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Editorial on the Research Topic

Aquaculture environment regulation and system engineering
Aquatic products are a major source of high-quality foods for humans, and as the

population grows, global fisheries and aquaculture production is expanding. Since the

1990s, capture production of fisheries has reached a bottleneck and tended to stabilize at

around 90 million tons (FAO, 2022). In contrast, aquaculture production has entered a

rapidly developing period, and aquaculture has now become one of the fastest-growing

areas of food production. In 2020, aquaculture provided 88 million tonnes of aquatic

products worldwide (FAO, 2022), significantly contributing to global food and nutrition

security. Furthermore, aquaculture will play an increasing role in global aquatic product

supply to fill the gap between declining capture production and increasing human demand

(Zhang et al., 2022a).

To keep up with the continuous expansion of the aquaculture industry, the intensive

and efficient aquaculture mode represented by indoor factory recirculating aquaculture

system (RAS) is emerging and developing and gradually replacing the traditional pond

culture (Campanati et al., 2022; Chen and Gao, 2023). The indoor factory RAS maximizes

aquaculture efficiency by regulating various environmental factors to the optimum level

(Xiao et al., 2019; Li et al., 2023). Various environmental factors can affect the growth,

reproduction, and health of aquatic organisms, such as light (Ruchin, 2021; Xu et al., 2022a;

Xu et al., 2022b; Xu et al., 2022c; Zhang et al., 2022b; Zhao et al., 2023a), temperature (Liu

et al., 2022a; Liu et al., 2022b), salinity (Boeuf and Payan, 2001; Deane and Woo, 2009),

dissolved oxygen (Waldrop et al., 2020), flow velocity (Gao et al., 2017; Zhao et al., 2023b),

tank color (Shi et al., 2019; Wang et al., 2019; Ma et al., 2021; McLean, 2021), tank size (Yu

et al., 2022), tank substrate (Tierney et al., 2020), etc. Many studies have demonstrated

promoting aquatic organism growth by manipulating environmental factors (Li et al., 2020;

Chen et al., 2021; Chen et al., 2022; Chen et al., 2023; Yu et al., 2023). Therefore,

understanding the environmental demand of aquatic animals is the premise of designing

an intensive aquaculture system. In this Research Topic, it has collected several research
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papers on the light and temperature requirements of fish involving

Oncorhynchus mykiss (Xu H. et al.; Xu H. et al.; Ma S. et al.; Ma Z.

et al.), Salmo salar (Dempsey et al.), and Takifugu rubripes (Liu S.

et al.), which provide theoretical references for the environmental

settings of intensive aquaculture system.

After clarifying the environmental demands, establishing an

intensive aquaculture system has become a new challenge. The

establishment of an optimum system needs interdisciplinary

knowledge such as hydromechanics and computer-based

intelligent control technology (Hu et al., 2021; Yang et al., 2021).

This Research Topic contains cutting-edge research on the

engineering & design of aquaculture facilities and artificial

intelligence in aquaculture, including the design of a new type of

inlet pipe to improve the self-purification capacity of aquaculture

tanks (Zhang et al.); the inlet layout on solid waste removal from

aquaculture tanks (Hu et al.); the ability of ultrafiltration

membranes to remove viruses and bacteria from aquaculture

waters (Mota et al.); and commercial-scale wetland system to

treat aquaculture wastewater (Li et al.). In addition, a computer

vision-based study offish appetite grading (Wei et al.) and a study of

fish swimming behavior (Xiang et al.) were also collected on this

Research Topic. The above studies provide a research basis for

developing intensive & intelligent aquaculture facilities.

On the other hand, intensive aquaculture systems are often capital

& technology-intensive. For a lot of developing countries, the extensive

aquaculture system is also prevalent. Reservoirs are an important

artificial water body, and aquaculture production in reservoirs is one

of the important ways of inland aquaculture. This Research Topic

included related studies on fish distribution in reservoirs based on

hydroacoustic surveys (Mei et al.; Luo et al.), which provided an

ecological theoretical basis for conducting reservoir aquaculture. In

addition, microorganisms in cultured water are increasingly of interest

because of their close relationship with the growth and health of the

animals. Microbial composition in shrimp-crab polyculture systems

(Liu H. et al.) and in offshore shellfish farming waters (Gao et al.) are

also included in this Research Topic to provide new insights into the

microecological environment of aquaculture systems.

