6% for oysters from Intertidal→Deep and Deep treatments,

respectively (Figure 11B). Log-rank testing showed no significant

difference (c2 = 0.2, df = 1, p = 0.600) in survival curves and hazards

analyses showed an insignificant decrease in hazard (HR = 0.88, 95%

CI = 0.54−1.50, p = 0.626) for oysters from the Intertidal→Deep

treatment in reference to those from theDeep treatment (Figure 11B).
B
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A

FIGURE 10

Kaplan-Meier survival curves of oysters from Deep (red lines) and Intertidal (blue lines) sites under immersion (solid lines) or emersion (dashed lines)
exposures at (A) control (15°C) or (B, C) simulated heatwave (20 and 25°C, respectively) conditions.
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As observed in the Year 1 challenge experiment, Deep treatment

oysters experienced earlier mortality than their Intertidal→Deep

treatment counterparts. Under Vibrio conditions at both 16 and

24°C, and under 24°C (no Vibrio) conditions, Deep treatment

oysters experienced mortality 1 day earlier than Intertidal→Deep

treatment oysters.
4 Discussion

Results suggest that partial or full culture of oysters in the

intertidal zone over a 2-year growth period does confer some

resilience to summer mortality stressor conditions at some
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locations and should be considered as one tool under a collective

approach for mitigation of Pacific oyster summer mortality.

However, given that oyster summer mortality is a multi-faceted

phenomenon (Dégremont et al., 2010; Barbosa Solomieu et al.,

2015; Cowan et al., 2023), it is acknowledged that the specific

physical and biological factors associated with any given farm will

play contributory roles. Here we discuss how the intertidal zone

may improve oyster resilience to summer mortality stressors and

consider how farm-specific factors in the present study may have

shaped responses.

We propose that the high level of phenotypic plasticity

associated with intertidal oysters confers to them an increased

level of resilience to summer mortality in comparison to deep-
B

A

FIGURE 11

Kaplan-Meier survival curves for oysters from Intertidal→Deep (blue lines) and Deep (red lines) treatments under Vibrio (dashed lines) and control
(solid lines) exposures at (A) control (16°C) or (B) simulated heatwave (24°C) conditions.
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water counterparts. In the present study, laboratory-challenge

experiments demonstrated increased survival time and reduced

mortality in intertidally-cultured oysters (Year 1: Intertidal, Year

2: Intertidal→Deep) as compared to deep-water-cultured oysters,

which was paralleled under field settings at one farm site (DB).

Corporeau et al. (2022) also reported a substantial (>1 week) delay

in mortality in intertidal Pacific oysters compared with subtidal

counterparts during a summer mortality event. Likewise, intertidal

Pacific oysters have shown improved survival over subtidal

equivalents during emersion stress (Meng et al., 2018).

Pre-exposure of oysters to stressor conditions may lead to

improved resilience that is also maintained after introduction to a

less dynamic/stressful environment. In the present study, the

benefits conferred by time in the intertidal appeared to be

maintained several months after transplantation to the subtidal

environment, as evidenced by the increased survival of oysters from

Intertidal and Intertidal→Deep treatments in the field (at the DB

site only) and of those from the Intertidal→Deep treatment during

the laboratory temperature/Vibrio challenge. We suggest that the

persistence of phenotypic plasticity associated with intertidal

conditions may account for improved survival after transplant.

The extension of mechanisms of resilience from dynamic to more

stable environments may be facilitated by epigenetic processes such

as DNA acetylation and methylation, histone modifications, and

non-coding RNAs (Hofmann, 2017; Li et al., 2018), which

collectively allow phenotypes that confer resilience in one

environment to be transferred to novel settings and/or later life

stages (Jablonka and Lamb, 2002). Indeed, a number of prior studies

have demonstrated that intertidal populations of bivalve species

(including Pacific oysters) show increased genome methylation and

acetylation compared to subtidal counterparts during exposure to

novel conditions (Clark et al., 2018; Li et al., 2018). Wang et al.

(2021) also reported a greater proportion of differentially-expressed

genes and significantly greater methylation variation in intertidal

Pacific oysters in comparison to subtidal equivalents under a high

temperature challenge. Similarly, continued upregulation of genes

involved in antioxidation processes was observed in intertidal

populations of Antarctic limpets (Nacella concinna) after

transplant to the subtidal zone (Clark et al., 2018).

Adult bivalves may also maintain some degree of resilience to

environmental stressors when there is a history of parental or early-

life-stage stress exposure (Reid et al., 2019; Dang et al., 2023). For

example, F2 generation intertidal Pacific oysters were shown to

maintain differentially-methylated genes associated with the

thermal responses of the F0 generation (Wang et al., 2023).

Similarly, adult Hong Kong oysters (C. hongkongensis) exposed to

ocean acidification as larvae demonstrated a beneficial carry-over

effect associated with the methylation of metabolic and endocytic

genes under novel stressor conditions (Dang et al., 2023). In the

same way, epigenetic mechanisms could account for the maintained

resilience of intertidally-cultured oysters after transplant to the

subtidal environment, as observed in the present study.

Other environmentally-driven physiological differences

between intertidal and subtidal groups could also account for

differences in survival. For example, intertidally-cultured animals

have been observed to develop thicker shells and larger adductor
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muscles than their subtidal counterparts (Lewis and Seed, 1969;

Hickman and Illlingworth, 1980; Tagliarolo et al., 2012), which may

support improved resilience to temperature and pathogen stressors.

Likewise, the intertidal environment may modify host-pathogen

interactions via promotion of microbiomes, metabolism,

inflammation, and innate immunity that collectively grant

improved resistance to pathogen infections (King et al., 2019;

Offret et al., 2020; Corporeau et al., 2022). Intertidal oysters may

also fare better under stressor conditions due to an improved ability

to enact larger energy metabolism depressions and earlier anaerobic

glycolysis responses (Meng et al., 2018).

In the present study, while time in the intertidal was associated

with improved survival (at the DB site) and largely equivalent

condition across treatment groups, intertidal treatment groups did

show decreases in growth metrics. Specifically, in Year 1, intertidal

oysters were significantly smaller in shell height and tissue DW than

deep-water cultured individuals within the same farm at a number of

timepoints. The observed reductions in growth were likely a result of

reduced feeding opportunities in the intertidal zone, but, importantly,

could support higher survival during summer months as a result of

associated delays in reproductive development and/or reduced

spawning (Cotter et al., 2010; Huvet et al., 2010; Cowan et al., 2023).

Moreover, it has been suggested that individuals demonstrating

plasticity in order to tolerate a range of environmental conditions at

the expense of normal physiological function and energetics, may show

a rebound in growth and survival when undermore optimal conditions

(Barbosa et al., 2022). This could be the case in the present study, as

growth discrepancies were no longer apparent by the end of Year 2 (i.e.

at harvest), shell height, tissue DW, and CI being generally comparable

across Deep and Intertidal→Deep treatments.

Site-related differences may have also had a significant effect on the

subsequent performance of oysters in terms of growth and maturity,

and could account for the differing patterns of survival observed among

farm sites in the present study. Differing levels of nutrients and

phytoplankton across the study’s spatial extent, for example, could

result in varying growth rates, reproductive development, and overall

condition (Malham et al., 2009; Cotter et al., 2010), all of which

represent key factors that shape susceptibility to summer mortality.

While we did not observe obvious differences in physical parameters

(temperature, salinity, and dissolved oxygen) among farm sites,

variation in patterns of reproductive development, CI, and growth

across the farms/sites does suggest temporal and spatial variations in

levels of feed and nutrient availability.

Results of histopathological screening in the present study

suggested a minimal role of disease in driving observed

differences in survival between treatments. However, of note,

there was a greater incidence of VGH observed in deep-water

oysters compared to intertidal counterparts in Year 1, suggesting

that oysters under suspended culture conditions have increased

exposure risk and/or susceptibility to VGH infection. It is also of

interest that increased VGH incidence was detected in August of

both years, suggesting a link with increased temperatures, as has

been previously observed (Choi et al., 2004). Historically, VGH

infections have occurred at low frequency and intensity and lack

correlation with increased mortality rates, cumulatively suggesting

that the VGH virus poses little overall threat to oysters. However, in
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recent years, a number of oyster-producing regions across the globe

have reported an increasing prevalence of the virus, including

higher infection rates within populations and a wider distribution

range (Garcia et al., 2006). Results here could also suggest that VGH

poses an increased threat under future climate change conditions,

but further investigation is warranted.

We propose the use of intertidal culture in Year 1 as part of a

practical mitigative approach in order to combat summer mortality in

Pacific oysters and improve resilience to climate change stressors.

Partial culture in the intertidal conferred improved resilience to

summer mortality stressor conditions both in the field (at one farm)

and under laboratory conditions, with no obvious detriment to harvest

size or condition. These findings may inform industry practice under

the context of a changing climate, though additional examination is

needed. Future work should include re-testing the intertidal culture

approach across an increased number of farms, incorporating other

mitigative approaches (e.g. selective breeding programs), examining

multiple grow-out gear types, and conducting comprehensive physical

and biological monitoring at farm sites.

Summer mortality events and climate change are long-term and

accelerating challenges that pose serious threats to the shellfish

aquaculture sector. An improved understanding of impacts and a

sustained focus on developing practical methods that promote

resilience in oysters are critical for safe-guarding this important

global resource.
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analysis reveals immune-related
genes involved in allograft and
xenograft transplantation in
Pinctada fucata
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Dahui Yu1* and Sen Zhao1*

1Guangxi Key Laboratory of Beibu Gulf Marine Biodiversity Conservation, Beibu Gulf University,
Qinzhou, China, 2College of Life Science and Technology, Guangxi University, Nanning, China
Background: The marine pearl culture industry is a key industry in the Beibu Gulf

of China that achieves large-scale pearl production by artificial nucleus insertion

in pearls. High-quality pearls can produced by xenotransplantation, but

allotransplantation or xenotransplantation can lead to various immune

responses, resulting in nucleus rejection or even the recipient shell death and

thereby causing significant losses in pearl production.

Methods: Few studies have investigated the immune defenses of oysters related

to allografts and xenografts. In this study, transcriptomic comparisons of allograft

and xenograft Pinctada fucata haemocytes were conducted to identify genes

associated with immune responses.

Results: A total of 33.11 Gbp of clean reads were generated from five P. fucata

haemocytes. De-novo assembly of quality-filtered reads generated a total of

26,526 unigenes, with 22,002 known genes and 4,524 predicted novel genes. In

addition, 34,904 novel transcripts were detected, with 15,620 novel alternative

splicing isoforms of known protein coding genes and 4,605 belonging to novel

protein coding genes, with the remaining 14,679 comprising long non-coding

RNA transcripts. Functional enrichment analysis of immune-related differentially

expressed genes (DEGs) using the Gene Ontology (GO) and Kyoto Encyclopedia

of Genes and Genomes (KEGG) databases revealed 36–44 significantly enriched

GO terms and 34 significantly enriched KEGG pathways. Ten DEGs were

subjected to validation of expression levels using RT-q PCR analysis, revealing

generally consistent values as the high-throughput sequencing data.

Conclusion: Oyster haemocytes were comprehensively evaluated in this study

using transcriptomic comparisons and with a focus on immune-related

functional genes and pathways. The results revealed numerous DEGs related

to immune function that can serve as the basis for subsequent immune response

analysis of allotransplantation and xenotransplantation.
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Pinctada fucata, transcriptome, allograft, xenograft, immunological response
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1 Introduction

The pearl oyster Pinctada fucata martensii is an economically

important bivalve that is farmed for marine pearl production globally,

with most Chinese marine pearls produced from this species (Zhang

et al., 2022). The production of seawater pearls in China is primarily

based on artificial cultivation. Specifically, nucleus transplantation is

conducted with a mantle graft originating from a donor oyster, along

with a shell bead nucleus, into the “pearl sac” of a recipient oyster.

The quality of artificial beads consequently depends on the state of

the recipient oyster and the choice of mantle graft. To achieve optimal

results and produce smooth and round pearls after artificial nucleus

insertion, the metabolism of the recipient oyster must remain in a low

state, and the gonad must be generated without gametes (Arnaud-

Haond et al., 2007; Fang et al., 2008; Inoue et al., 2010; Southgate and

Lucas, 2011; Wei et al., 2017; Wang et al., 2024). Moreover, the small

mantle graft of the recipient oyster is the primary factor that

determines the formation of the pearl sac (Wei et al., 2017), with

some studies detecting DNA from the donor oyster mantle in the

pearl sac (Wang et al., 2024). Transplantation can either include

allogeneic or xenogeneic insertions. Allogenic insertions are primarily

conducted in China and produces small pearls with poor coloration,

and average economic value. Previous studies demonstrated that

xenografts did not significantly affect the formation of pearl sacs and

subsequent nucleus retention but did influence pearl color,

complexion, shape, nacre deposition, and nacre weight (McGinty

et al., 2010). Consequently, xenografts hold potential in enhancing

pearl quality attributes such as size, underscoring the importance of

donor oysters in achieving desirable pearl growth, color, and surface

characteristics (Fukushima et al., 2014). Thus, the study

demonstrated the potential for xenografts to improve pearl quality

characteristics like pearl size, while emphasizing a role of donor

oysters in achieving ideal pearl growth, color, and surface

complexion. However, the low output from such methods requires

further optimization and improvement.

Allograft and xenograft transplantation have been evaluated in

China in recent years. For example, transcriptomic sequencing has

been used to evaluate immune system response mechanisms after

xenotransplantation and allotransplantation (Wei et al., 2017). These

methods have also been applied to investigations of freshwater pearl

oysters (Zhang et al., 2016). RNA-seq based transcriptomic analysis is

a highly effective approach for investigating the immune responses at

the genomic and transcriptomic levels. Such analyses have been

widely used in shellfish life science research, including in the

investigation of Perumytilus purpuratus (Briones et al., 2018),

Patinopecten yessoensis (Zhou et al., 2019), Hyriopsis cumingii

(Zhang et al., 2016), P. fucata (Lu et al., 2022), Mytilus

galloprovincialis (Dong et al., 2022), and Argopecten irradians

(Dong et al., 2022). Numerous immune-related genes have been

discovered and intensively studied in bivalves, including the toll-like

receptor (Wei et al., 2017), C type lectin (He et al., 2020), HSP70 (Wei

et al., 2017), and Interleukin (IL)-17 (Zhang et al., 2016).

Here, a transcriptomic analysis of P. fucata haemocytes after

transplantation was conducted to better understand the molecular

mechanisms related to P. fucata immune responses after

allotransplantation and xenotransplantation. The resulting
Frontiers in Marine Science 02125
analyses providing insights into the immune defense mechanisms

associated with recipient oyster transplants, help promote the

mitigation of host oyster immune rejection of grafts, and inform

the improved efficiency of pearl production.
2 Materials and methods

2.1 Oyster and mantle grafting

Healthy 1.5-year-old P. fucata (shell lengths: 4.5-5.5 cm, weights:

42-58 g) were obtained from the pearl oyster culture station of the

South China Sea Fisheries Research Institute in Xincun Village,

Hainan Province, China. Donor P. maxima (shell lengths: 8-15 cm,

weights: 100-200 g) and Pteria penguin (shell lengths: 10-15 cm,

weights: 200-300 g) were selected from wild populations in Hainan.

Oysters were cultured in oxygenated seawater at 25°C and were fed

Chlorella vulgaris. After temporary breeding for a week, professional

technicians performed nucleus transplantation. The donors (P.

fucata, P. maxima, and P. penguin) were first sacrificed and strips

of mantle tissue were excised from the midventral regions of the

mantle and then thoroughly cleaned in sterile seawater. Samples were

then sectioned into small grafts (about 3×3 mm) and inserted into

pearl sacs. Transplanted host oysters were placed in temporary

culture ponds to breed, with four experimental groups and one

control group established for analyses. The experimental groups

were respectively implanted with P. fucata, P. maxima, and P.

penguin mantle slices in the P. fucata group with nucleus insertion.

Another group was implanted with P. fucata mantle slices without

nucleus insertion. A control group was established comprising P.

fucata without any implants. Host oysters were referred to as Pf_Pf,

Pf_Pm, and Pf_Pp, respectively, after mantle allograft and xenograft

surgery. The shellfish group that had only undergone surgical

treatment without nucleus insertion was referred to as Mock, while

the untreated control group was referred to as CK.
2.2 Hemocyte collection

At 192 hours post-transplantation, whole hemolymph samples

were collected from the adductor muscles using 1 mL syringes (1

mL withdrawn per oyster and samples from 10 oysters were pooled

together). Hemocytes were then harvested via centrifugation at

4,000 g for 10 minutes, the supernatant was discarded and 1 mL of

Trizol (TransGen Biotech, China) was added, followed by mixing

with the hemocytes. The samples were then immediately frozen in

liquid nitrogen and stored at -70°C.
2.3 RNA extraction, library construction,
and sequencing

Total RNA was extracted from the experimental and control

group samples following the manufacturer’s instructions. RNA

concentration and integrity of the RNA were determined using a

Lunatic high-throughput microfluidic spectrophotometer
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(Unchained Labs, USA). cDNA libraries were then sequenced using

the BGISEQ-500RS RNA-Seq platform.
2.4 RNA-seq data assembly and
functional annotation

Library construction and RNA-Seq were conducted at BGI

Genomics (Shenzhen, China) following typical protocols. To

ensure the reliability of the analyses, the resulting raw data were

filtered using the SOAPnuke software (Chen et al., 2018) program

to remove data containing adaptors, poly-N’s, and reads of low

quality. The resulting clean reads were used in the subsequent

analyses. After comparing the transcriptomic data against the

reference genome, transcribed regions not originally annotated

were observed to identify potentially novel genes for the species.

The new genes were then compared against several databases, with

the confidence in annotations following order of: Nt <KOG <Pfam

<Swiss Prot <KO <GO <Nr (Ai et al., 2016).
2.5 Analysis of differentially expressed
unigenes and GO/KEGG
enrichment analysis

To determine physiological differences of P. fucata with different

mantle inserts, the gene expression levels of each sample were

calculated using the RSEM (Reads Per Kilobase Million) and

FPKM (Fragments Per Kilobase Million) methods, followed by

correction for sequencing depth. Unigenes meeting the criteria of

p < 0.005 and |log2(fold change)| > 2 were considered differentially

expressed genes (DEGs). DEGs were selected for further analyzed

using the hypergeometric distribution principle and subjected to GO

and KEGG enrichment analysis. GO enrichment was used to

primarily analyze the functional classification of major biological

features related to DEGs. In addition, KEGG pathway enrichment

was performed to identify the primary biochemical metabolic and

signal transduction pathways that DEGs were involved in. The

statistical threshold for GO or KEGG enrichment was set at p < 0.05.
2.6 Real-time quantitative PCR analysis

To evaluate the accuracy of the transcriptomic analyses, 10

DEGs were selected for real-time quantitative PCR (RT-qPCR)

analysis. The sequences of the10 genes were used for primer design

(Table 1) using 18S rRNA genes as internal reference genes. The

RNA samples used for RT-qPCR amplifications were the same as

those used for constructing the RNA-Seq libraries described above.

Total RNA was reverse transcribed using the EasyScript® All-in-

One First-Strand cDNA Synthesis SuperMix for qPCR (TransGen

Biotech China). Each reaction contained 1 mL reverse and forward

primers each, 10 mL of SYBR Green Mix (TransGen, Beijing,

China), and 2 mL of 1:8 diluted cDNA, with RNase-free water

added to achieve a final reaction volume of 20 mL. The qPCR cycling

program including 1 cycle of 10 min at 95°C, followed by 40 cycles
Frontiers in Marine Science 03126
of 10 s at 95°C, 15 s at 55°C, and 15 s at 72°C. The mRNA relative

expression levels were calculated using the 2^−DDCt method, and

each experiment was performed in triplicate. Data were analyzed

using the Least Significant Difference (LSD) method in the SPSS

software program (version 22), with statistically significant

differences identified at p < 0.05.
3 Results

3.1 Transcriptomic sequence assembly
and annotation

The transcriptomes from four experimental and control

samples yielded a total of 33.11 Gbp of clean data (Table 2).
TABLE 1 RT-qPCR primer sequence information.

Gene name Transcript ID Primer Sequence ((5’→3’)

N16 gene for
matrix protein

BGI_novel_T000084 Forward
CCTAGTATGTGTAAAGCCT
Reverse
CAACACTAGTTCTTCGGAT

TSSK Pma_99.293 Forward
ATTTCTCAGAAGAACACGCTA
Reverse
TTGGAAACCGACTGTACCAC

CROCC Pma_75.463 Forward
AACGAGGATCTGAGAAACACA
Reverse
GACATTGGCCTTTTGCTCT

Ryanodine
receptor 1

Pma_530.903 Forward
AACTTACCTAGGCTTTAGCTG
Reverse
TGATTCTGAAGATGCTCCA

Histone
deacetylase
complex
subunit SAP18

Pma_399.417 Forward
AGGTTAATCCAGATGCCAGACA
Reverse
TCCTGAGCAAGTAGTACCGAT

Cytochrome
P450 family 2
subfamily K

Pma_368.87 Forward
ATCCTTATCTAAAACCCGCAGT
Reverse
GTTTAGAATCGCCATCCCTGT

Mucin-2 Pma_253.267 Forward
ACAAACTCGGACAAGACATGC
Reverse
GTTGACATAGAACTCACGACCA

TRIM2 Pma_192.483 Forward
AAGGCAACATATGCTTCTCA
Reverse
CGCCAGATTTTGTAGATGACT

Transcription
factor Sp4

Pma_145.1326 Forward
AACAACAGAATCTGCTGCAA
Reverse
TGTACACTAACGTTGGCAT

SLC8A BGI_novel_T013769 Forward
CCATTACTTTGATGTCTGGC
Reverse
GTCTGATATCTTCCCCACC
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The clean reads data can be downloaded from NCBI under

accession code PRJNA1068836. Over 88% of each sample

exhibited >Q30 quality scores. The GC contents for the CK,

Mock, Pf_Pf, Pf_Pm, and Pf_Pp libraries ranged from 39.43% to

39.88%. In addition, between 64.03 to 66.09% of the clean reads

from each group aligned to the P. fucata genome (Table 2). Further,

between 37.16% and 39.6% of the reads for the four experimental

and control samples uniquely mapped to the genome (Table 2).

In addition, A total of 26,526 unigenes were identified among

the expressed genes, with 22,002 known unigenes and 4,524

predicted novel genes. A total of 34,904 novel transcripts were

also detected, of which 15,620 belonged to novel alternative splicing

isoforms of known protein coding genes and 4,605 belonged to

novel protein coding genes, with the remaining 14,679 comprising

long non-coding RNA transcripts.
3.2 Functional annotation of DEGs

The CK vs Pf_Pm comparison comprised the largest number of

differential genes, with 2,786 DEGs, of which 886 were up-regulated

and 1,900 were down-regulated (Figure 1, Table 3). The DEGs were

annotation based on GO classifications, revealing functions

primarily related to biological processes, cellular components, and

molecular functions, with each group comprising 36 to 44 sub-

categories (Figure 2).
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Considering the DEGs annotated within the biological processes

group, the sub-categories of “cell movement process,” “metabolic

process,” and “biological regulation”were the most abundant. Within

the cellular component group, most differential genes were annotated

to the “membrane” and “membrane part” sub-categories. Lastly, the

“binding” and “catalytic activity” sub-categories were particularly

prominent among the molecular function group.