In conclusion, the basic knowledge of bioengineering interfaces

in aquaculture is important in designing and developing effective

aquaculture systems. This Research Topic, which combines the

latest research on the environmental demands of aquatic organisms,

the development of aquacultural facilities & equipment and the

knowledge of extensive aquaculture system, expands the horizons

on aquaculture environment regulation and system engineering.
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Characteristics and
particularities of bacterial
community variation in the
offshore shellfish farming waters
of the North Yellow Sea

Lei Gao1,2, Zichao Yu1,2, Chao Liu1,2, Ning Kong1,2,
Lingling Wang1,2,3,4* and Linsheng Song1,2,3,4*

1Liaoning Key Laboratory of Marine Animal Immunology and Disease Control, Dalian Ocean
University, Dalian, China, 2Liaoning Key Laboratory of Marine Animal Immunology, Dalian Ocean
University, Dalian, China, 3Laboratory of Marine Fisheries Science and Food Production Process,
Qingdao National Laboratory for Marine Science and Technology, Qingdao, China, 4Dalian Key
Laboratory of Aquatic Animal Disease Prevention and Control, Dalian Ocean University,
Dalian, China
Bacteria in coastal waters drive global biogeochemical cycling and are strongly

related to coastal environmental safety. The bacterial community in offshore

shellfish farming waters of North China has its own characteristics and

particularities, while the knowledge is limited. In this study, the bacterial

community characteristics, the particularities of bacterial community in the

waters with surface cold patches (SCPs) and the variation of pathogenic

bacteria were investigated in the offshore shellfish farming waters in the

North Yellow Sea (NYS) from 2017 to 2019. For all studied samples,

Desulfobacterales acted as the keystone species taxon in microbial co-

occurrence networks, and the proportional abundance of Actinobacteriota

was found to be as low as 1.3%. The abundance of Marinobacter and

Synechococcus was remarkably prominent in 13 genera with nitrogen-

transforming function. The top two different bacterial functions in the spatial

analysis (between the waters with SCPs and the ambient waters) were

xenobiotics biodegradation and metabolism and metabolism of cofactors

and vitamins, which were same with that in the seasonal analysis (between

spring and summer). The abundance differences of most pathogenic bacteria

analyzed in this study (11 out of 12 genera) also had the same variation dynamics

between the spatial analysis and the seasonal analysis. An ANN predictive

model for Vibrio abundance was constructed for Vibrio forecasting, with

acceptable predictive accuracy. According to the above results, the bacterial

community in the shellfish aquaculture waters in this study was characterized

by the enhancing ability of nitrogen removal. Temperature was concluded as

the predominant environmental factor to drive the variation of bacterial

community function and pathogenic bacteria patterns in the offshore

shellfish farming waters with SCPs. The results of this study will further our

understanding of the bacterial community characteristics in offshore shellfish
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farming waters, and help for Vibrio forecasting and coastal environmental

safety in aquaculture seawater.
KEYWORDS

shellfish aquaculture, bacterial community, Vibrio, surface cold patches,
predictive model
Introduction

Bacteria are important components in the marine

ecosys tem, dr iv ing g loba l b iogeochemica l cyc l ing

(Falkowski et al., 2008). They play important roles in

maintenance and sustainability of microbial food webs and

contribute to the rapid adjustment towards marine

environmental changes and deterioration (Dash et al.,

2013). The marine planktonic bacteria, especially those

distributed near the coast, are of importance in people’s life

due to their close relationships to human and animal’s health,

industry and tourism, as about 60% of the world’s population

residing within 100 km of the coast (Vitousek et al., 1997).

Shellfish have been considered as “keystone species” and

“ecosystem engineers” in coastal environment (Gutiérrez et al.,

2003; Newell, 2004). The shellfish aquaculture industry, which is

always located near the coast, has greatly developed in recent

years to meet the growing global demand for protein (eg. 17.7

million tons in 2018) and contribute to world economic

development (FAO, 2020). Shellfish are known to modify

microbial assemblages by filtering water and transferring

nutrients in the water system. On one hand, shellfish

aquaculture can reduce water turbidity and improve nutrient

recycling in anthropogenic impacted coastal environment, thus

acting as an excellent nutrient bioextraction system in eutrophic

areas. On the other hand, the suspension filtering and deposition

through shellfish aquaculture are always involved in nutrient

flux regulation and plankton speciation, which sometimes

stimulates the growth of red tide species of plankton

(Dumbauld et al., 2009; He et al., 2017). The increasing

farming areas and stocking density have raised considerable

concern, due to their influence on the marine environment

(Yuan et al., 2010; Han et al., 2013). Even though there were

some reports about the microbiome in the coastal environment,

the bacterial community dynamics concluded from different

studies are not always in strong agreement, because of

different biogeographic and environmental features (Hartwick

et al., 2019). The effect of shellfish aquaculture on the microbial

community is quite complex, and the understanding of bacterial

community characteristics in offshore shellfish farming waters is

very limited.
02
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The North Yellow Sea (NYS) is closed to a continental

margin of major economic importance in China and Korea

with unique oceanographic characteristics. Shellfish aquaculture

is an important industry in the NYS and plays critical roles in the

development of the marine economy. It is located near the

coastal areas, especially around the islands off the coast,

rearing Yesso scallop (Patinopecten yessoensis), Pacific oyster

(Crassostrea gigas) and bay scallop (Argopecten irradians

irradians), etc. In recent years, aquaculture and industrial

wastes run-off and atmospheric deposition also affected the

nutrient concentrations in the NYS, further leading to the

change of microbial community and dynamics and even

hypoxic dead zones (Lin et al., 2005; Tang, 2009). The NYS is

always considered as one of the most complicated continental

sea areas in the world, due to the seasonal variation of strong

currents, wind stress and nutrient-enriched freshwater outflows

in the shallow sea area (Hur et al., 1999). The Yellow Sea is also

well known because of the Yellow Sea ColdWater Mass, which is

a basin-scale water mass of relatively low temperature lying

under the seasonal thermocline. Surface cold patches (SCPs)

could be observed scattering around the Yellow Sea Cold Water

Mass in boreal summer, in contrast to the ambient waters with

relative higher sea surface temperature (Xia and Guo, 1983; Zou

et al., 2001). The environmental particularity of SCPs was

speculated to result in different bacterial communities in

shellfish farming waters, while the principal environmental

parameter involved in this was not clear. The dynamics of

bacterial community variation in the NYS or even in its

offshore shellfish farming waters are attracting increasing

interest in recent years.

Pathogenic bacteria in coastal waters are strongly related to

the health of human and animals. The environmental problems

caused by microbiome change and the infections caused by

pathogenic bacteria have been reported frequently in shellfish

farming waters (Azandégbé et al., 2012; He et al., 2017). Among

various potential pathogenic bacteria, the prevalence patterns of

Vibrio spp. in marine environment are attracting widespread

concern, since they include some pathogenic species that could

infect to human and other organisms, such as V .

parahaemolyticus and V. vulnificus. Pathogenic species of

Vibrio spp. in seawater can cause seafood-borne illnesses
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through consumption of contaminated seafood and cause

wound infections by exposure of an open wound to seawater,

probably resulting in diarrhea, septicemia and even death (Hsieh

et al., 2008). The forecasting of Vibrio abundance and breakout

would help to prevent human illness by identifying and

reporting the forecasting information and making it publicly

available (Froelich et al., 2013; Izumiya et al., 2017).