DEGs classified to KEGG pathways related to signal

transduction pathways comprised 398, 213, 427, 341, 268, 293,

269, 290, 188, and 253 pathways in the CK-vs-Mock, CK-vs-Pf_Pf,

CK-vs-Pf_Pm, CK-vs-Pf_Pp, Mock-vs-Pf_Pf, Mock-vs-Pf_Pm,

Mock-vs-Pf_Pp, Pf_Pf-vs-Pf_Pm, Pf_Pf-vs-Pf_Pp, and Pf_Pm-vs-

Pf_Pp group comparisons. A total of 26 KEGG pathways were

enriched among the DEGs (Figure 3), including the NOD-like

receptor signaling pathway, the cytosolic DNA-sensing pathway,

the Toll and Imd signaling pathway, the C-type lectin receptor

signaling pathway, and the chemokine signaling pathway. Notably,

the cytosolic DNA-sensing pathway had the highest enrichment of

DEGs in the CK-vs-Mock group.
3.3 Enrichment of DEGs related to
immune functioning

DEGs among all samples were compared, revealing 19,012 DEGs

common to all samples, with the other different modules comprising
TABLE 2 Transcriptomic sequencing data statistics.

Sample Total reads
(M)

Total Clean
Bases (Gbp)

GC
content (%)

Clean Reads
Q30 (%)

Total
Mapping (%)

Uniquely
Mapping (%)

CK 44.42 6.66 39.43 89.71 64.03 38.09

Mock 44.60 6.69 39.40 90.07 64.89 39.06

Pf_Pf 44.03 6.6 39.61 88.76 65.06 37.88

Pf_Pm 43.59 6.54 39.54 88.48 64.28 37.16

Pf_Pp 44.11 6.62 39.88 89.14 66.09 39.6
FIGURE 1

Up- and down-regulated DEGs of P. fucata in comparisons between post-transgraft groups.
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unique genes for each sample (Figure 4). KEGG enrichment analysis

revealed that the enriched pathways (p < 0.05) including a cytosolute

DNA sensing pathway, in addition to pathways related to long-term

inhibition, cholesterol metabolism, the PPAR signaling pathway,

apoptosis, and terpenoid skeleton biosynthesis. Notably, long-term

inhibition was represented in each differential comparison and

comprised genes encoding cGMP-dependent protein kinase 1

(PRKG1), ryanodine receptor 1 (RYR1), cytosolic phospholipase

A2 (PLA2), and phosphatidylinositol phospholipase C and beta

(PLCB). In addition, other DEGs were identified, such as those

encoding chitinase, perilipin-2 (PLIN2), calpain-5, neurexin, very

low-density lipoprotein receptor, microphthalmia-associated

transcription factor, and Man 1. The above genes exhibited higher

expression in the recipient shellfish but lower expression in the

control group. In addition, the mucin-2 and tubulin beta genes

were highly expressed in the control group but lowly expressed in

the surgical group.
3.4 Validation using quantitative real-time
RT-PCR

To further validate the gene expression of DEGs, 10 immune-related

DEGs were randomly selected for RT-qPCR validation (Figure 5),

followed by comparison of fold-changes detected by qRT-PCR to the

RNA-Seq expression levels. Most of the RT-qPCR results were
TABLE 3 Comparison of the number of DEGs in the serum between the
control group.

Group
Upregulated
protein

Downregulated
protein

Total
DEGs

CK-
vs-Mock

747 1957 2704

CK-
vs-Pf_Pf

517 994 1511

CK-
vs-Pf_Pm

886 1900 2786

CK-
vs-Pf_Pp

519 1614 2133

Mock-
vs-Pf_Pf

1007 594 1601

Mock-
vs-Pf_Pm

996 967 1963

Mock-
vs-Pf_Pp

705 784 1489

Pf_Pf-
vs-Pf_Pm

794 1079 1873

Pf_Pf-
vs-Pf_Pp

427 705 1132

Pf_Pm-
vs-Pf_Pp

769 945 1714
(CK, Mock) and the xenograft group/allograft group (Pf_Pp, Pf_Pm, Pf_Pf).
A B

C

FIGURE 2

Functional classification of DEGs. (A) GO enrichment analysis of DEGs between the control and nucleus insertion groups. (B) GO Enrichment
analysis of DEGs between the non-inserted and different insertion group. (C) GO enrichment analysis of DEGs between the allograft and
xenograft groups.
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consistent with the high-throughput sequencing data. Thus, the RNA-

Seq data were appropriate for inference of differential gene expression.
4 Discussion

Mantle allograft surgery in pearl aquaculture has been

successfully employed without immunosuppressants throughout

the last century (Zhang et al., 2016). However, little is known of

the immune responses generated after mantle tissue transplantation.

The seventh day after mantle tissue implantation comprises the pearl

sac formation period and an inflammatory milieu has been suggested

in donor mantle tissues during this time. The inflammatory

microenvironment leads to allograft rejection and also induces

allograft tolerance in invertebrates (Land, 2012). Transcriptomic

analyses of haemocytes at 192 h were consequently conducted in

this study after allograft and xenograft transplantation to identify
Frontiers in Marine Science 06129
genes and important pathways involved in development and

gametogenesis, along with evaluation of their differential expression

between experimental and control groups. These findings provide a

basis for the subsequent immune responses analysis of

allotransplantation and xenotransplantation.
4.1 Enriched immune-related pathways

NOD-like receptors (NLRs) comprise a subgroup of cytosolic

pattern recognition receptors (PRRs) that have recently been

suggested to play new roles in antiviral innate immune signaling

pathways (Zheng, 2021). The NLR protein family comprises 22

members that contain a common structural of an N-terminal

effector domain, a central NACHT domain, and a C-terminal

leucine-rich repeat sequence (LRR) (Zheng, 2021). The N-

terminal effector domain participates in signal transduction,
A B

DC

FIGURE 3

The KEGG pathways enriched among DEGs. (A) Ck-vs-Mock, (B) CK-vs-Pf_Pf, (C) CK-vs-Pf_Pm, and (D) CK-vs-Pf_Pp comparisons. The number
inside represents the number of DEGs enriched.
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while the NACHT domain interacts with ATP/GTPase-specific P-

rings, Mg2+ binding sites, and five other motifs to perform

nucleotide binding functions based on self-oligomerization

and ATPase activity (Koonin and Aravind, 2000). In

addition, LRRs are responsible for pathogen-associated molecular

patterns (PAMPs) recognition (Kanneganti et al., 2007). In

this study, 86 DEGs were enriched in NOD-like receptors in the

CK-vs-Pf-Pm comparison, followed by 67 DEGs in the CK-vs-Pf-

Pp comparison, and relatively fewer in the CK-vs-Mock

comparison. We speculate that these trends may be related to the

degree of immune response produced by allotransplantation

and xenotransplantation.

The cytosolic DNA-sensing pathway is primarily responsible for

detecting foreign DNA derived from invading microorganisms or

host cells and generating an innate immune response. The first

identified cytosolic DNA sensor is DAI that activates the IRF and

NF-kappaB transcription factors, to produce type I interferons and

other cytokines. The second cytoplasmic DNA sensor is AIM2. After

sensing DNA, AIM2 interacts with the assembly of the

inflammasome, eventually leading to interleukin maturation (Yanai

et al., 2009; Huijser et al., 2022). In the control and surgical groups

comparison, a higher expression of cGAMP synthase (MB21D1) was

detected in the control group and less expressed in the recipient shell.

The cGAMP synthetase gene acts as an intracellular pattern

recognition receptor (PRR) that senses cytosolic pathogen DNA

and subsequently produces the second messenger cGAMP to

initiate the TMEM173/STING pathway to produce interferon

(IFN) that causes the overall immune response (Liang et al., 2014).

Transcriptomic analyses revealed that its expression was down-

regulation in the recipient shell, indicating a immune rejection

effect. However, this hypothesis requires additional confirmation,

including via the role of MB21D1 in the body during immune

rejection reaction.

Type C lectin receptors (CLRs) contain one or more type C

lectin-like domains (CTLDs) (Viswambari et al., 2010) and are

involved in immune recognition reactions of some cells as
Frontiers in Marine Science 07130
pattern recognition receptors for pathogen-derived ligands.

Dectin-1 is a CLR example that can recognize the fungal-derived

ligandsb-Glucan and high-mannose carbohydrates (Kato et al.,

2006). After ligand binding, C-type lectins stimulate intracellular

signaling cascades, include the production of various factors, and

trigger immune responses against pathogens (Mentrup et al., 2022).

The C-type lectin receptor signaling pathways appeared in each

group of comparison between allogeneic and xenogeneic

transplantation in this study, indicating that the C-type lectin

receptor signaling pathway is an important pathway in the

immune response of interspecific transplantation, with the

abundant immune genes identified in the study deserving

further investigation.
4.2 Differentially expressed immune genes

Immune genes all exhibited different expression patterns in

individual fractions, suggesting that these genes may play important

roles in immune processes. N16 is an active protein in P. fucata and can

be inhibited to prevent the occurrence of osteoclasts (Lin et al., 2020).

N16 may also be a membrane protein-like component of the nacre

layer that involved in both crystal formation and the formation of

Water Insoluble Organic Matrix (WISM) as a microfibrillar matrix,

similar to the role of High Glycine/Tyrosine Proteins (FGTPs), and

implicating the specificity of N16 in pearl formation and specific

expression only in the mantle (Samata et al., 1999). N16 was

distributed in almost every component, relative to that above the

control group, consistent with the results of the study.

TSSK proteins establish relationships with two T6SS subcomplexes

through direct interactions with TssL, Hcp, and TssC (Zoued et al.,

2013). Interestingly, TSSK exhibited down-regulation relative to the

control group. However, the roles of TSSK molecules remain unclear

and further studies are needed. In addition, Ryanodinereceptor 1

(RYR1) is a skeletal muscle sarcoplasmic reticulum (SR), required for

excitation-contraction coupling (EC coupling) of Ca2+ release channels

in the sarcoplasmic terminal pool (O'connor et al., 2023). In this study,

RYR1 was up-regulation in the CK-vs-Mock comparison, while the

Pf_Pf, Pf_Pm, and Pf_Pp comparisons exhibited lower expression of

RYR1 than in Mock. RYR1 may be consequently related to pearl sac

formation from mantle fragments.

SAP18 was originally identified by immunopurification of sin3-

related proteins and is a component of the Sin3-HDAC complex

that can enhances sin3-mediated transcriptional inhibition.

Specifically, SAP18 is a protein-protein adapter linking the

transcription factor Gli, which is a transcriptional repressor fused

to [Su (fu)] and the Sin3-HDAC complex (Cheng and Bishop,

2002). Overall, these proteins were down-regulation among the

treatment groups, indicating that SAP18 may be involved in

immune transplantation, although its mechanistic role remains

unclear. CROCC plays important roles in tumors and the

involvement of cytokine and cancer-related gene expression (Xu

et al., 2019). CROCC was down-regulated as SAP18. A previous

study (Xu et al., 2019) observed the up-regulation of miR-33 that

could potentially suppress cell proliferation, migration, invasion,

and epithelial–mesenchymal transition (EMT) in Gallbladder
FIGURE 4

Venn diagram showing overlap in DEGs among treatment groups.
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cancer (GBC) through down-regulation of CROCC. These results

suggest that CROCCmay modulate immune mechanisms by down-

regulation after transplantation.

Cytochrome P450 isoenzymes (CYPs) are a hemoglobin

superfamily and terminal oxidases of mixed functional oxidase

systems on endoplasmic reticulum membranes. CYPs play critical

roles in metabolism of many harmful substances (Muntane et al.,
Frontiers in Marine Science 08131
1995; Nelson, 2009), and modulation of CYP pathways can

ultimately trigger immunosuppression of immune cells. In this

study, CYPs were down-regulated in the Pf_Pf, Pf_Pm, and

Pf_Pp groups relative to the control group. Consequently, the

involvement of CYPs in the immune response mechanisms of

organisms may indicate the generation of immune refection.

MUC2 is one the most abundant gastrointestinal gel-forming
FIGURE 5

RT-qPCR validation of the expression levels for 10 DEGs. RNA-seq represents the increase or decrease multiple of the gene in the transcriptome
data relative to a control group.RT-qPCR means using RT-qPCR technology to verify the quantitative test of the experimental group and the control
group, and then calculating the multiple of the increase or decrease of the gene in the experimental group relative to the control group.
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mucins and exhibits constitutive expression throughout the

gastrointestinal tract (Yamashita and Melo, 2018). The MUC2

mucus barrier acts as the first defense against direct contact

between intestinal bacteria and colon epithelial cells (Yao et al.,

2021). During the development of ulcerative colitis (UC), bacterial

factors associated with the MUC2 mucus barrier play important

roles in responses to altered dietary patterns, dysfunction of the

MUC2 mucus barrier, stimulation of contact with colon epithelial

cells, and responses to mucosal and submucosal inflammation (Yao

et al., 2021).

Sp4 is a member of the Sp1-like transcription factor family and

is primarily expressed in neurons, where it is associated with various

neuronal processes, including signal transduction and energy

production, and conditions like bipolar disorder (Sheehan et al.,

2019). Current research of SP4 focuses on controlling various

neuronal processes (Sheehan et al., 2019; Zhang H. et al., 2020),

with few studies investigating the direction of immune rejection.

Thus, further studies in this area may help clarify its mechanism

of action.

Transcripts encoding tripartite motif containing 23 (TRIM23)

is an ubiquitin ligase belonging to the tripartite motif (TRIM)

family (Bu et al., 2020). TRIM proteins with E3 ubiquitin ligase

activity play important roles in virus infection in vertebrates and

invertebrates (Zhang R. et al., 2020). Current understanding of

TRIM23 primarily focuses on its antiviral immune defense

mechanisms, although its precise role in the immune mechanisms

remains unclear and requires further study.

The sodium/calcium exchanger or NCX (SLC8A) family is

primarily expressed in excitable tissues including muscle and heart

tissue, because their rapid and massive transport of Ca2+ is important

in muscle and heart contractions (Brini and Carafoli, 2011). All the

components of this family were up-regulated, with little observed

differences in each group. SLC8A is primarily expressed in tissues like

the heart, with the blood cells in the samples we collected primarily

coming from hearts. These reasons might consequently explain their

consistent up-regulation.
5 Conclusions

Here, a transcriptomic analysis was conducted to identify

host defense gene activities against allograft and xenograft

transplantation in P.fucata during pearl cultivation. Specifically,

immune-related pathways and genes were identified and

discussed. These results provide a theoretical basis and

framework to further understand the role of P.fucata in immune

defense systems, thereby helping to reduce host immunological

rejection to transplantation.
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Deciphering decadal observation
of Fukushima-derived
radiocesium in the most polluted
port near the Fukushima Daiichi
Nuclear Power Plant: from
seawater to marine fish
Wuhui Lin1,2*, Yibang Zhang3, Jinqiu Du3, Jiliang Xuan2

and Fei Tuo4

1Polar and Marine Research Institute, College of Harbour and Coastal Engineering, Jimei University,
Xiamen, China, 2State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of
Oceanography, Ministry of Natural Resources (MNR), Hangzhou, China, 3National Marine
Environmental Monitoring Center, Dalian, China, 4National Institute for Radiological Protection,
Chinese Center for Disease Control and Prevention, Beijing, China
The biological concentration effect of radionuclides in marine fish has

exacerbated public anxiety about seafood security in the context of Fukushima

nuclear-contaminated water discharged into the ocean. However, the most

polluted port near the Fukushima Daiichi Nuclear Power Plant (FDNPP) has

seldom been investigated, especially for radioactivity in marine fish. In this

study, decadal observations of radiocesium in marine fish and seawater from

the most polluted port were simultaneously established after the Fukushima

Nuclear Accident. We found a generally decreasing trend of historical 137Cs

activity in seawater, with seasonal variations modulated by precipitation.

Seasonal variations were elucidated with finer detail and divided into

exponential decline in the dry season and steady variation in the wet season. A

novel method was proposed to estimate the continuing source term of 137Cs

derived from the FDNPP, which was 3.9 PBq in 2011 and 19.3 TBq between 2012

and 2022 on the basis of historical 137Cs. The biological concentration effect of

marine fish is quantitatively emphasized according to the higher ratio of over-

standards for radiocesium in marine fish relative to that in seawater. Long-term

observation and analysis of radiocesium in marine fish and seawater from the

most polluted port would provide insights into the scientific evaluation of the

effectiveness of the decommissioning of the FDNPP in the past and share lessons

on the fate of Fukushima-derived radionuclides in the future.
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1 Introduction

Large amounts of artificial radionuclides have been released into

the atmosphere (e.g., ~160 PBq of 131I, 15 PBq of 137Cs, and 14,000

PBq of 133Xe) and the marine environment (e.g., 11 PBq of 131I and 4

PBq of 137Cs) since the Fukushima Nuclear Accident (FNA) on 11

March 2011 (Lin et al., 2016; Povinec et al., 2021). It has been

estimated that 74% of Fukushima-derived artificial radionuclides

released into the atmosphere were deposited in the North Pacific

Ocean (Povinec et al., 2021), probably contributing to the FNA being

the most serious nuclear accident that directly pollutes the marine

environment with radioactive material (Lin et al., 2016). Artificial

radionuclides are continuously discharged from the most polluted

port (Figure 1) near the Fukushima Daiichi Nuclear Power Plant

(FDNPP) (Machida et al., 2023). Subsequently, Fukushima-derived

radionuclides have been widely elevated from the coastal sea to the

open ocean (Povinec et al., 2021).

The most polluted port near the FDNPP serves as windows to

reflect the progress and effectiveness of decommissioning of the

FDNPP, which is inaccessible to the public and to many other

counties around the world. Recently, extremely high 134 + 137Cs

activity of 1.8×104 Bq/kg in marine fish from the most polluted port

was reported to be 180 times higher than the Japanese regulatory limit

(100 Bq/kg-wet) on 18 May 2023 (Tokyo-Electric-Power-Company,

2023a). Despite the continuous discharge of artificial radionuclides and

frequent reports of abnormally high levels of radiocesium in marine

fish, the most polluted port with the highest radioactivity near the

FDNPP has seldom been investigated (Kanda, 2013; Machida et al.,

2020, 2023), especially with regard to radioactivity in marine fish.

The biological concentration effect of radionuclides in marine

fish has exacerbated public anxiety in the context of nuclear-

contaminated water with 64 radionuclides discharged into the

ocean (Buesseler, 2020; Lin et al., 2021; Liu et al., 2022). In this

study, we primarily focus on the long-term observation of

radiocesium in marine fish because seafood consumption is the

dominant pathway of ionizing radiation to humans and is a primary

concern of the public and countries around the Pacific Ocean after

the FNA. Additionally, historical levels of radiocesium in seawater

are simultaneously discussed to reveal its effect on marine fish. We

also attempted to determine the mechanisms of seasonal fluctuation
Frontiers in Marine Science 02135
of 137Cs in seawater in order to identify potential leak events,

estimate the continuing source terms of 137Cs discharged from

the port, and verify the effectiveness of multiple countermeasures in

the most polluted port near the FDNPP.

2 Materials and methods

2.1 134Cs and 137Cs in seawater from
the port

The most polluted port (Figure 1) near the FDNPP is

inaccessible to the public and many other countries around the

world. The availability and transparency of historical radioactivity

in the most polluted port near the FDNPP played a key role in

verifying the progress after the decommissioning of the FDNPP.We

downloaded 1,196 daily reports of radiocesium in seawater

provided by the Tokyo Electric Power Company (TEPCO) from 2

April 2011 to 30 June 2014 and 114 monthly reports of radiocesium

in seawater released by the Ministry of Economy, Trade and

Industry (METI) from July 2013 to April 2023 (Tokyo-Electric-

Power-Company, 2011; Ministry-of-Economy-Trade-and-

Industry, 2023b, 2018). The TEPCO’s daily reports from 2 April

2011 to 30 June 2014 included 3–14 monitoring stations in the port,

while the METI’s monthly reports from July 2013 to April 2023

encompassed 9–14 monitoring stations in the port. In order to

conservatively evaluate the radioactive level in seawater from the

port, we chose and compiled the highest values of 134Cs and 137Cs

activities among 3–14 stations in the port from the above-

mentioned daily/monthly reports. If the data in the daily/monthly

reports were lower than the minimum detection activity (MDA),

the MDA was utilized for discussion. The highest value of 134Cs and
137Cs activity in a typical report is selected and shown in Figure 2.

2.2 134Cs and 137Cs in marine fish from
the port

Radiocesium levels in marine fish were compiled from 130

monthly reports provided by TEPCO from December 2012 to May

2023 (Tokyo-Electric-Power-Company, 2018, 2023b). There were

seven fishing areas in the port (Figure 3) (Tokyo-Electric-Power-
FIGURE 1

Map of the most polluted port near the FDNPP.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1382229
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lin et al. 10.3389/fmars.2024.1382229
Company, 2013). The typical species of marine fish from the port

included Conger myriaster, Hexagrammos otakii, Microstomus achne,

Paralichthys olivaceus, Pleuronectes yokohama, and Sebastes cheni

(Tokyo Electric Power Company, 2023b). Detailed information on

the size, diet, and habitat of marine fish was not provided in the

monthly reports, probably because of the large number of fish and the

temporal variations of fish species in the port. We conservatively
Frontiers in Marine Science 03136
selected and compiled the highest value of 134Cs and 137Cs activities

in the muscle of marine fish caught from seven fishing areas in the port

to conservatively evaluate the radiological impact. The value of MDA

was utilized in the condition of the activity of radiocesium below the

MDA. Only the maximum activity in marine fish was selected in order

to discuss the relationship between radiocesium in seawater andmarine

fish; it was consistent with the highest value in seawater.
A

B

D

E

F

G C

FIGURE 3

Fishing areas from “A” to “G” in the port.
FIGURE 2

The red ellipse indicates the highest value of 134Cs (MDA, 370 Bq/m3) and 137Cs (3,000 Bq/m3) activities in seawater from the port in April 2023
(Ministry-of-Economy-Trade-and-Industry, 2023a).
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2.3 Data on precipitation in
Fukushima Prefecture

In order to investigate the mechanism of seasonal variation of
137Cs in the port, we downloaded 145 monthly precipitation reports

in Naniue and Tomioka near the FDNPP released by the Japan

Meteorological Agency (JMA) from May 2011 to May 2023 (Japan-

Meteorological-Agency, 2023). We calculated and compiled the

mean value of monthly precipitation in Naniue and Tomioka

because the FDNPP is located between them (Figure 4). The

average monthly precipitation (119.8 mm) from May 2011 to

May 2023 was calculated to define the wet season and the dry

season in Fukushima Prefecture.
3 Results and discussion

3.1 Historical observation of 137Cs activity
in seawater from the port

Historical 137Cs activity in seawater (Figure 5) from the most

polluted port was systematically compiled from April 2011 to

April 2023 based on 1,310 documents that were officially

released by TEPCO and METI. Although the historical 137Cs

activity in seawater generally decreased due to the continuing

decommissioning work at the FDNPP, the most recent monthly
137Cs activity in seawater (3×103 Bq/m3 in April 2023) was still over

1,000 times higher than the background value (1–2 Bq/m3) of 137Cs

before the FNA (Povinec et al., 2021). In this study, the historical
137Cs activity in seawater was divided into three periods: April 2011

to June 2011 (purple area in region I), July 2011 to January 2016

(brown area in region II), and February 2016 to April 2023 (green

area in region III).