In short, investigating the characteristics and dynamics of

bacterial community variation and potentially pathogenic

bacteria in the offshore shellfish farming waters in the NYS

would contribute to coastal environmental safety. To achieve

this, in the present study, seawater samples were collected

from two offshore shellfish farming areas (the waters with

SCPs and the ambient waters) in the NYS from every March

to August in 2017-2019 with the aims to (1) illuminate the

characteristics of bacterial community in the offshore

shellfish farming waters and its seasonal dynamics; (2)

reveal the particularities of bacterial community in the

waters with SCPs; (3) analyze the variation patterns of

pathogenic bacteria abundance and develop a predictive

model for Vibrio abundance level.
Material and methods

Sample collection

Two sampling regions (location X and location Z) were

set for the offshore Yesso scallop farming waters in the NYS

(Figure S1). The geographic coordinates of location X and Z

are N39°17’44”–E122°40’38” and N39°1’7”–E122°42’2”,

respectively. According to Lü et al. (2010), the location X

could be considered as within SCPs and the location Z was

among the ambient region with relative higher sea surface

temperature, because our three-year data also showed that the

surface water temperature in summer in location X was

generally 2-3°C lower than that in location Z. There were

three sampling sites included in each region as three parallels.

The sampling experiments were carried out from March to

August in 2017-2019, as March to August was the main

period of scallop farming. In this study, spring was defined

from March to May, and summer from June to August.

Seawater samples were collected at 3 m of depth where

scallops were suspension-cultured and were then stored at

4°C within 1 h before further processing as previous

description (Yu et al., 2019a; Yu et al., 2019b).
Determination of water parameters

Water temperature (T), salinity (Sal), pH and dissolved

oxygen (DO) were monitored using an YSI Professional Plus

meter (YSI, Yellow Springs, Ohio, USA) in situ. According to the
Frontiers in Marine Science 03
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procedures of the National Specification for Marine Monitoring

(SOA of China, 2007), the concentration of TAN, NO2–N, NO3–

N, PO4-P and SiO4-Si of the water were analyzed using

indophenol blue spectrophotometric method, N-(1-naphthyl)-

ethylenediamine dihydrochloride spectrophotometric method,

Zn-Cd reduction method, Phosphomolybdenum blue

spectrophotometric method and Silicon molybdenum yellow

Spectrophotometry method, respectively. The concentration of

Chl-a was measured with spectrophotometry after extraction

with acetone (Lorenzen, 1967).
DNA extraction and high−throughput
sequencing

One liter of seawater was filtered using 0.22 mm pore size

membranes (Sagon, Shanghai, China) to enrich the microbial

cells for each sample, which was then used for genomic DNA

extraction using the Water DNA Kit (Omega, GA, USA)

following the manufacturer’s instruction. DNA quality and

quantity were analyzed by 1% agarose gel electrophoresis and

NanoDrop spectrophotometer (Thermo Fisher Scientific, DE,

USA). The high-throughput sequencing of the V3–V4

hypervariable region of 16S rDNA genes was performed using

the Illumina HiSeq platform by Novogene (Beijing, China) with

low-quality reads filtered.
Amplicon sequence analysis

The raw reads of the 16S rDNA sequence were processed

using Quantitative Insights into Microbial Ecology (QIIME 2)

pipeline (Bolyen et al., 2019). Paired-end reads were

imported, then trimmed and denoised using DADA2 to

remove chimeras and obtain amplicon sequence variants

(ASVs). The abundance of nitrogen-transforming bacteria

was calculated as log10 (relative abundance proportion *

10000 + 1). Taxonomy was assigned at the single nucleotide

level to the ASVs using a feature classifier against a trained

SILVA 138 SSU database. Alpha diversity and beta diversity

were evaluated using the Shannon diversity index and

unweighted UniFrac distances, respectively.
Statistical analysis

MicrobiomeAnalyst (http://www.microbiomeanalyst.ca)

was used to compare the abundance and diversity of the

bacterial community and to generate visual exploration, with

ASV data and the metadata files (Chong et al., 2020). The

functional profiles and metabolic pathways of the bacterial

communities were predicted using Phylogenetic Investigation

of Communities by Reconstruction of Unobserved States
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(PICRUSt) 2 software (Douglas et al., 2020). KEGG database