Region I from April 2011 to June 2011 was recognized as the

initial stage of FNA and was characterized by the direct discharge of

contaminated water into the coastal sea. Two peaks of 137Cs—

1.9×1012 Bq/m3 on 2 April 2021 and 1.2×109 Bq/m3 on 12 May

2021—were clearly recorded, corresponding to two leak events
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officially confirmed by TEPCO in 1–6 April and 10–11 May

(Kanda, 2013). A sudden decline in 137Cs activity was

subsequently observed after TEPCO’s operation to stop the leak

in front of Unit 2 on 4 April 2016 (Kanda, 2013). The most

significant phenomenon in region I was the appearance of an

extremely high 137Cs value, followed by a rapid exponential decline.

“Region II from July 2011 to January 2016 was defined because

of the completed construction of the seaside impermeable walls in

February 2016 after carefully comparing the progress after the

decommissioning in the monthly reports from METI in January

and February 2016. The 137Cs activity gradually decreased in region

II due to the continuing decommissioning work, such as the

relocation of the drainage channels from June 2014 to April 2015,

the seabed covering of the port in April 2015, the removal of highly

contaminated retained water in December 2015, the filling of

tunnels and towers in December 2015, and the completed

construction of seaside impermeable walls in February 2016

(Machida et al., 2020, 2023). Seasonal fluctuation of 137Cs activity

was also observed, in addition to a decreasing trend at a slower rate

in region II relative to a rapidly decreasing rate in region I. It was

obvious that the average 137Cs activity (7.0×103 Bq/m3) in region III

from February 2016 to April 2023 was approximately 40 times

lower than that (2.7×105Bq/m3) in region II after the completed

construction of seaside impermeable walls. However, a seasonal

variation of 137Cs without a significant decreasing trend is shown in

region III.
3.2 Estimation of continuing source terms
of 137Cs based on the wet–dry
season model

Although the key feature of the seasonal variation of 137Cs has

been observed after the initial stage of FNA, the factors influencing

the seasonal variation of 137Cs have not been discussed in detail

(Machida et al., 2020). To determine the seasonal variations of 137Cs

activity in seawater from July 2011 to April 2023 in detail, 137Cs

activity and monthly precipitation were simultaneously displayed to
FIGURE 4

Map of Naniue and Tomioka. The star in the red rectangle represents the location of the FDNPP (Japan-Meteorological-Agency, 2023).
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reveal the contrasting patterns of the exponential decrease of 137Cs

in the dry season (light blue in Figure 6) and the steady variation of
137Cs in the wet season (yellow in Figure 6).

It was reasonable to expect the exponential decline in 137Cs

activity from the port, analogous to previous studies on the

exponential decrease of 137Cs activity in river water, seawater,

sediment, and marine biotas because of the decommissioning

work and stabilization at the FDNPP (Povinec et al., 2021). The

exponential decline in 137Cs activity in the dry season is well-fitted

and quantitatively depicted with effective half-lives (EHLs) in

different time intervals in Figure 6 and Table 1. Two groups of
Frontiers in Marine Science 05138
EHLs have been quantified: 0.14 ± 0.03 a (seven time intervals fitted

with red lines) and 0.41 ± 0.26 a (six time intervals fitted with green

lines). The EHLs of 137Cs in region II and region III were much

longer than those in region I (1.58 d) at the initial stage of the FNA

(Kanda, 2013), implying multiple continuing source terms of 137Cs

to lengthen EHLs and slow down the decreasing trend in the port

after the initial stage of the FNA. The apparent decreasing rate (k2)

in the dry season is calculated in Table 1. Combined with the

exchange rate (k1 = 0.44 d
−1) and seawater volume (2.78×105 m3) in

the port from Kanda (2013), the source terms of 137Cs in the dry

season could be quantified according to Equations 3, 4.
A

B

FIGURE 6

Seasonal variations of 137Cs in seawater from the port and monthly precipitation in Fukushima Prefecture from July 2011 to January 2016 (A) and
February 2016 to April 2023 (B). The average monthly precipitation is presented with a dotted line to distinguish the wet season (yellow) from the dry
season (light blue). Effective half-lives (EHLs) and average 137Cs activity are quantitatively displayed for the dry season and wet season, respectively.
FIGURE 5

Historical 137Cs activity in seawater from the most polluted port near the FDNPP from April 2011 to April 2023.
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V
dA137Cs

dt
= Sdry − k1A137CsV = −k2A137CsV (1)

Sdry = (k1 − k2)A137CsV (2)

where A137Cs refers to the 137Cs activity in seawater. V and Sdry
are the mean volume of seawater and the source terms of 137Cs in

the port during the dry season, respectively. k1 and k2 are the

exchange rate of the port with outer seawater and the apparent

decreasing rate of 137Cs in the port, respectively (see values

in Table 1).

By contrast, the steady variation of 137Cs without the decreasing

trend in the wet season is illustrated in Figure 6. We found that the

average 137Cs activities in wet seasons from July 2011 to January

2016 also gradually decreased from 1.0×106 Bq/m3 to 3.9×104 Bq/

m3 in Figure 6A. The average 137Cs activities in wet seasons from

February 2016 to April 2023 varied from 5.1×103 Bq/m3 to 2.6×104

Bq/m3 without a decreasing trend in Figure 6B. Previous studies

have pointed out that the 137Cs activity in the river and coastal sea

has been significantly elevated during the flood season, especially
Frontiers in Marine Science 06139
with the additional influences of typhoons and storms (Tanaka

et al., 2022; Uchiyama et al., 2022). The positive relationship

between 137Cs activity and monthly precipitation (r = 0.44, p<

0.0001) from February 2016 to April 2023 is also shown in Figure 7.

Precipitation probably contributed to the additional input of 137Cs

into the port via leaching and erosion of 137Cs from a terrestrial

environment in the wet season, resulting in the steady variation of
137Cs activity in the wet season in contrast to a decreasing trend of
137Cs in the dry season. The source terms of 137Cs in the wet season

could be quantified according to Equation 3, Equation 4.

V
dA137Cs

dt
= Swet − k1A137CsV = 0 (3)

Swet = k1A137CsV (4)

where Swet refers to the source terms of 137Cs in the wet season.

Other parameters are the same as in Equations 1, 2.

Therefore, historical 137Cs activity and its associated

mechanisms are suggested to be delicately classified into the wet
TABLE 1 Exponential fitting, EHLs, and apparent decreasing rate (k2) of time intervals in dry seasons.

Group Time
Exponential

fitting
r p

EHL
(a)

k2
(a−1)

Mean value
of EHL

Mean value
of k2

1

20111002–20120225
A = 1.2×106×e-
4.6×(T-2011.10.2) 0.80 6.2×10-27

0.15
± 0.01

4.56
± 0.34

0.14 ± 0.03 a 4.95 ± 1.06a−1

20121016–20130307
A = 3.1×105×e-
6.0×(T-2012.10.16) 0.75 5.9×10-23

0.11
± 0.01

6.08
± 0.51

201411–201502
A = 2.5×104×e-4.2×

(T-2014.11) 0.99 6.4×10-3
0.17
± 0.01

4.18
± 0.34

201609–201702
A = 1.2×104×e-5.1×

(T-2016.9) 0.80 0.06
0.14
± 0.05

5.06
± 1.99

201710–201802
A = 1.3×104×e-8.2×

(T-2017.10) 0.94 0.04
0.08
± 0.02

8.18
± 2.25

201911–202003
A = 1.1×104×e-5.6×

(T-2019.11) 0.87 0.06
0.12
± 0.04

5.57
± 1.95

202110–202203
A = 5.0×103×e-3.9×

(T-2021.10) 0.86 0.06
0.18
± 0.06

3.90
± 1.36

2

20131021–20140122
A = 8.6×104×e-
1.4×(T-2013.10.17) 0.32 2.2×10-3

0.50
± 0.16

1.40
± 0.44

0.41 ± 0.26 a 1.69 ± 1.07a−1

201509–201601
A = 1.7×104×e-1.9×

(T-2015.9) 0.55 0.38
0.36
± 0.36

1.90
± 1.87

201602–201605
A = 3.4×103×e-1.9×

(T-2016.2) 0.49 0.47
0.36
± 0.42

1.94
± 2.21

201809–201904
A = 7.6×103×e-1.6×

(T-2018.9) 0.82 0.09
0.43
± 0.17

1.57
± 0.63

202007–202012
A = 5.2×103×e-1.5×

(T-2020.7) 0.75 0.06
0.46
± 0.19

1.51
± 0.62

202210–202302
A = 3.5×103×e-2.1×

(T-2022.10) 0.59 0.28
0.33
± 0.25

2.06
± 1.60

Kanda, 2013 20110406–20110419 1.58 d 0.44 d−1
frontiersin.org

https://doi.org/10.3389/fmars.2024.1382229
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lin et al. 10.3389/fmars.2024.1382229
season and the dry season for quantitative discussion. Our study

also implied that the source terms of radionuclides derived from the

FDNPP to the Pacific Ocean should be different between the wet

season (Equation 2) and the dry season (Equation 4) rather than a

simple assumption of steady state in previous studies (Kanda, 2013;

Machida et al., 2020, 2023). The annual flux of 137Cs discharged

from the port to outer seawater was 3.9 PBq in 2011 and 19.3 TBq

from 2012 to 2022, which is generally consistent with previous

studies, as shown in Table 2 and Figure 8 (Machida et al., 2020).
Frontiers in Marine Science 07140
3.3 Delayed increase of 134 + 137Cs in
marine fish following the 134 + 137Cs peak
in seawater from the port

The long-term monthly 134 + 137Cs activity in marine fish and

the corresponding value in seawater from the most polluted port are

simultaneously shown in Figure 9 from December 2012 to May

2023. A clear decline in 134 + 137Cs activity in marine fish was

observed before February 2016, consistent with the decreasing trend
TABLE 2 Comparison of the annual flux of the 137Cs discharged from the port.

Year

Annual flux of 137Cs (Bq/a)

Tsumune et al
(Tsumune
et al., 2020)

Machida-V method
(Machida et al., 2020)

Machida-K method
(Machida et al., 2020) This study

Min Max Min Max

2011 3.55×1015 1.9×1015 1.9×1015 2.3×1015 2.3×1015 3.9×1015

2012 1.63×1013 2.1×1012 2.2×1012 2.9×1012 2.9×1012 9.9×1012

2013 7.81×1012 7.0×1011 8.1×1011 1.4×1012 1.4×1012 4.5×1012

2014 3.76×1012 3.0×1011 4.5×1011 7.1×1011 7.4×1011 1.5×1012

2015 1.81×1012 2.4×1011 4.1×1011 3.2×1011 6.4×1011 1.2×1012

2016 8.75×1011 2.0×1011 2.5×1011 2.4×1011 2.8×1011 4.8×1011

2017 1.3×1011 1.6×1011 1.9×1011 2.4×1011 3.1×1011

2018 4.4×1010 6.4×1010 9.2×1010 1.2×1011 2.1×1011

2019 3.7×1011

2020 2.0×1011

2021 3.5×1011

2022 2.9×1011
FIGURE 7

Positive relationship between 137Cs activity from the port and monthly precipitation from February 2016 to April 2023.
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of 134 + 137Cs activity in seawater (Figures 9, 10A). In contrast,

periodic increases in 134 + 137Cs activity without a decreasing trend

in marine fish and seawater were observed after February 2016

(Figure 10B). The Japanese regulatory limit for marine fish (100 Bq/

kg-wet) and the WHO guidance levels for drinking water (10,000

Bq/m3) for 134 + 137Cs were adopted to evaluate the radioactive level.

We found that the ratio of over-standard for 134 + 137Cs in marine

fish (>100 Bq/kg-wet) was 100% from December 2012 to January

2016 and 59% from February 2016 to May 2023. Meanwhile, the

ratio of over-standard for 134 + 137Cs in seawater (>10,000 Bq/m3)

was 89.5% from July 2014 to January 2016 and 20.5% from February

2016 to April 2023. Obviously, the ratio of over-standard for 134 +

137Cs in marine fish was higher than that in seawater, probably

attributed to the biological concentration effect of marine fish.

Additionally, the delayed increase in 134 + 137Cs activity in

marine fish following the 134 + 137Cs peak in seawater is also

depicted by the orange shadow in Figures 10A, B. The positive

relationship of peak 134 + 137Cs activity between marine fish and

seawater is well-fitted in Figure 11 (r = 0.99, p< 0.0001) on the basis

of the corresponding peaks of 134 + 137Cs activity in marine fish and

seawater. The concentration factors of 134 + 137Cs in marine fish

ranged from 29 L/kg to 514 L/kg, with an average value of 136 L/kg

from February 2016 to May 2023. The average value of 136 L/kg in

marine fish was consistent with the recommended value of 100 L/kg
Frontiers in Marine Science 08141
provided by the IAEA (2004), confirming the corresponding

relationship of 134 + 137Cs peaks between marine fish and seawater.

It was noted that radiocesium in sediment also contributed to

the elevated activity of radiocesium in marine fish (Wang et al.,

2018; Song et al., 2020). Unfortunately, radiocesium in the sediment

from the most polluted port was not available from TEPCO and

METI, limiting our discussion of the pathway of sediment ingestion

by marine fish. However, the continuing source of radiocesium

derived from the FDNPP should increase radiocesium levels in

seawater followed by those in sediment and marine fish. The

corresponding peaks of radiocesium between seawater and

marine fish should be logically correlated. Even so, radiocesium

in the sediment from the most polluted port should be measured for

a better understanding of frequent reports of extremely high

radiocesium levels in marine fish from the port in the future.
4 Conclusion

Overall, we revealed the distinct seasonal patterns of an

exponential decline in the dry season and steady variation in the

wet season in detail based on the historical 137Cs activity in seawater

and proposed a novel method to quantify the continuing source

terms of 137Cs derived from the FDNPP (3.9 PBq in 2011 and 19.3

TBq from 2012 to 2022). Moreover, the biological concentration

effect of marine fish was quantitatively emphasized on the basis of

the higher ratio of excess 134 + 137Cs in marine fish compared to

seawater. Long-term observation and analysis of radiocesium in

marine fish and seawater from the most polluted port would benefit
FIGURE 9

Simultaneous analysis of 134 + 137Cs in marine fish (green circle) from
December 2012 to May 2023 and seawater (blue triangle) from July
2014 to April 2023. The solid symbols mean the sum of detectable
134Cs and measurable 137Cs, while the open symbols refer to the
sum of measurable137Cs and the MDA of 134Cs. The brown and red
dotted lines refer to the Japanese regulatory limit for marine fish
(100 Bq/kg-wet) and the WHO guidance levels for drinking water
(104 Bq/m3) for 134 + 137Cs.
FIGURE 8

Comparison of the annual flux of the 137Cs discharged from the port
from 2011 to 2022.
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the scientific evaluation of the decommissioning of the FDNPP, and

share lessons on the fate of Fukushima-derived radionuclides in the

marine environment for the prediction and assessment of nuclear-

contaminated water discharged into the ocean.
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fatty acid composition of
Skeletonema dohrnii
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Zhengyi Lu2 and Jun Sun1,3*

1Research Centre for Indian Ocean Ecosystem, Tianjin University of Science and Technology,
Tianjin, China, 2Research and Development Center, Tianjin Chenhui Modern Technology Group Co.,
Ltd., Tianjin, China, 3College of Marine Science and Technology, China University of Geosciences,
Wuhan, Hubei, China
The potential of diatoms as aquatic bait, attribute to their abundance in highly

unsaturated fatty acids, has been extensively studied. Temperature plays a crucial

role in the synthesis of these fatty acids. This study specifically investigated the

impact of temperature on the growth, total lipid content, and fatty acid composition

of Skeletonema dohrnii, a planktonic diatom commonly associated with red tides

andwater blooms in China. The aim is to evaluate its suitability as an aquatic bait and

provide insights for large-scale factory farming. Results indicated that the highest

biomass and maximum growth rate occurred at 28°C, with no significant deviation

from the control group at 25°C. At 28°C and 15°C, there was a significant increase in

the total lipid content and the total fatty acid content, with a more pronounced

effect at 15°C. At 28°C, EPA and DHA content measured at 0.97 ± 0.01 mg.DW.L-1

and 0.264 ± 0.01 mg.DW.L-1 respectively, surpass those at 15°C due to lower

biomass. Conversely, at 15°C, substantial synthesis of long-chain polyunsaturated

fatty acids, with EPA constituting up to 32.24 ± 0.24% of the total fatty acids, is

observed. Modulating the temperature could optimize the utilization of S. dohrnii as

an aquatic feed source. These findings underscore the potential of S. dohrnii as a

high-quality aquafeed and lay the groundwork for its success in ocean

warming scenarios.
KEYWORDS

Skeletonema dohrnii, unsaturated fatty acids, temperature, aquafeed, ocean warming
Introduction

Diatoms, a class of photosynthetic autotrophic unicellular microalgae eukaryotes, are

widely distributed in the ocean, fresh water and wet soil. As the main group of

phytoplankton, diatoms contribute to approximately 20% of global primary production

and nearly 40% of marine primary production (Field et al., 1998). They play an important
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role in the material and energy circulation within marine ecosystem,

forming the foundation of the marine nutrient network (Falkowski

et al., 1998; Armbrust, 2009; Sepúlveda and Cantarero, 2022).

Diatoms are rich in polyunsaturated fatty acids (PUFAs),

including eicosapentaenoic acid (EPA), docosapentaenoic acid

(DHA), myristic acid, palmitic acid, and palmitoleic acid. These

compounds have been associated with protective effects against

cardiovascular disease, the promotion of healthy vision, and

assistance in the prevention of psychiatric disorders (Yi et al.,

2017; Marella and Tiwari, 2020). The presence of PUFAs,

particularly EPA, renders diatoms a valuable source of nutrition

for marine mussels, crustacean larvae, and fish larvae (Reitan et al.,

1997; Renaud et al., 2002; Mishra and Tiwari, 2021). Not only can

this synthesis effectively reduce production costs (Valenzuela-

Espinoza et al., 1999), but the cultivation of marine diatoms for

the replacement of fishmeal and fish oil made from harvesting of

wild-caught fish, promote ecological sustainability (Sarker, 2023).

The metabolism of diatom fatty acids is influenced by various

factors, including temperature, light, nutrients, and pH. Notably,

temperature is an important one, compared to other factors, it

exerts a substantial impact on the physiological processes of algae

due to its involvement in numerous metabolic processes, enzymatic,

and photosynthetic processes, directly influencing the synthesis and

transformation of diatom fatty acids (Davison, 1991; Duarte, 2007;

Converti et al., 2009; Boyd et al., 2013; Sepúlveda and Cantarero,

2022). Lower temperatures have been observed to prompt

Phaeodactylum tricornutum and Skeletonema menzelli to

synthesize and accumulate higher levels of essential fatty acids

(EFAs) and PUFAs (Jiang and Gao, 2004; Gao et al., 2014).

Additionally, Nitzschia frustulum, in colder conditions, has shown

increased synthesis and storage of unsaturated fatty acids (USFAs),

aiding in maintaining cellular membrane fluidity and permeability

(Harwood, 1988; Renaud et al., 1995). Conversely, elevated

temperatures have been noted to diminish the content of EFAs

and DHA in Chaetoceros sp. while increasing the amount of

saturated fatty acids (SFAs) (Renaud et al., 2002). This transition

from USFAs to SFAs is believed to aid in preserving the fluidity and

stability of the cell membrane (Quinn, 1981; Murata and Los, 1997;

Sepúlveda and Cantarero, 2022). Maia et al. (2022) found that

Skeletonema costatum shows greater temperature tolerance

compared to P. tricornutum, likely due to S. costatum’s capacity

to accumulate more USFAs and proteins when exposed to higher

temperatures. Various species of microalgae exhibit distinct

responses in their fatty acid profiles to changes in temperature.

Hence, identifying the optimal temperature for PUFAs

accumulation is crucial for reducing production costs.

The present research explores Skeletonema dohrnii, a member

of the Skeletonema genus, among the most prevalent marine

planktonic diatoms in the temperate zones of the World Ocean

(Shevchenko et al., 2019). S. dohrnii often contributes to the

occurrence of red tides or water blooms in China, which can exert

a significant and detrimental impact on the environment (Gu

et al., 2012). Its rapid growth, robust reproductive capacity, and

ability to thrive make it an ideal subject for study, development,

and exploitation. Currently, there is a scarcity of research on S.
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dohrnii, with the predominant focus of studies concentrated on

its ecological and physiological characteristics, while only a

minority delve into its potential applications (Yamada et al.,

2010; Ogura et al., 2018; Thangaraj et al., 2019; Thangaraj and

Sun, 2020). Marine diatoms are often thriving under adverse

marine environmental conditions (Kooistra et al., 2007; Bowler

et al., 2010; Thangaraj et al., 2019). Studies have indicated that

diatoms have a range of adaptive mechanisms in response to

seawater warming and ocean acidification, including the

adjustment of saturated fatty acid ratios to mitigate adverse

effects (Jin and Agustı,́ 2018; Thangaraj and Sun, 2020). As

such, marine diatoms possess the potential to adapt to climate

change. Exploring changes in their fatty acid content and

composition in response to temperature, as alongside the

investigation of the nutritional value, development, and

utilization of S. dohrnii, could provide insight into its lipid

accumulation rate. This, in turn, could serve as a foundation

for fish feed and biodiesel production, supporting the sustainable

development of marine resources.
Materials and methods

Experimental materials

The marine diatom S. dohrnii, was isolated from the Yellow Sea

and cultivated in the laboratory using the f/2 medium (25°C 90–120

µmol photons m-2·s-1, with 12:12 light-dark cycle).
Culture conditions

Artificial seawater media (ASW) supplemented with a silicate

stock solution (28.40 g·L−1) was utilized in this experiment (Sunda

et al., 2005). After being cultured and adapted in ASW, S. dohrnii

was subjected to three different temperatures: 15°C (the low-

temperature group), 25°C (the control group), and 28°C (the

high-temperature group), for a single expansion culture. The

initial cell concentration was set at 1×105 cell/mL. The cells were

collected in the stationary growth phase, with triplicate samples

established within each temperature group (n=3).
Growth rate analysis

Throughout the period from inoculation to collection, the algal

solution was gently agitated and blended daily. Subsequently, 100 ml
of the solution was carefully transferred to a cell counting plate

using a pipette and examined under a microscope. The cell density

of the sample was determined by calculating the average of the three

counts (unit: cells/mL).

The specific growth rate was calculated using the following

formula:

K = (lnNt – lnNt−1)=t
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Where Nt represents the number of cells after t days of cultivation,

and t denotes the duration of the culture, Nt-1 is the cell

concentration on the dayt-1.
Lipid content measurement

Once the algal cells completed their exponential growth phase, the

liquid was collected via centrifugation (4000r/min, 4°C). The resulting

freeze-dried algal powder was then stored at -20°C, and the total lipid

was determined following the guidelines of GB 5009.6. To initiate the

process, 500 mg of the algal powder was weighed into a Maoshi bottle,

and 4 mL of water along with 5 mL of 2M HCl were added. The

mixture was then heated in a water bath at 75°C for 50 min. After

cooling, 5 mL of ethanol was gradually introduced and mixed, after

which 25 mL of ether was added. The bottle was shaken and allowed to

settle for 30min. The upper organic layer was carefully poured out, and

the extraction process was repeated thrice. The resulting extract was

gathered into a conical flask of constant weight, and the solvent was

evaporated in a water bath. The remaining material was dried in an

oven at 100°C for 1 h, cooled for 30 min, and then weighed. The

obtained test data was presented as the mean ± standard deviation. The

statistical software SPSS 26.0 was used for data analysis, while Excel

2019 and SPSS 26.0 were utilized for chart creation.
Fatty acid profile

Weigh 30 mg of freeze-dried algae powder and combine it with

10 mL of 4M HCl, then place the mixture in a boiling water bath for

10 min. Immediately afterwards, transfer it to a -20°C refrigerator

for 15 min. Upon removal from the refrigerator, add 10 mL of

chloroform and 5 mL of methanol, allowing the solution to rest at

room temperature for 2 h. The lower chloroform phase is then

collected via centrifugation and dried with nitrogen to obtain the

total lipid. For further analysis, introduce 1 mL of n-hexane and 200

mL of potassium hydroxide-methanol solution. Vigorously shake

the solution for 30 seconds and let it settle for layering. Transfer the

upper n-hexane phase to a sample bottle for analysis. The

percentage content of each fatty acid was determined using a gas

chromatograph (GC-2014, Shimadzu Manufacturing Institute)

following the internal standard method outlined in GB 5009.168.

Additionally, the area normalization method was employed to

calculate the percentage content of each fatty acid. This method

involves summing the peak areas of all components, which

collectively represent 100% of the total peak area, and then

calculating the percentage of each individual peak area relative to

the total peak area. The calculation formula utilized was as follows:

Ci % = (mi=m)� 100% = f i0Ai=(ofi0Ai)� 100%

where Ci% represents the percentage content of the measured

component i. fi′ is the relative mass correction factor of the

measured component i. Ai denotes the peak area of the measured

component i. m is the mass of the measured sample. And mi

represents the mass of the tested component i.
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Results

Growth rate and the biomass

The growth of S. dohrnii under cultivation at three different

temperatures was measured and is visually in Figure 1. All

inoculated S. dohrnii samples exhibited growth, with the shortest

growth cycle occurring at the highest temperature, spanning a

period of 3 days. The maximum growth rate was observed to be

the lowest at 15°C, with a value of 0.62 ± 0.09 (p<0.005), which was

significantly different from the other two temperatures.

Additionally, the maximum death rate was recorded at 15°C, with

a value of -0.35 ± 0.03, which was statistically different from the

rated observed at the other temperatures (Table 1). However, the

highest growth rates were observed at 28°C (0.89 ± 0.02), followed

by 25°C (0.8 ± 0.01). The results of the experiment indicated that

the highest cell density of S. dohrnii was 6.5 × 106 cells/mL achieved

at 25°C, while density at 28°C and 15°C were 6.35 × 106 cells/mL

and 5.80 × 106 cells/mL, respectively. Likewise, the cultures initiated

with a biomass concentration of 0.006 ± 0.001 g DW L-1, and

eventually reached their maximum concentrations at 0.046 ± 0.002

(15°C), 0.120± 0.001 (25°C), and 0.122 ± 0.001 (28°C) g DW L-1 for

S. dohrnii, respectively. Notably, there was no significant difference

(p<0.05) observed between the biomass at 25°C and 28°C (Table 1).

The total lipid and fatty acid profile of S. dohrnii at

different temperatures.

In the three experimental groups, temperature exhibited a

significant impact on the total lipid content of the algae. As the

temperature increased, there was a corresponding decrease in the

total lipid content of the algae. The highest total lipid content was

observed at 15°C (39.23 ± 0.32 mg/g), followed by the high-

temperature group at 28°C (37.43 ± 0.31 mg/g), and the lowest

content was in the control group at 25°C (30.97 ± 0.06 mg/g). These

variations between the groups were statistically significant (p<0.05)
FIGURE 1

The growth curve of S. dohrnii under three temperature conditions.
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(Table 2). A total of 23 kinds of fatty acids were detected in this

experiment, albeit some species were only detected at specific

temperatures. About the fatty acids composition, the analysis

revealed 11 types of SFAs, 12 types of USFAs, 5 types of

monounsaturated fatty acids (MUFAs), and 7 types of

polyunsaturated fatty acids (PUFAs).

The fatty acid composition of S. dohrnii primarily consists of

C14:0, C18:1:w9, and C20:5:w3, collectively representing nearly 60%
of the total fatty acid (TFA) content. In order to facilitate

comparisons of fatty acid compositions, the measured data have

been converted here to percentage occupancy. Given its proximity

to the natural habitat temperature of S. dohrnii, the fatty acid

content at 25°C was utilized as a reference point. Notably, C14:0 and

C20:5:w3 exhibited elevated concentrations, accounting for 23.45 ±

0.25% and 25.79 ± 0.11%, respectively, whereas C18 and C22 of

USFAs displayed lower levels. These observed characteristics align

with the typical profile of Bacillariophyta (Zhukova and Aizdaicher,

1995; Chen, 2012). For further details, please refer to Table 2.

In comparison to the control group (25°C), at 15°C, the USFAs

content in S. dohrnii exhibited a significant increase from 10.21 ±

0.01 mg/g to 27.09 ± 0.10 mg/g, while the PUFAs content showed a

significant increase from 5.9 ± 0.07 mg/g to 18.31 ± 0.19 mg/g.

Among the PUFAs, EPA was the most predominant, ranging from

4.08 ± 0.01 mg/g to 12.03 ± 0.03 mg/g, followed by DHA at 0.89 ±

0.03 mg/g to 2.62 ± 0.19 mg/g. Conversely, with a rise in

temperature compared to the control group, at 28°C, both USFAs

and PUFAs, as well as EPA and DHA, exhibited increases in

content, with values of 22.55 ± 0.2 mg/g, 11.36 ± 0.13 mg/g, 7.95

± 0.01 mg/g, and 2.16 ± 0.03 mg/g respectively (Table 2). The TFA

content varied across experimental conditions, with the control

group displaying the lowest level (15.77 ± 0.01 mg/g) and the low-

temperature group exhibiting the highest (36.99 ± 0.05 mg/g),

followed by the high-temperature group (35.02 ± 0.17 mg/g).

Fatty acid compositions shifted in response to temperature

variations, as depicted in Figure 2. The percentages of PUFAs

decreased with increasing temperatures, registering at 49.15 ±

0.04% at 15°C, 37.17 ± 0.09% at 25°C, and 30.59 ± 0.19% at 28°C.

Similarly, the proportions of EPA declined with rising

temperatures, measuring 32.24 ± 0.24% at 15°C, 25.79 ± 0.11% at

25°C, and 21.73 ± 0.12% at 28°C. Conversely, the proportions of

SFAs and MUFAs exhibited an upward trend with elevated

temperatures. SFAs increased from 26.59 ± 0.06% at 15°C to

35.64 ± 0.20% at 28°C, while MUFAs rose from 24.26 ± 0.10% at
Frontiers in Marine Science 04147
15°C to 32.77 ± 0.09% at 28°C (Figure 2). DHA exhibited minimal

changes, showing a decrease, albeit not statistically significant,

between 25°C and 28°C (Figures 2B, C). However, the percentage

of both EPA and DHA in the PUFAs increased significantly with

temperature, but there was little change in the data (Figure 2).

The analysis of fatty acid carbon chain length revealed that short

and medium-chain fatty acids predominantly constituted the SAFs,

exhibiting consistent distribution across different temperatures.

However, the distribution of long-chain fatty acids exhibited

significant variability based on the temperature conditions. The

long-chain fatty acid content in both SFA and MUFA was positively

and significantly different from the temperature change.

Specifically, at 28°C, the highest count of saturated fatty acid

species (10) and very long-chain unsaturated fatty acid species (3)

were observed, while at 15°C, the highest count of unsaturated fatty

acid species (11) and very long-chain unsaturated fatty acid species

(2) was identified. Moreover, the highest content of long-chain

unsaturated fatty acids (LC-USAFs) was observed at 15°C, reaching

up to 24 mg/g, whereas the highest content of long-chain saturated

fatty acids (LC-SAFs) was recorded at 28°C, approximately 10 mg/g.
Discussion

The ability of S. dohrnii in ocean warming

The Intergovernmental Panel on Climate Change (IPCC, 2018)

has projected that by the end of the century, global marine warming

will lead to a temperature increase of 1–3°C in sea surface

temperatures. This climatic shift is anticipated to trigger various

impacts, including physiological alternations in marine

phytoplankton, ocean stratification, a reduction in the depth of

the upper mixed layer, and diminished nutrient supply to the upper

layer of seawater. Consequently, these changes may result in

nutrient limitation and a decline in primary productivity

(Laufkötter et al., 2015; Jin and Agustı,́ 2018). Temperature has

been identified as a major factor influencing the metabolic

processes, enzymatic reactions, and photosynthesis of diatoms

and other microalgae (Depauw et al., 2012; Bermudez et al., 2015;

Dong et al., 2016; Liang et al., 2019; Thangaraj et al., 2020).

In this study, results showed that the highest biomass and

maximum growth rate were observed at 28°C, with no statistically

significant difference compared to the control group. Notably, at 28°
TABLE 1 Specific growth rate, biomass and total lipid content of S. dohrnii under three temperature conditions.

Samples Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Initial biomass/g
DW L-1

Final biomass/g
DW L-1

Total
lipid content

15°C 0.61
± 0.15a

0.13
± 0.07a

0.62
± 0.09b

0.06 ± 0.05b 0.16
± 0.05b

0.35
± 0.03a

0.006± 0.001

0.046 ± 0.002a 39.23 ± 0.32c

25°C 0.8
± 0.01b

0.39
± 0.03b

0.25
± 0.01a

0.23 ±
0.02c 0.02c

0.14
± 0.04a

0.23
± 0.01b

0.120 ± 0.001b 30.97 ± 0.06a

28°C 0.89
± 0.02b

0.44
± 0.08b

0.22
± 0.01a

0.2 ± 0.02a 0.09
± 0.01a

0.12
± 0.01c

0.122 ± 0.001b 37.9 ± 0.17b
In the same column of data, superscripted with different lowercase letters, indicate significant differences between the various experimental groups (p<0.05). Superscripted with the same
lowercase letter indicates a non-significant difference between the different experimental groups.
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C, the TFA content (36.99 ± 0.05 mg/g), EPA content (7.95 ± 0.01

mg/g), and DHA content (2.16 ± 0.03 mg/g) were significantly

higher than those recorded in the control group. Maia et al. (2022)

found that S. costatum exhibited enhanced biomass and lipid

production, particularly PUFAs, at elevated temperatures in

comparison to P. tricornutum. This suggests that S. costatum may

possess a higher degree of tolerance to temperature variations and
Frontiers in Marine Science 05148
adaptive capabilities in anticipation of future ocean warming. This

suggests the potential adaptation of S.dorhnii to future ocean

warming. Numerous prior studies have demonstrated the

superiority of diatoms surviving in high temperature conditions.

Research indicates that S. dorhnii has the potential to adapt to ocean

warming by readjusting energy metabolism within cells to better

suit to warmer waters (Cheng et al., 2022). Under stress conditions,
TABLE 2 Effects of temperature on fatty acid composition in S. dohrnii..

Types 15°C 25°C 28°C Carbon Chain
Lengths

ISM(mg/g) ANM(%) ISM(mg/g) ANM(%) ISM(mg/g) ANM(%)

4:0 0.64 ± 0.03a 0.59 ± 0.02a 0.66 ± 0.03a 1.45 ± 0.06c 0.79 ± 0.04b 0.83 ± 0.02b short

8:0 0.47 ± 0.02 1.07 ± 0.14a 0.46 ± 0.01 2.51 ± 0.02b 0.47 ± 0.01 1.2 ± 0.07a mid

12:0 0.16 ± 0.01a 0.43 ± 0.05a 0.14 ± 0.01a 0.91 ± 0.03c 0.2 ± 0.02b 0.55 ± 0.03b mid

13:0 0.05 ± 0.02 0.12 ± 0.01 ND ND ND ND long

14:0 7.64 ± 0.02b 20.47 ± 0.14a 3.72 ± 0.07a 23.45 ± 0.25b 9.31 ± 0.12c 26.82 ± 0.15c long

14:1:w9 0.08 ± 0.01a 0.21 ± 0.01a 0.06 ± 0.01a 0.37 ± 0.01c 0.1 ± 0.03a 0.28 ± 0.02b long

15:0 0.22 ± 0.01a 0.6 ± 0.03a 0.11 ± 0.01b 0.66 ± 0.03a 0.23 ± 0.02a 0.66 ± 0.06a long

16:0 0.44 ± 0.02a 2.49 ± 0.08a 0.41 ± 0.01a 5.45 ± 0.09c 0.74 ± 0.04b 4.42 ± 0.01b long

16:1:w9 5.69 ± 0.15b 15.63 ± 0.27a 2.82 ± 0.03a 18.21 ± 0.14b 7.56 ± 0.03c 22.01 ± 0.11c long

18:0 0.12 ± 0.02a 0.33 ± 0.01a 0.07 ± 0.01a 0.45 ± 0.02b 0.21 ± 0.04b 0.60 ± 0.07c long

18:1:w9 2.85 ± 0.03b 7.93 ± 0.13a 1.43 ± 0.02a 9.37 ± 0.18b 3.38 ± 0.04c 10.04 ± 0.14c long

18:2:w6 3.49 ± 0.02b 9.85 ± 0.14c 0.83 ± 0.02a 5.48 ± 0.14b 0.87 ± 0.04a 2.57 ± 0.17a long

18:3:w3 0.04 ± 0.02a 0.11 ± 0.01a 0.06 ± 0.02a 0.38 ± 0.01a 0.06 ± 0.02a 0.16 ± 0.03b long

18:3:w6 0.12 ± 0.02b 0.34 ± 0.02a 0.05 ± 0.01a 0.31 ± 0.01b 0.25 ± 0.04c 0.75 ± 0.05a long

20:1 0.07 ± 0.01 0.19 ± 0.01 ND ND ND ND long

20:3:w6 0.05 ± 0.02a 0.12 ± 0.01a ND ND 0.08 ± 0.01a 0.22 ± 0.01b long

20:5:w3 12.03 ± 0.03c 32.24 ± 0.24c 4.08 ± 0.01a 25.79 ± 0.11a 7.95 ± 0.01b 21.73 ± 0.12b long

22:0 ND ND ND ND 0.04 ± 0.02 0.13 ± 0.01 very long

22:1:w9 0.11 ± 0.04a 0.31 ± 0.01a ND ND 0.15 ± 0.04a 0.44 ± 0.02b very long

22:2 ND ND ND ND 0.18 ± 0.02 0.52 ± 0.01 very long

22:6:w3 2.62 ± 0.19c 6.49 ± 0.13b 0.89 ± 0.03a 5.21 ± 0.09a 2.16 ± 0.03b 5.15 ± 0.12a very long

23:0 ND ND ND ND 0.12 ± 0.01 0.35 ± 0.01 very long

24:0 0.16 ± 0.01a 0.50 ± 0.01a ND ND 0.18 ± 0.02a 0.55 ± 0.02b very long

SFAs 9.89 ± 0.05b 26.59 ± 0.06a 5.56 ± 0.01a 34.88 ± 0.04b 12.29 ± 0.05c 36.12 ± 0.18c NA

USFAs 27.09 ± 0.11c 73.41 ± 0.06c 10.21 ± 0.01a 65.12 ± 0.04b 22.55 ± 0.2b 63.88 ± 0.18 a NA

MUFAs 8.79 ± 0.08b 24.26 ± 0.10a 4.31 ± 0.05a 27.96 ± 0.05b 11.18 ± 0.08c 32.77 ± 0.02c NA

PUFAs 18.31 ± 0.19c 49.15 ± 0.04c 5.9 ± 0.07a 37.17 ± 0.09b 11.36 ± 0.13b 31.11 ± 0.2a NA

TFA 36.99 ± 0.05c NA 15.77 ± 0.01a NA 35.02 ± 0.17b NA NA

Total lipid 39.23 ± 0.32c NA 30.97 ± 0.06a NA 37.9 ± 0.17b NA NA
Differential comparison of the same type of data at different temperatures. Values are mean ± standard error of duplicate measurements.
Different lowercase letters labeled on the same row of data for the same fatty acid indicate significant differences between different experimental groups (p<0.05), and no shoulder label indicates
no significant difference.
SFAs, Saturated Fatty Acids; USFAs, Unsaturated Fatty Acids; MUFAs, Mono Unsaturated Fatty Acids; PUFAs, Poly Unsaturated Fatty Acids; TFA, Total fatty acid.
ND, Not Detected; NA, Not applicable; ISM, Internal Standard Method; ANM, Area Normalization Method.
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S.dorhnii tends to synthesizes lipids, mainly in the form of TAGs,

rather than serve as a carbon sink (Zulu et al., 2018). Proteomics

analysis revealed that the lipid synthesis proteins in S.dorhnii were

upregulated at high temperature (Thangaraj et al., 2020). Studies

utilizing the transcriptomic approach have revealed that the

preservation of protein processing machinery and membrane

structure constitutes crucial short-term physiological mechanisms

employed to counteract temperature variations. These mechanisms

are identified as key components associated with the adaptation to

different growth temperatures (Liang et al., 2019). Upon reaching

the 700th generation, the lipid metabolism of S.dorhnii assumes

prominence as a pivotal element in its sustained adaptation to ocean

warming (Cheng et al., 2022). However, it is noteworthy that in the

high-temperature environment, there was a notable increase in the

proportion of SFAs and a concurrent decrease in the proportion of

USFAs. The SAFs content of S.dorhnii was significant higher than

that of the control group. A greater diversity and higher content of

LC-SAFs were observed at 28°C and the content reached up to 10

mg/g. The increase in SFAs is believed to contribute to the

maintenance of cell membrane fluidity and stability (Renaud

et al., 2002; Sepúlveda and Cantarero, 2022). Moreover, elevated

LC-SAFs can increase intracellular energy expenditure, reduce

intracellular energy metabolism, and sustain healthy and normal

metabolic activity (Giudetti et al., 2016).

In addition to alterations in fatty acid saturation under

temperature stress conditions, diatoms may employ a rapid

adaptation strategy to tackle higher temperatures (O'Donnell

et al., 2019). This strategy involves adjusting the optimum

temperature, enhancing the maximum specific growth rate,

improving light-use efficiency, diminishing photosynthetic

intensity, and achieving saturation in photosynthesis at an earlier

stage (Jin and Agustı,́ 2018; Cheng et al., 2022). For example,

Chaetoceros tenuissimus was observed to enhance its high-

temperatures tolerance by modifying its optimum temperature,

elevating its maximum specific growth rate, optimizing light-use

efficiency, reducing photosynthetic intensity, and reaching

saturation in photosynthesis earlier (Jin and Agustı,́ 2018). In our

study, S. dohrnii was found to have a higher specific growth rate at

28°C, with a maximum biomass exceeding the optimum

temperature. This suggests the likelihood of employing similar

adaptive mechanisms to adapt to future ocean warming.
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The potential of S. dohrnii as aquatic food

Microalgae play an important role in promoting the sustainable

development of aquaculture feeds by reducing the pressure on fish

stocks and fertile soils provoked by traditional feed production

methods. At present, the aquatic species nourished by microalgae

boast high survival rates and exceptional nutritional value (Sarker

et al., 2016; Velasquez et al., 2016; Sales et al., 2021), driving the

significant momentum behind the industrial-scale integration of

microalgae in aquaculture feeds (Beal et al., 2018; Shah et al., 2018;

Sarker et al., 2020).

The primary obstacle hindering the widespread application of

microalgae as aquaculture feeds is the high production cost. To

mitigate this, the selection of high-quality microalgae species and

the implementation of large-scale production processes serve as

effective means to reduce expenses. The selection of appropriate

microalgae for aquafeed must consider various factors, such as cell

size, cell wall thickness, digestibility, pigment content, and growth

rate (Gladue and Maxey, 1994; Renaud et al., 2002). Among these

factors, the growth rate of algae assumes particular importance in

large-scale production of microalgae as aquaculture feeds. In our

study, S.dorhnii exhibited rapid growth and reproduction, enabling

the cultivation of numerous algal strains in a short period of time.

Its substantial accumulation of fatty acids aligns well with the

requisites for large-scale production, rendering it a good

candidate for the development of aquafeeds.

In addition to the factors mentioned above, nutritional value is a

crucial consideration, particularly for the fatty acids, especially

PUFAs, play a vital role in the growth and development of

aquaculture animals. Since the 1940s, over 100 fatty acids from

microalgae have been identified and applied in the development and

production of aquafeeds (Roy and Pal, 2015). Spirulina platensis is

recognized as an important biological source of g-linolenic acid,

constituting 20%-30% of its fatty acid composition (Becker, 2003).

Cyanobacteria typically contain 25–60% PUFA and exhibit richness

in fatty acids such as linoleic acid (18:2) and linolenic acid (18:3), as

well as EPA (20:5) and arachidonic acid (20:4) (Borowitzka and

Borowitzka, 1988). Notably, the red alga P. cruentum stands out for

its high arachidonic acid content, comprising roughly 36% of the

TFA content, highlighting microalgae as a reliable source of n-3

fatty acids, a significant component of high-quality fish oils (Ahern
B CA

FIGURE 2

The proportion of the main fatty acids of S. dohrnii at 15°C (A), 25°C (B) and 28°C (C) according to the area normalization method results.
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et al., 1983). These specific fatty acids are primary metabolites that

accumulate in large quantities with cell growth, forming the basis

for their industrial production. Studies have demonstrated that the

intake of n-3 fatty acids by cultured animals can significantly reduce

the risk of stress responses and chronic diseases (Zuo et al., 2012). S.

costatum abundant in highly unsaturated fatty acids (HUFAs) (EPA

and DHA, both n-3 fatty acids), essential amino acids, and other

nutrients necessary for the growth and development of marine

larvae, is widely used as an additive in aquaculture feeds (Herawati

et al., 2014; Lestari et al., 2014; van Houcke et al., 2017). EPA play a

crucial role in the growth and development of marine organisms,

with diatoms, including S. dohrnii, particularly abundant in EPA

compared to other marine microalgae (Ratnayake and Galli, 2009;

Nodumo et al., 2018). The diatom Odontella aurita has been

successfully cultured and marketed as a dietary supplement high

in omega-3 fatty acids for several years. In cold environmental

conditions, O. aurita contains 45% PUFAs and is rich in EPA,

constituting up to 39% of its composition, similar to S. dohrnii

(Pasquet et al., 2014). Under such conditions, biochemical processes

are activated, stimulating the production of EPA and DHA. These

fatty acids are synthesized through a series of desaturation and

elongation reactions, as evidenced by previous studies on other

diatoms and microalgae (Mimouni et al., 2003; Guihéneuf

et al., 2013).

Furthermore, fish metabolize fatty acids with the highest efficiency

in the order of PUFAs, followed by MUFAs and SAFs. As the chain

length of MUFAs and SAFs increases, their absorption efficiency

decreases (Xu et al., 2020). Our research revealed that S. dohrnii

exhibited a substantial percentage of long-chain polyunsaturated fatty

acids (LC-PUFAs, >C18) at 49.15± 0.04% and a notable percentage of

USFAs at 73.41± 0.06% in cold temperatures. Long-chain fatty acids

were also lowest in both SFAs and MUFAs in cold temperatures.

Despite variations in temperature conditions, the proportion of PUFAs

remained consistently high, suggesting its suitability as fish bait,

especially for marine species.

Nevertheless, sustaining controlled low temperatures for large-

scale cultivation in factories proves financially burdensome.

Additionally, at low temperatures, the biomass of algal cells

experiences a significant reduction, negatively impacting the overall

yield of algal lipids, particularly EPA and DHA. Our research

indicated that temperature stress induces an elevation in total lipid

content, especially TFA content, regardless of whether it is high or low

temperature stress. This phenomenon occurs due to diatoms

redirecting their carbon flux from polysaccharide chrysolaminarin

(b-1,3-gluvan) utilization, a typical carbon sink under normal

conditions (Kroth et al., 2008), toward lipid synthesis under stress

conditions, storing them as TAG (Zulu et al., 2018). Our data

indicated that under the culture conditions, EPA and DHA

production in the low-temperature group amounted to 0.553 ± 0.01

mg.DW.L-1 and 0.121 ± 0.01 mg.DW.L-1, respectively. Conversely, in

the high-temperature group, EPA content measured at 0.97 ± 0.01

mg.DW.L-1 and DHA content at 0.264 ± 0.01 mg.DW.L-1, both

surpassing those in the low-temperature group. Moreover, water

temperature significantly influences the normal reproduction and

growth of bait organisms during high summer temperatures (Bao

and You, 2004; Pasquet et al., 2014). Many aquatic seedling nursery
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processes experience the high-temperature period in summer, such as

the seedlings of Urechis unicinctus. Consequently, the demand for live

microalgae at this stage is high. However, the microalgae utilized

struggle to survive under high-temperature and intense light

conditions, leading to their decay. This results in an inadequate and

untimely supply of microalgae, thereby causing potential problems in

aquatic seeding production (Pasquet et al., 2014; Zhao et al., 2021).

Hence, there’s an urgent need to identify bait microalgae capable of

stable growth at temperatures of 28°C and above, ensuring a reliable

supply of microalgae during summer. Coupled with the

aforementioned adaptive mechanism, it was found that S.dorhnii

has the potential to adapt to high temperatures. With certain

experimental conditions of stress, there may be a possibility to

enhance the optimal temperature and tolerance without resorting

gene editing. Through rapid evolutionary strategies, S.dorhnii might

evolve into a source of high-temperature-tolerant aquatic microalgae

during the summer period.

However, each of these feed microalgae has certain limitations

(Chauton et al., 2015). At present, to enable large-scale commercial

production of S. dorhnii, it is necessary to further enhance its fatty

acid production capacity. A negative correlation between the

optimal growth rate and lipid accumulation was observed at

temperatures below the optimal range. To address this issue, a

two-step culture method, in conjunction with the study of Roleda

et al. (2013), can be employed.
Conclusions

Currently, the amount of lipids in S. dohrnii cultivated in the

laboratory is not on par with that of other extensively produced

aquatic microalgae. However, the increased proportion of EPA and

DHA at lower temperatures suggests that temperature has a

considerable influence on fatty acid concentration. Through

additional exploration of various environmental factors, its

potential as a source of aquatic microalgae could be further

enhanced. In the future, the development of aquatic microalgae

should involve considering the combination of different microalgae

to maximize their individual benefits.
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The Pacific oyster (Crassostrea gigas) is a marine aquaculture species with rapid

production growth in recent years. China accounts for nearly 90% of global

production by 2021, especially in Shandong province. Evaluating suitability is

crucial for ensuring the sustainable growth of Pacific oyster marine aquaculture

and achieving a blue transition. This study developed a suitability evaluation

model for Pacific oyster marine aquaculture using a Geographic Information

System (GIS), Maximum Entropy (MaxEnt) model, remote sensing, and reanalysis

data. A literature review and Analytic Hierarchy Process (AHP) were used to

establish an evaluation model encompassing water quality, hydrology, climate

and meteorology, and socioeconomic factors. The results showed that within a

20 km range of the Shandong coast, 49% of the area was highly suitable, 51% was

moderately suitable, and the overall annual high score proportion (HSP)

fluctuated around 50%, with higher suitability observed in the spring and

autumn. The inner bays of the coastal areas (Laizhou, Rongcheng, Jimo)

exhibited high suitability (HSP over 80%); in contrast, the offshore areas

(Changdao, Rushan) farther from the coast had lower suitability and showed

significant monthly variations. The result was consistent with the spatial

distribution and temporal variation of Shandong’s existing Pacific oyster marine

aquaculture areas. The study also found that El Niño significantly impacts

Rongcheng, Rushan, and Jimo during summer. We predicted an overall

increase of suitability in the Shandong offshore areas under future climate

change scenarios, with a more significant increase of suitability in the north. El

Niño-Southern Oscillation (ENSO) influenced the concentration of parameters

such as chlorophyll-a (Chl-a) and total suspended sediment (TSS) in the coastal

waters through its impact on precipitation (Pr), resulting in suitability fluctuations.
KEYWORDS

pacific oyster, marine raft aquaculture, suitability evaluation, GIS, remote sensing,
ENSO, climate change
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1 Introduction

The Pacific oyster (Crassostrea gigas) (Thunberg, 1793) in GBIF

Secretariat (2023) has been extensively introduced and expanded for

marine aquaculture worldwide due to its high commercial value

(Barillé et al., 2020). Since the 1990s, it’s production in China has

steadily increased, accounting for nearly 90% of the global production

by 2021, and reaching 5.8377 million tonnes (FAO, 2022),

significantly higher than in other countries. Shandong province is

China’s leading producer of Pacific oysters, accounting for 75.20% of

the national production in 2018. The primary marine aquaculture

method is raft aquaculture (Yu et al., 2008; China Fishery Statistical

Yearbook, 2023), characterized by continuous immersion in seawater,

rapid growth, high yield, low cost, easy management, and not being

restricted by seabed sediment, allowing for mobility, so it is widely

applied (Zou et al., 2021).

The continuous increases in Pacific oyster marine aquaculture

production have created economic and social benefits but have also

caused severe environmental impacts. High-density and repetitive

marine aquaculture reduce water exchange capabilities (Wang et al.,

2018; Huang et al., 2023), leading to biological sedimentation and

nutrient enrichment (Forrest et al., 2009), and reducing ecological

carrying capacity (Gao et al., 2020; Brito et al., 2023). This, in turn

decreases the sustainability and per-area yield. On the other hand,

the growing marine aquaculture industry needs to develop new

areas with the potential, which have suitable environmental and

socioeconomic conditions. This is essential to ensure the growth

potential of Pacific oyster and avoid conflicts with other planned

uses and economic benefits (Barillé et al., 2020). Therefore,

suitability evaluation is essential for assessing existing marine

aquaculture areas and identifying potential areas for sustainable

expansion of Pacific oyster marine aquaculture.

Satellite remote sensing provides unrestricted, long-time series

data with a high spatial and temporal resolution, capturing

continuous changes in marine environments, and was introduced

into marine aquaculture research as early as 1987 (Liu, 2021).

Numerical models and data assimilation provide reanalysis and

forecast data for historical and future periods. Suitability evaluation

models based on Geographic Information Systems (GIS) and the

Analytic Hierarchy Process (AHP) are practical tools for evaluating

suitable areas. After the 1990s, the application of remote sensing

and GIS in marine aquaculture site selection and evaluation

gradually increased (Bacher et al., 2003; Radiarta et al., 2008,

Radiarta et al, 2011; Saitoh et al., 2011; Cho et al., 2012; Liu et al.,

2013, Liu et al, 2014; Aura et al., 2016; Snyder et al., 2017; Liu et al.,

2020a). The Maximum Entropy (MaxEnt) model is a species

distribution model (SDM) based on the principle of maximum

entropy, first proposed in 2006 (Phillips et al., 2006; Yang et al.,

2023), predicting potential habitable zones for species based on

known distribution data and related environmental factors (Wang

et al., 2023; Zhang et al., 2023; Wang et al., 2024). Additionally,

MaxEnt can incorporate future climate prediction data, such as

bioclimatic factors, making it an effective tool for assessing future

suitability changes under climate change impacts (Liu et al., 2024a,

Liu et al., 2024b).
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Marine aquaculture suitability is influenced by climate change,

such as single bivalve marine aquaculture systems in shallow

coastal waters, being particularly vulnerable to gradual climate

changes like El Niño-Southern Oscillation (ENSO). Climate

change could cause environmental and meteorological shifts,

which may reduce or increase marine aquaculture areas’ in

different regions. Choosing areas less affected by climate change

is more beneficial for the long-term development of marine

aquaculture than vulnerable areas (Saitoh et al., 2011; Liu et al.,

2013, Liu et al, 2014; Liu et al., 2020a). Moreover, the intensity and

frequency of regional extreme events such as Marine Heatwaves

(MHWs), extreme precipitation and droughts, storms, and storm

surges have increased, result in more significant impacts (Beniston

et al., 2007). Future climate change will also affect marine

aquaculture in estuaries (Brito et al., 2023). For example, mass

mortality events of Pacific oyster worldwide during summer may

be caused by MHWs that promote the proliferation, growth, and

pathogenicity of pathogens (Yang et al., 2021), weakening the

immune response of Pacific oyster (Green et al., 2019). Global

warming is expected to lead to more intense and frequent

occurrences of MHWs (Frölicher et al., 2018). Therefore,

considering climate factors affecting Pacific oyster marine

aquaculture, accurately assessing climate change impacts,

adapting to climate change through appropriate management,

and setting climate factor indicators tailored to local conditions

are increasingly emphasized (FAO, 2022).

This study aims to (1) construct a suitability evaluation model

for Pacific oyster marine aquaculture in offshore areas of Shandong,

summarizing the spatial and temporal characteristics of suitability;

(2) explore the impact of climate events such as ENSO and future

climate change on suitability, and investigate the mechanisms of

climate change impact; (3) provide management recommendations

for Pacific oyster marine aquaculture.
2 Materials and methods

2.1 Study area

Shandong is bordered by the Bohai Sea and the Yellow Sea

(Figure 1). It boasts a coastline spanning 3,345 km and shallow

sea areas within a depth of 20 m, covering 29,731 km2. This area

accounts for 37% of the total area of the Bohai Sea and the Yellow

Sea (Peoples Government of Shandong Province, 2023), making

it highly suitable for marine aquaculture and has the most

production of Pacific oysters in the world. The rivers in

Shandong particularly the Yellow River, transport significant

amounts of freshwater and sediment to the Bohai Sea, affecting

the salinity, nutrient, and sediment concentration near the

estuary (Zheng et al., 2021).

The offshore areas of Shandong are primarily influenced by

the north Shandong coastal current, which originated from the

Bohai Sea and flows eastward to the Yellow Sea eastward. This

current runs parallel to the northern coastline of the Shandong

peninsula, turning southward along the eastern coast before
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eventually moving southwestward along the southern coast of the

Shandong peninsula. The north Shandong coastal current

correlates well with wind speed (Zheng et al., 2021), becoming

more pronounced in winter when northerly winds prevail (Zhang

et al., 2018), causing sea level rise in LZ Bay (Li et al., 2015), and

transporting large amounts of freshwater and sediment from the

Yellow River eastward along the northern coast (Yang et al., 2011;

Wang et al., 2020), resulting in low salinity and high turbidity in

the coastal waters along the north coast of the Shandong Peninsula

(Yang et al., 2011).

The climate of Shandong is controlled by the East Asian

monsoon (Song et al., 2021). Winter winds are predominantly

blow from the north while summer winds are predominantly

southerly. This monsoonal climate is characterized by distinct

seasons, higher summer temperatures with concentrated

precipitation (60%–70%), with the temperature gradients

increasing from the southeast coast to the northwest inland and

precipitation patterns showing the opposite trend (Peoples

Government of Shandong Province, 2023).
2.2 Data preprocessing

The environment, climate, meteorology, and socioeconomic

data utilized in this study, along with their sources and

resolutions, are listed in Table 1. To assess the spatiotemporal

distribution of suitable areas for Pacific oyster marine aquaculture

along the Shandong offshore, we acquired and processed monthly

average data of factors from May 2011 to December 2022 and

correlated these with climate events. The climate data used for

future climate impact analysis, including its source, model,

scenarios, time series, and resolution, are detailed in Table 1.

Among them, 12 factors, including Chl-a, TSS, SST, DO, pH, SO,

WW, Res, VO, WS, Tas, and Pr, have time series data from May

2011 to December 2022. Bathymetry, bioclimatic, distance to city,
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pier, and WWTPs lack time series data. Mean data will be used for

both time series and climate scenarios.

The water quality factors considered in this study included

chlorophyll-a (Chl-a), total suspended sediment (TSS), sea surface

temperature (SST), dissolved oxygen concentration in seawater

(DO), seawater pH reported on the total scale (pH), seawater

salinity (SO). Chl-a and TSS data were obtained from the

Geostationary Ocean Color Imager (GOCI) onboard the Korean

geostationary orbit satellite. Their data were downloaded from the

Korea Ocean Satellite Center (http://kosc.kiost.ac.kr/index.nm)

with a resolution of 500 m for Level 1 data. The GOCI Data

Processing System 2.0 (GDPS 2.0) software’s Batch Process tool

was used to calculate Chl-a and TSS bands. ENVI 5.3 software was

used for geometric correction based on the official GLT files. After

GOCI concluded its observation mission in March 2021, Chl-a

and TSS data from April 2021 to December 2022 were obtained

from the second Korean geostationary orbit satellite (GOCI-II).

This study used Level 2 data with an initial resolution of 250 m.

Monthly average data were computed using SeaDAS 8.0 software

by selecting cloud-free data each month. SST data were sourced

from the Moderate Resolution Imaging Spectroradiometer

(MODIS) aboard NASA’s AQUA sun-synchronous polar-

orbiting satellite. Data were obtained from the Ocean Color

website (https://oceancolor.gsfc.nasa.gov/) with a resolution of

1 km for Level 2 data. Daily data were filtered to minimize

cloud cover impact, atmospheric data was corrected using the

OCSSW tool in SeaDAS 8.0, and monthly averages were calculated

using ArcGIS 10.7 with interpolation and other processing

performed in SeaDAS. SO, DO, and pH were obtained from the

E.U. Copernicus Marine Service Information (CMEMS) Marine

Data Store (MDS).

Hydrological factors include bathymetry, water velocity (VO), and

sea surface wind wave significant height (WW). Bathymetry data were

sourced from the General Bathymetric Chart of the Oceans (GEBCO,

https://www.gebco.net/), offering a global resolution of approximately
FIGURE 1

Study area. The 20 km line indicates the study area within 20 km of the Shandong coast as shown; Red box represents the existing main marine
aquaculture areas for Pacific oyster, including Laizhou (LZ), Changdao (CD), Rongcheng Sanggou Bay (RC), Rushan (RS), and Jimo Aoshan bay (JM).
The classify of blue color as in the legend indicates depth.
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15 arc seconds (500m). VO andWWwere obtained from the CMEMS

MDS. VO was calculated from the square root of the sum of the

squares of the eastward and northward sea water velocities.

Meteorological data include wind speed at 10m above the surface

(WS), total precipitation (Pr), and 2-meter dewpoint temperature

(Tas). They were sourced from the European Centre for Medium-

Range Weather Forecasts’ ERA5 reanalysis monthly average data,

these data were interpolated for missing values using MATLAB.

Climate data, the climate scenario data in 2010–2040 for SST and

Tas are based on the projected temperature increases associated with

the SSP1–2.6 and SSP5–8.5 mentioned in the sixth assessment reports

of the Intergovernmental Panel on Climate Change (IPCC). The

climate scenario data in 2040–2070, 2070–2100 for SST, Tas, and the

future predictions for VO are sourced from the Biogeographic

Oceanic and Regional Seas Environmental Predictive Model (Bio-

ORACLE). Nineteen bioclimatic parameters (Karger et al., 2017)

were derived from Climatologies at High resolution for the Earth’s

Land Surface Areas (CHELSA), which offers high-resolution data (30

arc seconds, ~1 kilometer). We selected the GFDL-ESM4 model, the

SSP1–2.6 and SSP5–8.5 scenarios in four periods: 1981–2010, 2011–
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2040, 2041–2070, and 2071–2100, these two scenarios can produce a

more pronounced contrast to the suitability. The Oceanic Niño Index

(ONI) and the Multivariate ENSO Index (MEI) (Wolter & Timlin,

2011) were used for climate events. ONI is available from NOAA’s

Climate Prediction Center (https://origin.cpc.ncep.noaa.gov/

products/analysis_monitoring/ensostuff/ONI_v5.php). The MEI can

be obtained from NOAA’s Physical Sciences Laboratory (https://

psl.noaa.gov/enso/mei/ ).

Socioeconomic data included the location of cities, piers, and

wastewater treatment plants (WWTPs). Cities data were taken from

global multi-temporal urban boundary data (Gong et al., 2020),

which includes all global cities and surrounding settlements over 1

square kilometer, effectively capturing the contours of urban-rural

edge areas. Pier data were extracted from coastal Points of Interest

(POI) available in relevant map services. WWTP data came from

the global database of HydroWASTE (Ehalt Macedo et al., 2022).

Socioeconomic data on suitability distribution were obtained using

the Euclidean Distance tool in ArcGIS 10.7.

All data were resampled to 500 m resolution using ArcGIS 10.7.

Due to varying data sources, to ensure temporal continuity, 1000
TABLE 1 Source and resolution of the data.

Time series date Mean date

May 2011—2020 2021—2022 History 2010–2040 2040–2070 2070–2100

Chl-a(mg/m3) COMS-GOCI
L1B
500m

GK-2B-GOCI II
L2

250m

History mean

TSS(g/m3) History mean

SST(°C)
MODIS-Aqua

L2
1km

History mean +0.6/+0.8
ORACLE

9km

Bathymetry(m)
GEBCO
15’’

History mean

DO(mmol/m3) CMEMS
0.25°×0.25°

History mean

pH History mean

SO(‰)
CMEMS

0.083°×0.083°
History mean

ORACLE v2.2
9km

WW(m)
CMEMS
0.2°× 0.2°

CMEMS
0.083° × 0.083°

History mean

VO(m/s)
CMEMS

0.083°×0.083°
History mean

WS(m/s)

ECMWF
0.5°×0.5°

History mean

Tas(°C) History mean +0.6/+0.8 +0.9/+1.5 +0.9/+3.5

Pr(mm) History mean

Bioclimatic
CHELSA Version 2.1

30’

CHELSA
-

1981–2010
-

1km

CHELSA
GFDL-ESM4
2011–2040
SSP126/585

1km

CHELSA
GFDL-ESM4
2041–2070
SSP126/585

1km

CHELSA
GFDL-ESM4
2071–2100
SSP126/585

1km

City
EULUC-China

(Gong et al., 2020)
History mean

Pier POI History mean

WWTPs
HydroWASTE

(Ehalt Macedo et al., 2022)
History mean
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random samples were generated within a 20 km range of the

Shandong offshore using the ArcGIS10.7 Create Random Points

tool to ensure temporal continuity. The relationship between

datasets was quantified through linear fitting to ensure usability

(Park et al., 2021) and consistency. Environmental (except

Bathymetry) and meteorological data from May 2010 to

December 2020 were statistically analyzed for the five Pacific

oyster marine aquaculture areas and all offshore areas within

20 km of Shandong Peninsula to understand further the

spatiotemporal variation characteristics of environmental and

meteorological factors in Shandong.
2.3 Suitability distribution map
and validation

Figure 2 illustrates the schematic diagram of the suitability

evaluation model for Pacific oyster marine aquaculture, which
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primarily includes four categories of factors: water quality (Chl-a,

SST, TSS, SO, pH, DO), hydrology (Bathymetry, VO, WW), climate

and meteorology (WS, Tas, Pr, Bioclimatic), and socioeconomic

factors (distance to city, pier, WWTPs). Each factor was assigned a

score ranging from 1 to 8, with 1 representing the least suitable and

8 representing the most appropriate. The model employed the

Analytic Hierarchy Process (AHP), a multi-criteria decision-

making method proposed by American operations researcher

Saaty in the early 1970s (Saaty, 1977), to determine the weights of

each factor and each sub-model. The model utilizes ArcGIS 10.7 for

Reclassify, Spatial Analyst, and Model Builder to enable batch

processing of time series data, generating spatial distribution

maps of suitability for Pacific oyster marine aquaculture. The

ArcGIS raster calculator also calculated quarterly averages for all

data from May 2011 to December 2022. A comparison was made

between the highly suitable areas and the marine aquaculture areas

identified through high-resolution satellite imagery (Wang et al.,

2018; Liu et al., 2020b) to validate the accuracy of the model.
FIGURE 2

Suitability evaluation model of Pacific oyster marine aquaculture.
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2.4 Pearson’s correlation analysis

This study analyzed the impact of climate change on Pacific

oyster marine aquaculture suitability from two aspects: the effects of

climate events and the future climate change on suitability. Firstly,

when investigating the influence of climate events such as El Niño on

the suitability of Pacific oyster marine aquaculture, we compared the

suitability of average years with El Niño (2015) and La Niña (2022)

and utilized time series data from May 2011 to December 2022. We

conducted Pearson correlation analysis and box plot analysis between

time series data and the High Suitability Percentage (HSP), ONI, and

MEI indices, with significance testing based on a significance level of

0.01 and 0.05 for t-tests. The causes of temporal and spatial variations

in suitability were analyzed by combining existing research with

correlation analysis results.
2.5 Prediction of future suitability based
on MaxEnt

Mean data were used to investigate the impact of future climate

change on suitability. Except for the predicted values and databases

(SST, SO, Tas, Bioclimatic) shown in Table 1, all other data were

based on the mean values from May 2011 to December 2022,

including mean data, Bathymetry, Bioclimatic, distance to city, pier,

WWTPs, as history and future periods date. Bioclimatic factors data

were used with the MaxEnt model to predict suitable historical and

future suitable zones. Pacific oyster distribution data were sourced

from the Global Biodiversity Information Facility (GBIF) (GBIF,

2023). Due to insufficient data in the offshore area of Shandong,

distribution data from the northwest Pacific region (117°E-146°E,

30°N-45°N) were used for suitable zone prediction, supplemented

with in-situ oyster reef distribution area and wild Pacific oyster

population sampling point data (Supplementary Table 1) from

literature (Gu et al., 2005; Fang et al., 2007; Quan et al., 2012;

Wang et al., 2014; Ran et al., 2018; Zhong et al., 2019; Li et al., 2020;

Song et al., 2021; Zhang et al., 2021; Quan et al., 2022; Hong et al.,

2023). ENMTools software was used to calculate spatial

autocorrelation and exclude highly correlated (>0.8) features with

a lower contribution, combining historical data for the MaxEnt

model suitable zone prediction. The accuracy of the MaxEnt model

was evaluated using the Area Under Curve (AUC) under the

Receiver Operating Characteristic (ROC) Curve. The species’

habitable probability obtained was graded to determine

suitability distribution.
3 Result

3.1 Spatiotemporal distribution
characteristics of time series factors in
Shandong offshore

Figure 3A illustrated the changes in the monthly average and

Figure 3B illustrated the quarterly spatial distribution of time series

factors across different regions from May 2011 to December 2022.
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Chl-a and TSS exhibited similar spatial distribution patterns, with

concentration gradually decreasing from the coast toward the open

sea. In winter, the concentration of Chl-a was highest, while the

lowest concentration was observed in summer. LZ had the highest

Chl-a concentration, and CD had the lowest, yet all areas have Chl-a

concentration above the 20 km average. In contrast, all areas had

lower TSS concentrations than the 20 km average, except for JM,

which had higher TSS concentrations in summer.

SST was highest in summer and lowest in winter, with minimal

spatial variation and almost no inter-regional differences. LZ Bay

experienced higher SST in spring, while the area near RC exhibited

lower temperatures in summer. SO increased spatially from the

coast toward the open sea, with LZ Bay exhibiting the lowest yearly

SO but noticeable seasonal fluctuations, being higher in summer

and lower in winter. The spatial and temporal pH variation was

minimal, with slight differences among regions, and the entire

Shandong offshore had a weakly alkaline pH. DO was higher in

winter and spring but lower in summer and autumn, with LZ Bay

having the highest winter DO concentration.

WW increased from the coast toward the open sea, with the

lowest wave heights observed in summer. The CD region exhibited

the most significant variation in WW, reflecting its location in the

open sea. VO was more robust in winter and spring, with spatial

differences in VO, which can identify the coastal currents in the

Shandong offshore, and LZ had the lowest water flow across

all years.

Pr and Tas followed similar seasonal patterns, with more

rainfall in the south than in the north during spring and autumn,

though regional differences were not pronounced, and CD had the

least rainfall. WS showed minor spatial variation, with higher speed

in summer and winter.
3.2 Pacific oyster marine aquaculture
suitability evaluation model

Table 2 outlines the final evaluation model, with grading

indicators determined based on existing research and the actual

conditions of the Shandong offshore. This study set a high Chl-a

concentration threshold detrimental to marine aquaculture at more

than 5 mg/m3 (Terauchi et al., 2014). However, the Chl-a

concentration in the Shandong offshore did not exceed 3.17 mg/

m3. Therefore, in the grading indicators, the higher the Chl-a

concentration, the higher the score. The grading indicators for

TSS were based on the experimental levels: 0, 0.10, 0.25, and 0.5 g/L

(Suedel et al., 2015a), with lower TSS concentrations receiving

higher scores. SST in the Shandong offshore exhibited seasonal

variations, with high summer temperatures causing mass

mortalities of marine aquaculture oyster (Yang et al., 2021). The

grading indicators for SST were based on the Arrhenius

temperature of oyster (Van Der Veer et al., 2006). The grading

indicators for SO were based on Wang et al (2023), with 25‰-35‰

representing the highest suitability, decreasing linearly outside this

optimal range. The grading indicators for DO were based on the

concentration needed for oyster reef restoration (Wang et al., 2023).

The seawater pH in Shandong ranges from 7.9–8.2, showing minor
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seasonal differences. The grading indicators were set that higher pH

values indicate higher suitability.

As the depth increased from the coast toward the open sea in

the Shandong offshore but did not overall exceed 20m, and VO did

not exceed 20 cm/s (except in RC), the grading indicators were set

that greater depth and water flow indicated higher suitability. The
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resuspension of seabed sediments caused by wind waves could also

determine the best suitable area. For the resuspension effect, which

had a critical depth (h < 10WW), we used WW-h/10 as a grading

indicator. If the effects was harmful, it could not cause resuspension;

if it was positive, it could cause resuspension and was considered a

positive factor, providing more nutrients. However, waves could
A B

FIGURE 3

(A) Monthly average change of time series factors in Shandong offshore different areas from May 2011 to December 2022; (B) The quarterly change
of spatial distribution for time series factors.
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negatively impact rafts, so a lower WW was considered better for

suitability (Ogle et al., 1977; Goseberg et al., 2017).

WS was graded from less suitable to more suitable in an

arithmetic sequence, as the average monthly WS in the Shandong

offshore did not exceed 5 m/s, making its potential impact on

marine aquaculture rafts relatively small. Tas had the same grading

indicators as SST, based on the Arrhenius formula (Van Der Veer

et al., 2006). Pr was graded from less suitable to more suitable in a

linear relationship. After correlation analysis (Supplementary

Figure 1) and contribution contrast (Supplementary Table 2), the

bioclimatic factors finally selected include bio2 (mean diurnal

range), bio5 (max temperature of the warmest month), bio8

(mean temperature of the wettest quarter), bio10 (mean

temperature of the warmest quarter), bio14 (precipitation of the

driest month), and bio16 (precipitation of the wettest quarter). The

training and test set values for both historical and future periods
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were above 0.9 (Supplementary Figures 2, 6, 10, 14, 18, 22, 26),

indicating good prediction results and high reliability. Response

curves (Supplementary Figures 3, 7, 11, 15, 19, 23, 27), Variable

contributions (Supplementary Tables 3, 4, 5, 6, 7, 8, 9) and jackknife

test of variable importance (Supplementary Figures 4, 8, 12, 16, 20,

24, 28) of historical and future periods were in the Supplementary

Material. The bioclimatic factors graded the habitability probability

(Supplementary Figures 5, 9, 13, 17, 21, 25, 29) obtained from the

MaxEnt model.

In practical production, factors related to oyster harvesting,

such as storage, transportation, waste disposal, and maintaining a

certain distance to piers equipped with specific equipment (marine

aquaculture equipment and vessels), are necessary to ensure

profitability; otherwise, costs become significantly higher (Liu

et al., 2014). This is particularly challenging for individual

farmers and small enterprises (Barillé et al., 2020). Proximity to
TABLE 2 Each factor’s weights and grading indicator.

Parameter
Suitability Score

1 2 3 4 5 6 7 8

Water quality 40%

Chl-a(mg/m3) 61% 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0 1.0–1.2 1.2–1.4 >1.4

TSS(g/m3) 14% >8+ 6–8 4–6 2–4 1–2 0.25–1 0.1–0.25 0.-0.1

SST(°C) 12%
0–0.5 0.5–2 2–4 4–7 7–10 10–13 13–16

16–21
>32 29–32 27.25–29 25.75–27.25 24.5–25.75 23–24.5 21–23

SO(‰) 6%
0–6 6–7.5 7.5–9 9–10.5 10.5–12 12–13.5 13.5–15

15–26
>32 31–32 30–31 29–30 28–29 27–28 26–27

DO(mmol/m3) 4% <264 264–270 270–276 276–282 282–288 288–294 294–300 >300

pH 3% 0–7 7–7.2 7.2–7.4 7.4–7.6 7.6–7.8 7.8–8 8–8.2 >8.2

Hydrology 30%

Bathymetry(m) 10% 0–3 3–4 4–5 5–6 6–7 7–8 8–10 >10

Res 15%
<-7 -7 - -6 -6 - -5 -5 - -4 -4 - -3 -3 - -2 -2 - -1

-1 - 1
>7 6 - 7 5 - 6 4 - 5 3 - 4 2 - 3 1 - 2

WW(m) 51% >0.7 0.6–0.7 0.5–0.6 0.4–0.5 0.3–0.4 0.2–0.3 0.1–0.2 0–0.1

VO(m/s) 24% 0–0.01 0.01–0.02 0.02–0.03 0.03–004 0.04–0.05 0.05–0.06 0.06–0.07 >0.07

Climate and Meteorology 20%

WS(m/s) 15% 0–1 1–1.3 1.3–1.6 1.6–1.9 1.9–2.2 2.2–2.5 2.5–2.8 >2.8

Tas(°C) 10%
<-0.5 0.5–2 2–4 4–7 7–10 10–13 13–16

16–21
>32 29–32 27.25–29 25.75–27.25 24.5–25.75 21–23 21–23

Pr(mm) 5% 0 0–1 1–2 2–3 3–4 4–5 5–6 >6

Bioclimatic 70% 0–0.1 0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.5 0.5–0.6 0.6–0.7 0.7–1

Socioeconomic 10%

City(km) 75% >18 16–18 14–16 12–14 10–12 8–10 6–8 0–6

Pier(km) 19% >18 16–18 14–16 12–14 10–12 8–10 6–8 0–6

Waste(km) 6% 0–6 6–8 8–10 10–12 12–14 14–16 16–18 >18
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cities facilitates oyster transportation, processing, and sales. Our

model incorporates socioeconomic factors that could quantify the

specific impact of distance, such as distance to piers and cities. It

also considers the negative impact of WWTPs, quantifying their

impact on marine aquaculture activities using distance metrics. In

socioeconomic factors, proximity to cities and piers indicated

higher suitability, while proximity to WWTPs indicated lower

suitability scores.

The weight value for each factor was obtained through a

literature review and experts’ opinions (Radiarta et al., 2008,

Radiarta et al, 2011; Saitoh et al., 2011; Cho et al., 2012; Liu et al.,

2013, 2014; Aura et al., 2016; Snyder et al., 2017; Barillé et al., 2020;

Liu et al., 2020a; Jiang et al., 2022). Environmental factors such as

SST, Chl-a, TSS, SO, DO, and Bathymetry were commonly

considered. Socioeconomic factors, including distance to the city,

piers, land-based facilities, and constraints like harbors, townships,

industrial areas, and river mouths, were also considered in the

evaluation model.

Compared to socioeconomic factors, environmental factors

hold a higher weight. Among the environmental factors, water

quality, such as SST, Chl-a, and TSS, carries a significant weight of

40%. Chl-a concentration reflects the biomass and productivity of

phytoplankton in seawater and can indicate food availability (Xing

et al., 2017). Furthermore, it has been found to have a significant

positive correlation with oyster growth (Mizuta et al., 2012). Oysters

tend to increase their feeding activity to a maximum level and

stabilize, increasing Chl-a concentration within a specific range

(Tenore and Dunstan, 1973). TSS can negatively impact oyster

pumping and clearance rates (Loosanoff and Tommers, 1948;

Suedel et al., 2015). SST is a crucial parameter influencing

biological processes, and high summer temperatures can lead to

mass mortality in oyster marine aquaculture (Yang et al., 2021).

While Pacific oyster are euryhaline species, SO does not

significantly affect their growth (Nell and Holliday, 1988).

However, increased freshwater influx can result in rapid, short-

term salinity reduction, limiting oyster growth (Swam et al., 2022).

In the Shandong offshore area, the maximum SO does not exceed

30‰, and the LZ Bay exhibits the lowest SO due to extensive river

inputs, necessitating consideration of SO variations. DO in coastal

ecosystems is experiencing more significant fluctuations than other

environmental variables, and seasonal hypoxia events are rising

(Diaz, 2001). Considering the decrease in DO with increasing

marine aquaculture density, this factor needs consideration, albeit

with a lower weight (Brito et al., 2023). pH reduction can impede

the growth of early life stages of oyster (Ko et al., 2014). The pH

value of seawater in Shandong ranges from 7.9 to 8.2, with minimal

seasonal variation, warranting a lower weight.

Hydrological factors are also crucial in influencing the growth

and marine aquaculture of Pacific oyster, and they hold a weight of

30% in this model, relatively lower than water quality factors.

Suspended particles influenced byWS andWW, such as Chl-a and

TSS, exhibit good temporal consistency with the mass

concentration and diffusion intensity. Wind and waves play a

significant role in the spatial and temporal distribution and

diffusion of suspended particles, including Chl-a and TSS (Liu

and Wang, 2019). Hence, the weight assigned to Res is relatively
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higher. Deeper waters contribute to higher VO (10–20 cm/s),

resulting in faster water renewal and more favorable nutrient

conditions. These conditions affect the feeding physiology of

oyster, leading to higher growth rates (Lee et al., 2017). Offshore

wind and wave conditions, persistent wave action, and strong

ocean currents can impact marine aquaculture facilities (Ogle

et al., 1977).

Meteorological factors such as WS, Pr, and Tas are less

commonly considered in suitability site selection studies for

oyster marine aquaculture. These climate and meteorological

factors do not directly impact marine aquaculture and carry a

lower weight of 20%. However, they exhibit strong correlations with

environmental factors. For example, Tas is related to SST, and the

Res is caused by wind and waves, leading to changes in TSS

concentration. Pr affects river flow rates, influencing factors such

as SO and river nutrient inputs, which can impact Pacific oyster

marine aquaculture.

Furthermore, meteorological factors directly reflect variations

in these factors that can characterize climate changes and extreme

weather events. Due to the lack of relevant data, this study considers

fewer socioeconomic factors, weighing only 10%. Among the

socioeconomic factors, city areas and piers with established

infrastructure often carry a higher weight.
3.3 Quarterly variation in the spatial
distribution of each sub-model and the
final suitability scores

The quarterly variations in the spatial distribution of suitability

for each sub-model in the Shandong offshore are shown in Figure 4.

The results indicated that water quality and hydrology suitability in

the Shandong offshore are suitable, with scores of 6 or above within

the range. Water quality suitability decreases in the summer, while

hydrological conditions are best in winter and spring. Compared to

other areas, the water quality and hydrological conditions in LZ

were relatively poorer. Climate suitability in Shandong is relatively

low, exhibiting higher suitability only near the coast, which may be

attributed to the limited availability of distribution data for wild

Pacific oyster in the Shandong offshore.

Averaging 140 suitability distribution maps from May 2011 to

December 2022, we obtained the final spatial suitability distribution

(Figure 5A). The suitability scores were categorized into three levels:

high suitability (scores of 6–8), medium suitability (scores of 4, 5),

and low suitability (scores of 1–3). The HSP was 48% in 20 km, with

all areas except CD (19%) having higher HSP than the overall 20 km

level, including LZ (100%), RC (92%), RS (72%), and JM (100%).

High scores in LZ all being score of 6.

The suitability distribution in RC Sanggou Bay (Figure 5B) was

compared with high-resolution satellite imagery and the offshore

marine aquaculture database obtained by Liu et al (Liu et al., 2020b)

(Figure 5D). This database is based on Landsat 8 remote sensing

images and object-oriented NDWI and edge feature extraction

(Wang et al., 2018), along with manual interpretation methods,

providing the spatial distribution of marine aquaculture within a

100 km range of China’s offshore areas. The red areas in Figure 5C
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represented actual offshore marine aquaculture areas. In RC, the

high suitability areas in spring, summer, and autumn matched the

locations of rafts in this database, proving the accuracy of the

evaluation model.
3.4 Monthly change in the spatial
distribution of Pacific oyster marine
aquaculture suitability

The monthly average change in the HSP (Figure 6B) showed

that LZ (85.1%—100%), RC (87.16%—100%), and JM (80.39%—

100%) maintained high suitability throughout the year (above 80%).

The CD was more suitable in spring (March-May) but was lower

than 20 km in other seasons. RS had lower suitability in summer

(June-August), consistent with actual conditions, with minimal

seasonal variation and HSP above 80% in other seasons. CD and

RS exhibited more considerable monthly variation in suitability.

Overall, the offshore areas within 20 km of Shandong had higher

suitability in spring and autumn, with the annual HSP fluctuating
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around 50%. Spatially, the northern part of Shandong had higher

suitability (Figure 6A).
3.5 Impact of ENSO on Pacific oyster
marine aquaculture suitability

The time series of HSP from May 2011 to December 2022

(Figure 7A) indicated that summer (June-August) was the most

susceptible to climate events. Comparing the spatial distribution of

suitability in July of average years with El Niño and La Niña years

(Figure 7B), the results showed a general decrease in suitability

during El Niño years and an increase during La Niña years. LZ and

CD were less affected by climate events. In contrast, RC, RS, and JM

were more susceptible to climate events in summer, with a

noticeable decrease in suitability (scores of 7) during El Niño

years, and high HSP (scores 6–8) area expanded within the

20 km range during La Niña periods. The increase in suitability

during La Niña could be related to positive anomalies of Chl-a

forced by winds (Herrera-Cervantes et al., 2020).
A B

D

C

FIGURE 4

Quarterly variation of the spatial distribution of the suitability of each sub-model in Shandong coastal area: (A) Water quality; (B) Hydrology;
(C) Climate and Meteorology; (D) Socioeconomic.
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3.6 Impact of future climate change on
Pacific oyster marine
aquaculture suitability

Figure 8 showed that under the SSP1–2.6 scenario, overall

suitability in the Shandong offshore gradually increases in all

future periods compared to the historical period. Under the

SSP5–8.5 scenario, suitability initially increases and then

decreases. However, the HSP (scores of 6–8) remains higher than

the historical average, with a sharp decline in the proportion of the

score of 7.

Our research indicated that future climate change impacts

would increase suitability in the northern offshore of Shandong.

Importantly, high suitability had remained stable at 100% in LZ,

primarily with a score of 6. Furthermore, a suitability score of 7

increased under the SSP1–2.6 scenario and maintained the highest

in the near term under the SSP5–8.5 scenario, later being surpassed

by RC and RS in 2041–2070. This stability and high suitability

would provide some reassurance in the face of potential climate

change impacts.
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4 Discussion

4.1 Development of the suitability
evaluation model

The suitability evaluation model for Pacific oyster marine

aquaculture develop in this study is applicable for assessing

operations in the Shandong offshore area and can be adapted to

suit the specific conditions of other regions as well. However, it is

essential to note that there is still scope for further development of

this model. Due to data limitations, this study considered a limited

number of socioeconomic factors. When conducting suitability

assessments, it is essential to take into account areas where

marine aquaculture is prohibited or conflicts with existing

activities, such as protected areas, net fishing, touristic traffic,

commercial traffic, etc (Brigolin et al., 2017; Barillé et al., 2020;

Porporato et al., 2020). Additionally, it is necessary to consider the

infrastructure that can be integrated with marine aquaculture

activities, such as offshore wind farms (Buck et al., 2008; Benassai

et al., 2014; Di Tullio et al., 2018) and oil drilling platforms (Ogle
A B

DC

FIGURE 5

(A) Spatial distribution of final suitability; (B) Quarterly change of suitability spatial distribution in RC Sanggou Bay and comparison with the actual
aquaculture area of offshore aquaculture database; (C) Proportion of suitability scores in each region; (D) High-resolution satellite imagery and the
offshore marine aquaculture database (red area) obtained by Liu et al (Wang et al., 2018; Liu et al., 2020a).
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et al., 1977), which has been piloted and studied worldwide and may

serve as potential areas for Pacific oyster marine aquaculture.

The MaxEnt model used in this study has demonstrated

superior predictive accuracy compared to other species ’

geographic distribution models (Phillips et al., 2006; Wang et al.,

2007). It has shown promising results even dealing with limited

species distribution data (Hernandez et al., 2006), addressing the

challenge of predicting species distributions with small sample sizes

in marine environments. The application of MaxEnt in marine

studies has witnessed rapid development (Hu et al., 2021; Hughes

and King, 2024; Yang et al., 2024; Yati et al., 2024). In this study, due

to the scarcity of wild Pacific oyster distribution data in the

Shandong offshore area, we utilized available data (Supplementary

Table 1) from the entire northwest Pacific region (117°E-146°E, 30°

N-45°N) for prediction. However, this approach may lead to an

expanded study scope and imbalanced species distribution data,

potentially affecting the accuracy of the predictions (Soley-Guardia
Frontiers in Marine Science 12164
et al., 2024). Obtaining more species distribution data in future

research will enhance the accuracy of MaxEnt predictions.

Additionally, utilizing surrogate species with easily accessible

data, can be employed to predict suitable habitats for species with

insufficient survey data (Barata et al., 2024).
4.2 Correlation analysis of time series
factors and suitability causes

Pearson correlation analysis of the time series data for each

factor (Figure 9) explored their interactions and impact on

suitability, categorizing the Pearson correlation coefficients

into five levels: very strong (0.8–1.0), strong (0.6–0.8),

moderate (0.4–0.6), weak (0.2–0.4), and very weak (0–0.2), and

analyzed the correlation between HSP, ONI, and MEI with time

series factor.
A

B

FIGURE 6

(A) Monthly change of the spatial distribution of suitability; (B) Monthly change of the HSP.
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According to Pearson’s correlation analysis, HSP is moderately

positively correlated with Chl-a, TSS, and pH, weakly negatively

correlated with WW, Res, WS, and SO, weakly positively correlated

with Tas, and very weakly correlated with SST. The result indicated

that suitability was mainly affected by Chl-a, TSS, and pH.

Although the analysis showed no direct correlation between HSP

and climate indices, research indicated that climate events could

impact suitability through factors like SST, wind speed (Liu et al.,

2014), Pr, and Chl-a (Liu et al., 2014; Liu et al., 2020a). In this study,

the MEI index was weakly negatively correlated with SO and Pr, only

weakly negatively correlated with Pr in LZ. The ONI index was

weakly negatively correlated with SO and showed a weaker negative

correlation with Pr. The MEI index had a stronger correlation with

each factor than the ONI index. It could serve as a better standard for

determining whether suitability was affected by climate events.

Based on the above correlation analysis, the ENSO could cause

more extreme changes in Pr. ENSO typically matures in winter and

effects on subsequent summer precipitation in eastern China (Liu,

2021; Liu et al., 2024c). The difference between the suitability of

Shandong marine aquaculture in El Niño and La Niña years

(Figure 6B) reflects the asymmetry of their effects on precipitation

(Liu et al., 2024c). Compared with La Niña, El Niño had a more

noticeable impact on precipitation in Shandong (Guo et al., 2017).

Pr was weakly or more associated with all water quality factors

except SO. The study showed that the increase in precipitation
Frontiers in Marine Science 13165
would increase the dissolved inorganic nitrogen and inorganic

phosphorus of semi-enclosed bay seawater through the way of

atmospheric settlement and runoff input, thereby causing an

increase in Chl-a (Han et al., 2023; Xiao et al., 2024) and TSS

(Meng et al., 2022; Ma et al., 2024), the Pr negatively associated with

Chl-a and TSS concentration, which may result from more summer

precipitation diluting Chl-a and TSS in seawater.

Additionally, the increase in freshwater flow caused by

precipitation may lead to a rapid decrease in seawater salinity in

the short term (Swam et al., 2022); precipitation changes may

further lead to other factors affecting the suitability. For example,

the correlation between Pr and water quality factors in LZ was

small, and the suitability was mainly affected by the Chl-a

concentration. The Chl-a concentration remained high and

changed less in a year, which was less affected by ENSO and had

high stability.
4.3 Outlier changes of time series factors
under the influence of ENSO

According to the correlation analysis, Figure 10 showed a

boxplot analysis of time series factors and the HSP The graph

visually showed the distribution of outliers of time series factors;

among them, SST, DO, Res, and pH, Tas had no outliers. SO, WW,
A B

FIGURE 7

(A)The annual comparison of the HSP in each region, the red line represents the El Niño year, the blue line represents the La Nina year, the gray line
indicates the other years; (B) The July average of each region, the comparison of the suitability spatial distribution of July in El Niño year (2015) and
La Nina year (2022).
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VO, and WS had fewer outliers and differences across regions, and

ENSO was less likely to cause outlier changes by larger

spatiotemporal scales. Chl-a, TSS, and Pr had more outliers in all

regions, and they strongly correlate with the HSP and the climate

index. This suggested that the appearance of outliers may be due to

ENSO, Chl-a had many low values, TSS had many high values, Pr

had many high values, and HSP declining more, which was

consistent with the above correlation.

El Niño was classified based on the Oceanic Niño Index (ONI)

values: weak (+0.5°C to +0.9°C), moderate (+1.0°C to +1.8°C), and

high (greater than +1.8°C), represented by shades of red from light to

deep. La Niña classifications were similarly based on ONI values: weak

(-0.5°C to -0.9°C), moderate (-1.0°C to -1.8°C), and high (less than

-1.8°C), represented by shades of blue from light to deep in Figure 11.

Combining the correlation analysis and the boxplot analysis, we

calculated the difference of Chl-a, TSS, Pr, and HSP between the

monthly average from May 2011 to December 2022 to contrast the

occurrence of outliers with the occurrence ENSO. We observed that

the abnormal increase in Pr generally occurred in the summer of the

second year following the La Niña event (Wang et al., 2000) in 2011,

2012, 2017, 2020, and 2022. However, Pr did not increase

significantly during El Niño events. During the development

period of El Niño, Pr decreased in East Asia, whereas Pr

increased during the decline period of El Niño (Cao et al., 2017).

Chl-a consistently showed low values in the summer, It had

declined in the summer following La Niña events in 2011, 2012,
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2018, and 2021, consistent with Pr being affected by climate events.

In addition, El Niño also had an impact on Chl-a. During the strong

El Niño year of 2015, RS and JM showed low values, with an overall

decline in December 2018. The reduction in Chl-a concentration

during that period may be due to the resuspension caused by wind

and waves (Liu and Wang, 2019) rather than precipitation; During

the strong El Niño of 2015, East Asian summer winds weakened

(Liren et al., 1997), result in weak resuspension and thus low Chl-a

concentration, these two factor have weakly positively correlation.

TSS exhibited outliers during the autumn and winter seasons of

the ENSO events, for example, an unusual increase in LZ in 2011

and in different areas in 2016, 2020, and 2022. The mature phase of

ENSO typically occurs during the northern winter and is

accompanied by the weaker-than-average winter winds along the

East Asian coast (Liren et al., 1997). Consequently, the weakened

resuspension did not result in an increased TSS concentration, and

the Pr did not decrease significantly during this time. Although

there was no correlation between the SST and the climate index in

this study, SST in the Shandong offshore was strongly negatively

associated with TSS and had a moderate negative correlation with

Chl-a. The results indicated that the changes of SST will also affect

the concentration of Chl-a and TSS, but the specific mechanism still

requires further study. We found a sizeable abnormal decrease in

Chl-a concentration in the summer of 2014, which led to the

reduction of HSP, this phenomenon may be due to data

processing and still needs further research.
FIGURE 8

Percentage difference in the spatial distribution of suitability in the historical period between the SSP1–2.6 and the SSP5–8.5 scenario.
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4.4 Management suggestions for Pacific
oyster marine aquaculture development

Due to the favorable water quality and hydrological conditions,

the Shandong offshore maintained a high suitability in

approximately 50% of the region throughout the year. LZ, RC,

and JM exhibit exceptionally high suitability (over 80%), making

them ideal for developing Pacific oyster marine aquaculture. It was

recommended to increase the aquaculture scale in high-suitability

areas (LZ, RC, and JM) while reducing it in low-suitability areas

(CD, RS) to avoid issues such as the declining sustainability of

existing marine aquaculture environments (Forrest et al., 2009;

Wang et al., 2018; Gao et al., 2020; Brito et al., 2023; Huang et al.,

2023). Simultaneously, it is crucial to closely monitoring factors

related to suitability, such as Chl-a, TSS, and pH. Furthermore,
Frontiers in Marine Science 15167
based on the results of a suitability evaluation and monthly

variations, it was possible to relocate aquaculture operations

across multiple marine regions. For instance, Pacific oyster

marine aquaculture could be conducted in CD during spring,

while RS can be avoided during summer.

The existing RC, RS, and JM marine aquaculture areas are

susceptible to ENSO. Therefore, during the summer following El

Niño and La Niña events, it is necessary to monitor abnormal

weather conditions, especially abnormal rainfall, and develop

appropriate response measures, such as reducing the density and

scale of Pacific oyster marine aquaculture. Moreover, in JM and RC,

which have high suitability but are susceptible to climate events,

Pacific oyster could be integrated into an Integrated Multi-Trophic

Aquaculture (IMTA) system (Shpigel and Blaylock, 1991; Jiang

et al., 2013). This approach could enhance the carrying capacity and
FIGURE 9

Pearson correlation analysis of time series factors and ONI, MEI, HSP in each regions. * Correlation is significant at the 0.05 level. ** Correlation is
significant at the 0.01 level.
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stability of the marine aquaculture ecosystem while also adapting to

climate change (Ahmed and Glaser, 2016) and ensuring system

sustainability (Khanjani et al., 2022).

Future climate change may increase the suitability in open sea,

providing opportunities for the Pacific oyster marine aquaculture.

Specifically, the spring in CD exhibits higher suitability, with

hydrological conditions similar to those in winter (Figure 4B),

which may contribute to higher growth rates (Lee et al., 2021). In

the future, marine aquaculture in open sea areas with increased

suitability could help mitigate the impacts of climate change on

bivalve aquaculture systems (Walker et al., 2006; Froehlich et al.,

2018). One of the challenges open sea areas faces is their susceptibility

to meteorological conditions, which can impact marine aquaculture

infrastructure. Pacific oyster’s marine aquaculture can be integrated

with future offshore structures and platforms, such as offshore wind

farms (Buck et al., 2008; Benassai et al., 2014; Di Tullio et al., 2018)

and oil drilling platforms (Ogle et al., 1977). These developments

have created new opportunities for Pacific oyster marine aquaculture.

Some research is underway to explore integrating physical and

biological conditions for the site selection of these co-located systems.

Furthermore, from 2070 to 2100 under the SSP5–8.5 scenario,

except for LZ, the suitability for aquaculture significantly decreased,
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indicating that suitability did not exhibit a continuous upward trend

and necessitates ongoing assessment. LZ maintained a stable

suitability throughout the ENSO and future climate change

scenarios, making it suitable for long-term marine aquaculture of

Pacific oyster.
5 Conclusion

This study employed the Analytic Hierarchy Process (AHP) in

conjunction with Geographic Information Systems (GIS) and the

Maximum Entropy Model (MaxEnt) to construct an evaluation

model for assessing the suitability of Pacific oyster marine

aquaculture. The model incorporated various factors, including

water quality (Chl-a, TSS, SST, SO, DO, pH), hydrology

(bathymetry, VO, WW), climate and meteorology (WS, Pr, Tas,

Bioclimatic), and socioeconomic factors (distance to city, pier,

WWTPs). The resulting suitability distribution map revealed that

49% of the area was highly suitable (scores of 6–8), while 51% was

moderately suitable (scores of 4–5), with higher suitability observed

during the spring and autumn seasons. In the offshore areas, the

inner bays (LZ, RC, JM) exhibited exceptionally high suitability
FIGURE 10

Boxplot of the time series factors and the HSP from May 2011 to December 2022.
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(over 80%), while the open sea (CD, RS) farther from the coast

showed lower suitability with noticeable monthly variations. The

spatial and temporal distribution of suitability aligned with the

actual Pacific oyster marine aquaculture areas in the coastal waters

of Shandong Province, and the high suitability regions correspond

to the actual distribution areas of marine aquaculture rafts,

validating the accuracy of the evaluation model.

This study revealed that El Niño-Southern Oscillation (ENSO)

decreases suitability during the summer in the southern part of

Shandong, including RC, RS, and JM. Correlation analysis indicated

that Chl-a, TSS, and pH are the primary factors influencing the

suitability of marine aquaculture in the coastal waters of Shandong

Province, while Pr and SO exhibit strong correlations with climate

indices. ENSO affected Pr in Shandong, subsequently influencing water

quality factors such as Chl-a and TSS offshore and altering the

suitability of Pacific oyster marine aquaculture. Overall, the suitability

for Pacific oyster marine aquaculture in the Shandong offshore is

projected to increase with future climate change, but the increase is
Frontiers in Marine Science 17169
more pronounced in the northern regions. Finally, considering the

temporal and spatial variations in the suitability of Pacific oyster

marine aquaculture in Shandong offshore and their susceptibility to

climate influences, management recommendations were proposed for

current and future Pacific oyster marine aquaculture development.
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Industry Co., LTD, Panjin, China, 5Key Laboratory of Plant Biotechnology of Liaoning Province, School
of Life Sciences, Liaoning Normal University, Dalian, China, 6Dalian Changhai-Yide Aquatic Products
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Introduction: Calcein was used to develop a shell marking method for

Potamocorbula laevis.

Methods: The suitable conditions formarkingwere investigated, includingmarking

concentration, immersion time, and water temperature. The impacts and feasibility

of the marking method were assessed based on the survival rate of P. laevis, the

success rate of fluorescence marking, marking quality, and alterations in activities

of antioxidant enzymes in the digestive gland of the experimental bivalves. Two

concentrations of calcein (20 and 50 mg/L) were used and the immersion time

included 1 and 2 h, respectively. The experimentwas performed in two rounds, with

water temperatures of 12.84 ± 0.09 and 24.18 ± 0.04 °C, respectively.

Results and discussion: The results indicated that calcein did not significantly

impact the survival of P. laevis after 7 d of recovery. The catalase activity and

malondialdehyde content in low temperature-marked P. laevis showed significant

decreases, and the relative abundances of certain fatty acids also exhibited

significant changes within 2 h post exposure to 20 mg/L of calcein. However,

these indicators returned to normal levels within 7 d. The marking impact of

calcein was proportional to the calcein concentration and immersion time. Higher

temperature generated a negative impact on the marking effect of 20 mg/L of

calcein, while no obvious impacts were observed for 50 mg/L of calcein. The

marking success rates and the recapture rates of P. laevis for in situ tests in the two

experimental groups were both 100% and 4.44 ± 1.29% after onemonth. Also, the

recapture marking rates and the marking good rates of the recaptured individuals

were both 100%. There were no significant differences between these parameters

for 50 and 75 mg/L of calcein. Given the cost and safety of labeling, a strategy in

terms of an immersion in 50 mg/L of calcein for 2 h could be considered as an

effective in situ labeling scheme for P. laevis. In conclusion, calcein can be

employed as a marking method for P. laevis. These findings could be potentially

beneficial for development of in situ labeling technology, proliferation as well as

release of shellfish in tidal flats and resource conservation.
KEYWORDS

Potamocorbula laevis, calcein, marking conditions, antioxidant capacity, fatty acid
frontiersin.org01173

https://www.frontiersin.org/articles/10.3389/fmars.2024.1379571/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1379571/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1379571&domain=pdf&date_stamp=2024-07-26
mailto:wqzlm@126.com
https://doi.org/10.3389/fmars.2024.1379571
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1379571
https://www.frontiersin.org/journals/marine-science


Gao et al. 10.3389/fmars.2024.1379571
1 Introduction

P. laevis belongs to the Bivalvia class, Myida order, and

Corbulidae family. It is a eurythermal benthic bivalve commonly

inhabiting the intertidal zone or shallow waters of the subtidal zone.

It is a primary benthic species throughout many estuarine areas in

East Asia (Sun et al., 2013; Chen et al., 2017). It is small and has an

elongated oval or nearly triangular shape. The shell is hard, with the

left valve being smaller than the enlarged right valve. The shell

surface is smooth and lacks ribs, and the adult shell length is

approximately 1.5 ~ 2.5 cm. P. laevis is rich in proteins, low in fat,

and abundant in minerals. The meat of this bivalve is consumed by

humans and can also serve as high-quality bait for shrimp, crabs, or

fish (Liu and She, 2003; Liu, 2022). Recently, the natural resources

of P. laevis have significantly declined due to overharvesting and

environmental pollution. The ecological value (Zhou et al., 2017),

nutritional value (Liu, 2022), reproductive habits (Liu and She,

2003), and responses to environmental factors (Li et al., 2015; Ning

et al., 2016; Teng et al., 2018) of this bivalve have garnered

significant attention. However, there is currently limited research

regarding the population dynamics and dispersal patterns of this

bivalve in its natural habitat.

Marking technology is a widespread method in shellfish

proliferation and release. It can reflect the growth and population

variability of shellfish based on changes in external traits, recapture

position, quantity, and time before and after biomarker observation.

Among these markers, chemical fluorescence labeling is

predominantly employed for shellfish owing to its high labeling

efficiency, high success rate, and high retention rate (Sugiura and

Kikuya, 2017; Gancel et al., 2019; Mahé et al., 2021). The principle

of chemical labeling relies on the complexation of fluorescent dyes

with biological tissues to generate fluorescent markers visible under

a specific wavelength light source.

Calcein is a calcium ion fluorescent indicator with an excitation

wavelength of 495 nm and an emission wavelength of 515 nm (Xia

and Li, 2015). Although direct contact with calcein may cause skin,

respiratory, and eye irritation to humans, calcein typically binds to

cells or biomolecules through internal or surface staining methods

when labeling biological samples, and it has been shown to generate

no significant toxicity to humans. Currently, there have not been

detailed reports on the bioaccumulation and biodegradation of

calcein in natural environments. The half-life of calcein in aquatic

environments has been found to vary depending on environmental

conditions, ranging from hours to days (Keller et al., 2004). The U.S.

Federal Drug Administration approved a new veterinary drug

research application (INADA) for calcein in 2011, allowing

calcein to be used in edible animal feeding activities. The

hypotoxic calcein has been used as a release marker for

Crassostrea virginica (Spires et al., 2022), Perna Canacillus

(Fitzpatrick et al., 2013), Argopecten irradians (Moran and

Marko, 2005) and other aquatic organisms, such as fish,

echinoderms (Zhao et al., 2011), etc (Supplementary Table S1).

The available concentration range of calcein in bivalve mollusks

generally varies between 25 - 600 mg/L, e.g., 25 - 250 mg/L for

Ostreidae, 40 - 200 mg/L for Pteriidae, 50 - 600 mg/L for Pectinidae,

and 200 - 300 mg/L for Arcidae, etc (Supplementary Table S2).
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However, it is worth noting that, the safety of calcein remains to be

relative, and if the labeling concentration or exposure time of

calcein is much higher or longer, certain adverse impacts appear

to occur on clams or other labeling organisms. The growth of

shellfish seems to be limited and the resulting death might even

occur. Hence, the application of appropriate calcein labeling on P.

laevis or other clams is potentially prospecting in large-scale

stocking, and the food safety risks are likely within deemed safety

range, to certain extent.

Organisms are able to clear large amounts of reactive oxygen

species produced by exogenous factors through their antioxidant

system, reducing oxidative damage. Antioxidant enzymes are an

important component of this system, and their activity can reflect

the extent of damage to the organism (Duan et al., 2016). Fatty acids

are able to participate in various biochemical pathways such as

energy supply, biological membrane formation, and signaling

molecules, and are pivotal for maintaining normal body function

(Lee et al., 2018). In addition, the fatty acids are very sensitive to

pollutants and environmental changes, and often used as a

bioindicator in response to external stressors in marine bivalves

(Gonçalves et al., 2016). Thus, the fatty acids deserved to be focused

on to evaluate the labeling effects of calcein on the clams in this work.

Geligang is a sandbank between the Liaohe River and the

Shuangtaizi River in the northern part of the Liaodong Bay, China.

The area is about 10,000 hm2, with an average altitude of –2 m. Its

water quality is characterized by high turbidity, low transparency, and

serious eutrophication. Approximately 80% of the beach surface is

dry for about 3 h per day on average. The beach surface is flat, the

surface water flow is turbulent, and there is a long freezing period in

winter. It is rich in Mactra veneriformis, P. laevis, Solen grandis and

other economic shellfish. In this study, the clam P. laevis from

Geligang was focused on to investigate the appropriate marking

conditions of the fluorescent dye calcein for both laboratory and in

situ labeling. The antioxidant capacities as well as the fatty acid

profiles served as biochemical indicators to explore the feasibility of

chemical labeling and the optimal conditions of calcein on P. laevis.

These results could be potentially beneficial for recovery and

utilization of the clam P. laevis.
2 Materials and methods

2.1 Materials

P. laevis was collected in April and July 2023, respectively, at

Geligang, Liaodong Bay, China. The collected samples were

transported back to the laboratory by express cold chain and

temporarily maintained in a polyvinyl chloride tank with fine

sand until the survival rate remained stable, and half of seawater

was exchanged every day. Three commercial microalgal powders for

two green algae, i.e., Dunaliella salina and Chlorella vulgaris, and

one blue-green alga, i.e., Spirulina sp., were mixed in a mass ratio of

2:3:5, and the feeding proportion of algae was equivalent to 1% of

the soft tissue mass of the bivalves.

The stock solution of calcein was prepared using distilled water,

and stored in a light-protected container. To avoid discrepancies
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between experimental and theoretical concentrations, the calcein

stock solutions used in the experiments were prepared within 24 h

before use to prevent precipitation due to prolonged storage.

During preparation, a small amount of NaHCO3 was added to

adjust the pH, and stirring continued until calcein completely

dissolved. Therefore, the actual concentrations used in the

experiments remained relatively consistent with the theoretical

concentrations. The stock concentration was set at 1 g/L. The

stock solution was diluted into 20 and 50 mg/L using

seawater, respectively.
2.2 Experiment 1: low temperature labeling

The ambient seawater temperature was maintained at 12.84 ±

0.09°C. The experimental tests (Figure 1) included Group A

(control, 0 mg/L), Group B (low concentration, 20 mg/L, 1 h),

Group C (low concentration, 20 mg/L, 2 h), and Group D (high

concentration, 50 mg/L, 2 h). Each group had 3 replicates with 30 P.

laevis per replicate. The shell length, shell width, and wet weight of

the tested clams were 22.45 ± 1.04 mm, 14.76 ± 0.75 mm, and 1.87 ±

0.27 g, respectively. The labeling process is carried out in an opaque

foam box. The individuals were immersed into 10 L of seawater

with 7.06 ± 0.08 mg/L of dissolved oxygen and 33.14 ± 0.06 of

salinity during the marking process. The stocking density was 9

ind./L, and the clams were fasting throughout the marking process.

Following the immersion, the residual calcein on the surface of the
Frontiers in Marine Science 03175
bivalve’s shell was gently rinsed using fresh seawater. Then the

clams were transferred to a 0.16 m3 transparent glass tank covered

with approximately 5 cm thick of sea sand that was filtered through

30~50 mesh for 7 d.

Nearly 70% of the cultured seawater was exchanged at regular

intervals every day during acclimation. The clams were fed with

algal powder in a mixed mass ratio of D. salina: C. vulgaris = 1:1,

and the feeding proportion was 1% of the soft tissue mass of the

clams. The seawater was aerated for 24 h prior to labeling. The

temperature, dissolved oxygen, salinity and pH value of seawater

were 12.80 ± 0.03°C, 7.54 ± 0.07 mg/L, 32.95 ± 0.03, and 7.96 ± 0.10

during the recovery culture, respectively.
2.3 Experiment 2: high
temperature labeling

The ambient seawater temperature during labeling was 24.18 ±

0.04°C. The experimental tests concluded one more Group E (high

concentration, 50 mg/L, 1 h) in relative to Experiment 1. The shell

length, shell width, and wet weight of P. laevis were 21.16 ± 1.55

mm, 13.83 ± 1.08 mm, and 1.45 ± 0.39 g, respectively. The dissolved

oxygen and salinity were 6.26 ± 0.16 mg/L and 30.87 ± 0.55, and the

stocking density was also 9 ind./L during labeling. The temperature,

dissolved oxygen, salinity and pH value of seawater were 24.32 ±

0.24°C, 6.14 ± 0.16 mg/L, 31.40 ± 0.41, and 8.10 ± 0.05 during the

recovery culture, respectively.
FIGURE 1

Experiment design for labeling of P. laevis.
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2.4 Experiment 3: in situ labeling

The in situ labeling experiment took place at Geligang in the

Liaodong Bay, China. The calcein concentrations included 0, 50 and

75 mg/L and the immersion time was 2 h. Three parallel sampling

sites were set for each calcein concentration. There were thirty

individuals of P. laevis at each sampling site, and the native

specimens were collected from Geligang, with a shell length of

24.42 ± 1.09 mm. Water temperature was 25.76 ± 0.08°C. The

labeling process was performed within sealed light-free containers

to avoid quenching of calcerin and the seawater volume was 20 L.

Seven sites with a distance of about 50 m were selected in Geligang

tidal flat (40°N, 121°E). During the ebb tide, the in situ device was

installed (Figures 2A, B), and the labeled P. laevis were transferred to

the in situ device. After a month, the labeled individuals at each site

were recaptured, and the recapture rate, the labeling rate of recaptured

individuals, and the good labeling rate were then evaluated.
2.5 Grade evaluation of marking effects

After 7 d of marking, all the remaining smooth-shell clams were

dissected, and the soft segments were removed. The shells were

cleaned and dried at 50°C. Fluorescent markings on the shells were

observed using a fluorescence flashlight (Luyor-3280LB) at 480 ~

490 nm. The quality of fluorescent marking was assessed using

Grade 0 ~ 5 (Table 1). Grade 0, 1, 2 and 3 indicated that the marking

was not visible, blurry, clearly marking, and brightly marking under

the fluorescence flashlight, respectively. Grade 4 and 5 indicated

that the marking was visible, and clearly marking under the

transmitted light, respectively (Lü et al., 2014). Markings with a

quality of no less than Grade 2 were considered acceptable. The

success rate of marking and the rate of good markings (Grade 2 or

higher) were separately calculated for each experimental group.
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2.6 Sample treatments

Samples were obtained after 2 h following labeling and 7 d

following temporary culture. Five individuals of P. laevis were

randomly selected from each replicate. The digestive glands and

soft tissues were dissected on ice and stored at –80°C. The digestive

glands were used to determine the antioxidant enzymes activities

and MDA content. The soft tissues were lyophilized and grounded

into powder filtered through an 80-mesh sieve. The fine powder was

then used to perform fatty acid analysis.
2.7 Antioxidant capacity determination

The antioxidant indexes in labeled P. laevis were determined by

superoxide dismutase (SOD) assay kit, CAT assay kit, and

glutathione peroxidase (GPX) assay kit from Nanjing Jiancheng

Biological Co., Ltd. (Nanjing, China), and the MDA and total

protein amounts were assessed using assay kits from Servicebio

(Nanjing, China), respectively.
2.8 Fatty acid analysis

The fatty acids in labeled P. laevis was analyzed using the

modified one-step acid-catalyzed esterification method (Liu et al.,

2015). The accurately weighed powder (50 ~ 100 mg) were added to

a 10-mL round-bottom flask followed by addition of 5 mL 2%

H2SO4 in methanol. After complete ultra-sonication, the mixture

was heated at 70°C for 1 h. The hexane-extracted fatty acid methyl

esters (FAMEs) were quantified using a Bruker GC 456 equipped

with FID and a DB-23 column (30 m length × 320 µm inner

diameter × 0.25 µm thickness, Agilent Technologies, USA). C19:0-

ME were used as internal standards for quantification of FAMEs.
BA

FIGURE 2

In situ labeled experimental model diagram and field device. (A) In situ device design diagram; (B) In situ device image.
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The injection volume was 1 µL and the carrier gas was nitrogen with

purity of 99%. The split ratio was 30:1. Column temperature was

programmed from 130 to 170°C increasing at 10°C/min, then to

210°C at 2.5°C/min and held at 210°C for 3 min. The running time

was 23 min. The temperatures of the front inlet and front detector

were both 270°C. The formula for calculating the relative (Pi) and

absolute (Mi) content of each fatty acid were as follows.

Pi = Ai=oAi � 100% (1)

Mi = (Ai=As �Ms)=Ma (2)

Where Ai and ∑Ai in Equations 1, 2 indicated the peak area of

the individual fatty acid and that of the total fatty acids, respectively.

As, Ms and Ma in Equation 2 indicated the peak area of the internal

standard, the addition mass of internal standard, and the amount of

the added sample.
2.9 Statistical analysis

The data were statistically analyzed by SPSS 26.0 and denoted as

average ± standard deviation (SD, n = 3). Statistical significance of

the difference was determined by one-way analysis of variance

Tukey’s honestly significant difference (HSD) test with the

significance level of 0.05.
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3 Results

3.1 Mortality

There were no significant differences in the survival rates of

calcein-labeled P. laevis for both Experiment 1 and 2 after 7 d of

recovery. The survival rates of individuals in Experiment 1 were 86

~ 90%, and that in Experiment 2 were 83 ~ 86% (Figures 3A, B). The

labeling scheme used in this study had no significantly negative

impact on the short-term survival of P. laevis.
3.2 Oxidation resistance

The activities of SOD and GPX presented no notable differences

between distinct groups in low (Figures 4A, C) and high (Figures 5A,

C) temperatures labeling, after 2 h or 7 d of labeling. In addition, a

majority of CAT activities and MDA contents in distinct groups

showed no significant differences among different treatments

(Figures 4B, D, 5B, D). In particular, the CAT activities in Groups

B and C (20 mg/L, low-concentration of calcein) of Experiment 1

(low temperature labeling) were found to prominently decline by 95%

and 71% relative to the control Group A following 2 h of labeling,

respectively. The MDA content in Group B following 2 h of labeling

was notably lower by 28% than that in Group A of Experiment 1 (low

temperature labeling, Figure 4).
3.3 Effect of calcein on fatty acid profiles
of P. laevis

In P. laevis, 28 species of fatty acids were detected, including 6

saturated fatty acids (SFA), 7 monounsaturated fatty acids

(MUFA), and 15 polyunsaturated fatty acids (PUFA,

Supplementary Tables S3, S4). The main fatty acids in P. laevis

included C16:0, C20:5n3, and C22:6n3, while the minor fatty
BA

FIGURE 3

Survival rates of P. laevis during the marking period. (A) Experiment 1. (B) Experiment 2. Values are means of three biological replicates ± SD (n = 3).
TABLE 1 Evaluation criteria for marking grade.

Grade Rating criteria

0 The labeling is not visible under fluorescence irradiation

1 Blurred labeling under fluorescent irradiation

2 Clearly labeled under fluorescence irradiation

3 Bright labeling under fluorescence irradiation

4 Mark visible under transmitted light

5 Marking clear under transmitted light
The fluorescent flashlight at 480 ~ 490 nm was used.
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B
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A

FIGURE 5

The antioxidant capacity of P. laevis in Experiment 2. (A) Experiment 1, 2 h post exposure (2 hpe). (B) Experiment 1, 7 d post exposure (7 hpe).
(C) Experiment 2, 2 h post exposure. (D) Experiment 2, 7 d post exposure. Values are means of three biological replicates ± SD (n = 3). SOD, CAT,
GPX, and MDA indicated superoxide dismutase, catalase, glutathione peroxidase, and malondialdehyde, respectively.
B

C D

A

FIGURE 4

The antioxidant capacity of P. laevis in Experiment 1. (A) Experiment 1, 2 h post exposure (2 hpe). (B) Experiment 1, 7 d post exposure (7 hpe).
(C) Experiment 2, 2 h post exposure. (D) Experiment 2, 7 d post exposure. Values are means of three biological replicates ± SD (n = 3). The a and b
indicated significant difference between the treatment groups (*P< 0.05). SOD, CAT, GPX, and MDA indicated superoxide dismutase, catalase,
glutathione peroxidase, and malondialdehyde, respectively.
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FIGURE 7

The relative abundances of fatty acids with distinct saturation degrees in P. laevis. (A) Experiment 1, 2 h post exposure (2 hpe). (B) Experiment 1, 7 d
post exposure (7 hpe). (C) Experiment 2, 2 h post exposure. (D) Experiment 2, 7 d post exposure. Values are means of three biological replicates ±
SD (n = 3). The a and b indicated significant difference between the treatment groups (*P< 0.05). SFA, MUFA, PUFA indicated saturated,
monounsaturated, and polyunsaturated fatty acids, respectively. w3 referred to C16:4n3, C18:3n3, C18:4n3, C20:3n3, C20:4n3, C20:5n3, C22:5n3,
and C22:6n3. w6 referred to C16:2n6, C18:2n6, C20:2n6, C20:3n6, C20:4n6, and C22:4n6.
B

C D

A

FIGURE 6

The relative abundances of the major fatty acids in P. laevis. (A) Experiment 1, 2 h post exposure (2 hpe). (B) Experiment 1, 7 d post exposure (7 hpe). (C)
Experiment 2, 2 h post exposure. (D) Experiment 2, 7 d post exposure. Values are means of three biological replicates ± SD (n = 3). The major fatty acids
referred to C16:0, C20:5n3 and C22:6n3. The relative abundance of the individual fatty acid was more than 10% and the total relative abundances of the
three fatty acids in P. laevis were more than 50%. The a and b indicated significant difference between the treatment groups (*P< 0.05).
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acids included C16:1n7 and C16:4n3 (Figures 6A–D). The

relative abundances of the fatty acids with distinct saturation

degrees were ranked as SFA< MUFA< PUFA, and the proportion

of w3 fatty acids was found to be much higher than that of w6
fatty acids (Figures 7A–D). In both Experiment 1 and 2, there

were almost no significant changes in the relative levels of the

main fatty acids in calcein-labled P. laevis after 2 h and 7 d of

labeling (Figures 6, 7). Additionally, all groups maintained

relatively stable contents in the total fatty acid (Figures 8A, B).

In conclusion, the labeling scheme used in this study does not

have a significantly negative impact on the fatty acids of P. laevis.
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3.4 Evaluation of laboratory marking effect
of calcein on P. laevis

All the P. laevis individuals in Experiment 1 exhibited 100%marking

success rates, except for Group B with a success rate of 93% (Table 2).

Moreover, there were significant differences in the marking rate with an

intensity level of 2 or higher among the groups. Group D had a

significantly higher marking rate than Group C (*P< 0.05), while

Group C had a significantly higher marking rate than Group B (*P<
0.05). In Experiment 2, the success rates of marking in all other groups

exceeded 95% except for that in Group B. There were no significant

differences in the marking rates between the low-concentration groups,

but they were all significantly lower than the high-concentration groups.

Among the high-concentration groups, Group C had a significantly

higher labeling rate with a soaking time of 2 h, compared to Group E

with a soaking time of 1 h. Under the same soaking scheme, the marking

quality in Experiment 2 experienced varying degrees of decrease.
3.5 Evaluation of in situ marking effect of
calcein on P. laevis

The marking success rates and the recapture rates of P. laevis for

in situ tests in the two experimental groups were both 100% and

4.44 ± 1.29% after one month (Table 3; Supplementary Table S5).

Also, the recapture marking rates and the marking good rates of the

recaptured individuals were both 100%. There were no significant

differences between these parameters for 50 and 75 mg/L of calcein

(Table 3). Given the cost and safety of labeling, a strategy in terms of

an immersion in 50 mg/L of calcein for 2 h could be considered as

an effective in situ labeling scheme for P. laevis.
4 Discussion

The mortality rate directly reflects the impact of fluorescent

labeling on the organisms, indicating the feasibility of the proposed
TABLE 2 Marking quality of calcein for Experiments 1 and 2.

Experiment
Treatment

group
Marking
scheme

Rate of
success

(%)

Good
rate
(%)

Experiment 1

A 0 mg/L + 2 h / /

B
20 mg/L +

1 h
93.33 a 36.67 ±

3.34 a

C
20 mg/L +

2 h
100 a 56.67 ±

6.67 c

D
50 mg/L +

2 h
100 a 71.11 ±

1.92 d

Experiment 2

a 0 mg/L + 2 h / /

b
20 mg/L +

1 h
82.22 ±
7.70 b

16.67 ±
3.34 b

c
20 mg/L +

2 h
95.56 ±
1.93 a

16.67 ±
5.77 b

d
50 mg/L +

2 h
100 a 70.00 ±

5.77 cd

e
50 mg/L +

1 h
100 a 42.22 ±

5.09 a
Values are means of three biological replicates ± SD (n = 3). Values in the same column that
did not share the same superscripts are significantly different (*P< 0.05; one-way ANOVA).
BA

FIGURE 8

The total fatty acid contents of P. laevis under distinct labeling regimes. (A) Experiment 1. (B) Experiment 2. Values are means of three biological
replicates ± SD (n = 3).
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labeling scheme. When the dye concentration or labeling time is too

high, it can result in death or growth inhibition on the labeled

organisms. In Experiment 1, 4 h post exposure of labeling, acute

deaths occurred in all experimental groups except for the control, but

there were no significant differences between groups (Supplementary

Table S6). In both rounds of experiments, there were no significant

differences in the survival rates between the experimental and control

groups following 7 d of labeling. This indicates that the calcein

concentrations and immersion time employed in the experiment did

not have a significantly negative impact on the short-term survival of

P. laevis. In fact, several studies have demonstrated that calcein does

not have a significant negative effect on the growth and survival of

bivalves under suitable conditions (Zhou et al., 2017; Mahé et al.,

2021; Spires and North, 2022), and it may even enhance the growth

and survival of certain shellfish (Moran and Marko, 2005; Spires and

North, 2022; Spires et al., 2022).

When exposed to stress, organisms generate a large amount of

reactive oxygen species (ROS) in the body. Once produced in excess,

ROS can result in lipid peroxidation in tissues and be harmful to the

organism. The antioxidant system is important for defense against the

detrimental effects of ROS, including SOD, CAT, and GPX. These

antioxidants can effectively respond to exogenous substances impacting

the body (Cao et al., 2012; Duan et al., 2016). ROS primarily include

superoxide anion (O2
-), hydroxyl radical (OH•), and non-radical

hydrogen peroxide (H2O2) (Schieber and Chandel, 2014). SOD can

convert superoxide anions (O2
-) into H2O2 and O2 through

dismutation, and the generated H2O2 is then converted into non-toxic

H2O and O2 by CAT (Arockiaraj et al., 2012). GPX has a similar

function to CAT, as it is able to eliminate H2O2 and lipid

hydroperoxides in the body, inhibit lipid peroxidation, and prevent

oxidative damage to cell membranes and tissues (Hiramatsu et al., 1992).

MDA, in contrast, is a product generated from lipid peroxidation caused

by free radicals induced by oxidative stress in the body. It can react with

cellular proteins, DNA, and other components, resulting in cell damage.

The MDA content in tissues can indirectly reflect the extent of cellular

damage (Zhang et al., 2016).

In Experiment 1, the CAT activity across all experimental

groups decreased within 2 h of labeling. As the concentration of

calcein or immersion time decreased, CAT activity gradually

decreased (Figure 4B). The reduction in CAT activity may be
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attributed to two factors. Firstly, the organism’s stress response

could lead to the generation of a large amount of H2O2, consuming

CAT. Secondly, immersion in calcein may reduce or inhibit the

defense capacity of the organism’s antioxidant system, preventing

the timely replenishment of CAT following consumption.

Moreover, CAT activity in the digestive gland of smooth river

blue mussels decreased when immersed in 20 mg/L of calcein.

However, as the concentration of calcein increased, its activity also

increased. This may be explained by the “toxicant hormesis effect”,

wherein CAT activity is inhibited at low concentrations and

stimulated at high concentrations. This observation is consistent

with the observation in Meretrix meretrix under Cu2+ stress (Tian

et al., 2022). Similar phenomena have also been observed in

Chlamys farreri (Wand et al., 2008) and Mytilus edulis (Zhang

et al., 2004). In this study, SOD and GPX activities in the visceral

mass of P. laevis were not significantly impacted by the

concentration of calcein or the immersion time (Figures 4A, C).

This suggested that the labeling conditions employed in the

experiment resulted in limited stress on P. laevis and did not

perturb the organism’s antioxidant balance, resulting in minimal

impact that can be overcome within a short period of time. Similar

findings have been reported in low-concentration tetracycline

hydrochloride labeled Danio rerio and Oreochromis niloticus

(Oruc and Uner, 2001). Following 2 h of labeling, the MDA

content in Group A significantly decreased compared to the

control group (Figure 4D). This may be due to the production of

ROS as a stress response, leading to the consumption of a large

amount of CAT to eliminate ROS and limit the peroxidation level in

the organism, causing a decrease in MDA content.

In contrast to Experiment 1, there were no significant changes in

the activities of SOD, CAT, GPX, and MDA levels in all experimental

groups in Experiment 2 after marking. The reason for this

phenomenon may be related to the water temperature. P. laevis

belongs to eurythermal and euryhaline bivalves, capable of surviving

at temperatures as low as -4°C, but growth is nearly halted below 10°

C and accelerated above 20°C (Sun, 1988). The water temperature in

Experiment 2 was around 24°C, within the optimal range for P. laevis.

The appropriate water temperature may have enhanced the ability of

P. laevis to resist external stress, while the water temperature in

Experiment 1 was around 13°C, which could have compromised the

stress resistance of P. laevis due to lower temperatures.

The fatty acids in P. laevis were also influenced by the

experimental water temperature, showing a similar pattern of

changes to antioxidant capacity. In Experiment 1, significant

differences in some fatty acids between Groups A and B were

observed initially after marking, but they returned to normal levels

after 7 d. Moreover, the magnitude of change in Experiment 1 was

much greater than that in Experiment 2. However, it is worth noting

that both Experiment 1 and 2 showed cases where there were no

significant differences in fatty acids among the experimental groups

initially after marking, but significant changes occurred after 7 days.

This suggested that the fatty acids of P. laevis could respond to the

stress caused by calcein, but this response exhibited delayed

manifestation and required some time to become evident. Overall,

the composition and content of fatty acids in P. laevis were indeed

unaffected by fluorescent labeling. It was implicated that the
TABLE 3 Evaluation of in situ labeling effect of calcein on P. laevis.

Group
Marking
success
rate (%)

Recapture
rate (%)

Recapture
marking
rate (%)

Marking
good

rate (%)

0 mg/L
+ 2 h

— 0 — —

50 mg/L
+ 2 h

100 4.44 ± 1.29 100 100

75 mg/L
+ 2 h

100 4.44 ± 1.29 100 100
Marking success rate refers to the labeling rate after calcein staining. Recapture rate is the
percentage of individuals recaptured a month later. Recapture marking rate is the proportion
of fluorescence signal in recaptured individuals. Marking good rate is the proportion of signal
above level 2 in the recaptured individuals with fluorescence signal. Values are means of three
biological replicates ± SD (n = 3).
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labeling scheme used in this study appeared to cause no prominent

stress on P. laevis, hinting on the safety of this labeling scheme, to

certain extent. As the fatty acids in shellfish can change in response

to environmental stress, the potential fatty acids biomarkers might

exist in clams in adaption to fluorescent labeling. If the

concentration or immersion time of calcein is further increased, it

is expected to disclose the related fatty acids biomarkers responsive

to fluorescent labeling in P. laevis, which deserves further

exploration in our future work.

The concentration of dye and the labeling time significantly

impacted the fluorescence labeling effect. The success rate and quality

of labeling were augmented with increased concentration and incubation

time. It was found that the concentration of calcein was the main factor

affecting the labeling effect on P. laevis, and the soaking time took second

place based on the batch labeling tests. When the calcein concentration

reached ≥ 50 mg/L, the clams could be largely labeled with high quality

in a short time. Moreover, if the soaking time of calcein extended, the

labeling quality of P. laevis could also be further improved. When the

labeling concentration was 50mg/L or higher, the success rate of labeling

reliably reached 100%. Under identical conditions, the high-

concentration group consistently exhibited a significant advantage in
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labeling success rate compared to the low-concentration group. The

experimental group immersed for 2 h had a higher labeling success rate

than those immersed for 1 h (Table 2). The previous studies revealed that

the labeling quality of calcein on Haliotis rubra (Chick, 2010), Perna

canaliculus (Fitzpatrick et al., 2013) and Anadara broughtonii (Zhou

et al., 2017) got enhanced with the increase of concentration and

immersion time (Supplementary Table S7). The case for P. laevis in

this work was also in line with these previous studies. In addition, a

supplementary experiment at an ambient water temperature of 13.40°C

(Experiment 1: 12.84 ± 0.09°C) was also conducted (Supplementary

Methods). The results showed that the labeling success rates for 50 mg/L

of calcein for 1 h and 2 h were both 100%, and the labeling good rate of

50 mg/L + 1 h was 43.33 ± 3.34%, which was significantly lower than

that of 50 mg/L + 2 h (67.78 ± 5.09%) (Supplementary Table S8). As we

speculated, the low temperature did not improve the labeling quality of

50 mg/L + 1 h. Following successful labeling, calcein will generate a blue-

green fluorescent mark visible under blue light (480 ~ 490 nm) on the

surface of the shell as well as the growth edge of the shell (Figures 9A–D).

Differently from calcein-labeled Mactra veneriformis, the fluorescent

markers on M. veneriformis were mainly concentrated on the outer

surface of the shell (unpublished data), and the markers at the growth
FIGURE 9

Fluorescent labeling of calcein on P. laevis. (A) Shell profiles of P. laevis under natural light. (B) Inner shell view of P. laevis under natural light.
(C) Shell view of P. laevis irradiated using a Luyor–3280LB fluorescent flashlight. The white frame highlighted the presence of calcein. (D) Inner shell
view of P. laevis irradiated using a Luyor–3280LB fluorescent flashlight. The white frame highlighted the presence of calcein.
FIGURE 10

Labeling effect of calcein on P. laevis and M. veneriformis. (A) Shell view of P. laevis and M. veneriformis irradiated using a Luyor–3280LB fluorescent
flashlight. (B) Inner shell view of P. laevis and M. veneriformis irradiated using a Luyor–3280LB fluorescent flashlight.
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edge were more discrete, while in P. laevis, the clear fluorescent markers

were more at the growth edge (Figures 10A, B). This phenomenon may

be related to the differences in shellfish body size, growth rate and

shell microstructure.

Temperature can impact calcein labeling, and higher temperatures

have a negative impact on low-concentration calcein labeling. In

Experiment 1, the labeling water temperature was 12.84 ± 0.09°C,

while in Experiment 2, the labeling water temperature was 24.18 ±

0.04°C. When the labeling concentration was 20 mg/L, the success rate

of labeling in Experiment 2 was reduced, and the high-quality labeling

rate was significantly lower than in Experiment 1 (*P< 0.05) over the

same period. However, the effect of temperature increase on the high-

concentration group was not significant (Table 2).

To our knowledge, the labeling method, especially chemical

labeling, is characteristic in terms of species specificity,

developmental stages and living habits of the labeled organism.

The form, concentration, labeling time and labeling species of

chemical dyes greatly affect the effect of chemical labeling. P.

laevis is not only one of the main shellfish in the Geligang of

Liaodong Bay, but also one of the main benthic species in many

estuarine waters of East Asia. The edible clam can also be used as a

high-quality feed for shrimp, crab or fish. In recent years, its natural

resources have greatly declined due to large-scale harvesting and

environmental pollution. However, the chemical labeling approach

for the clam P. laevis has not been elucidated. In addition, fatty acids

serve as the crucial components of lipids, and are vital for formation

and permeability of cell membranes, resulting in their great

sensitivity to multiple stressors and environmental alterations

(Gonçalves et al., 2016). This trait has made fatty acids become

the protruding biomarkers to indicate altered environmental

changes. It is appropriate and innovative to take fatty acids as the

evaluation factor in the labeling method of P. laevis. On the other

hand, the in situ labeling tests combined with the laboratory

experiments are applicable for resource stocking, conservation

and assessment of the economic clams, to certain extent. In this

study, the main complexation site of calcein was the calcified shell

structure of P. laevis. This part is generally not ingested by

predators, and it can further reduce the degree of calcein

enrichment in organisms. Moreover, calcein is easily quenched

under light. These factors suggested that calcein might be a

relatively safe chemical dye with insignificant environmental

impacts. Overall, the innovation of the methodology in our work

lies in the establishment of chemical labeling method for the

unreported clams P. laevis at distinct temperatures, the innovative

evaluation of the sensitive biomarker fatty acids of clams, as well as

the retests of in situ labeling experiments for P. laevis.
5 Conclusion

The calcein used in this study had a significant marking effect

on P. laevis, and it did not cause any noticeably negative impacts.

The most stable and bright marking effect was achieved by soaking

the clams in 50 mg/L of calcein for 2 h. Although high temperature

(24.18 ± 0.04°C) resulted in reduced marking effectiveness at 20 mg/

L of calcein, the significantly marking effects were still observed
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when the soaking time was 2 h under low-temperature conditions

(12.84 ± 0.09°C). Although this may induce certain oxidative stress

on the clams, the stress extent was returned to normal levels within

7 d. Considering the marking cost, both options have practical

value: (1) Water temperature at 13°C, soaking in 20 ~ 50 mg/L of

calcein for 2 h; (2) Water temperature at 24°C, soaking in 50 mg/L

of calcein for 2 h.
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