was used for the annotation of predicted genes. STAMP

software was used for differential analysis of functional

profiles (Parks et al., 2014). The co-occurrence ecological

network was analyzed using the online Molecular Ecological

Network Analysis (MENA) pipeline (http://ieg2.ou.edu/

MENA) (Deng et al., 2012), and the network construction

was performed using Cytoscape software (Shannon et al.,

2003). Redundancy analysis (RDA) was conducted to reveal

the effect of environmental factors on the abundance and

diversity of bacterial communities using CANOCO software

(version 5) (Šmilauer and Leps ̌, 2014). Correlations between
the Vibrio abundance and environmental factors were

investigated through Spearman’s correlation analysis and

Pearson’s correlation analysis using SPSS 26 (SPSS Inc.

Chicago, IL) statistical software package. P-value<0.05 was

considered statistically significant. P-value<0.01 was

considered extremely significant.
Construction of the predictive model

A predictive model was constructed for the level of Vibrio

abundance in this study. First, the co-occurrence relationships

between the Vibrio abundance and the bacterial abundance at

order level were investigated using MENA pipeline to get the

order taxa (VAO) that were directly associated with the Vibrio

variation. Second, all tested environmental factors and the VAO

abundance were analyzed for their correlation with the Vibrio

abundance in the next month using Spearman’s correlation

analysis and Pearson’s correlation analysis, to get the factors

(VAF, including environmental factors and order taxa) that had

significant associations with Vibrio variation in the next month

in both results of correlation analysis. Third, three levels of

Vibrio relative abundance were set as High Level (proportional

abundance ≥ 2%), Moderate Level (2% > proportional

abundance ≥ 0.5%), and Low Level (proportional abundance<

0.5%). The multi-layer feed-forward artificial neural network

(ANN) modeling was used to construct and test the neural

networking by SPSS 26, using the VAFs as input variables and

the Vibrio level in the next month as output variable. The

feasible ANN model was constructed by trial and error. The

ANN was classified into three layers, including input, hidden

and output layers. The three layers processed signals and

searches to obtain the best linear and nonlinear relationships

between the input and output data. In this model, about 70% of

the input data was used for training, with the remaining 30%

used for testing. Levenberg–Marquardt algorithm was applied

for modeling and calculating the weights among the input,

hidden and output layers through modifying the learning rate

and the number of hidden layers and neurons.
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Results

Composition, function and co-
occurrence of bacterial community

High-throughput sequencing of 16S rDNA was performed to

obtain 12,988,676 sequences, which were clustered into 16,747

ASVs. A total of 415 orders across 56 phyla in all samples were

detected through direct taxonomical classification and annotation.

Proteobacteria (58.6%), Bacteroidetes (18.6%), Cyanobacteria

(12.3%), Firmicutes (3.4%) and Verrucomicrobiota (2.0%) were

dominant phyla in seawater accounting for 95.0% of the total

abundance (Figure 1A). The average proportional abundance of

Actinobacteriota was 1.3%. The abundance of nitrogen-

transforming bacteria was investigated, and 13 genera were

found in our samples (Figure 2). Among them, Marinobacter

and Synechococcus were consistently present in all samples, and

their abundance was markedly higher than that of the other

nitrogen-transforming bacteria.

The KEGG pathways that the bacterial community involved

were predicted to explore the potential biosynthetic and

ecological functions. By searching against the KEGG database

using PICRUSt2, a total of 188 third-level pathways were

identified, including Valine, leucine and isoleucine

biosynthesis, C5-Branched dibasic acid metabolism and

Biosynthesis of ansamycins, etc. After grouping into second-

level pathways, 36 pathways were determined, including

carbohydrate metabolism, infectious disease and replication

and repair, etc. For the further grouped first-level pathways,

six types were identified (Figure 1A). The co-occurrence analysis

was performed to investigate the interaction relationships

among specific taxa and to construct the microbial co-

occurrence networks. A total of 114 orders (belong to 22

phyla) were included in the network construction (Figure 1B).

In general, complex co-occurrence relationships were showed

for the whole bacterial community in this result. Among all

orders listed in this work, the orders in Proteobacteria processed

dominate positions in co-occurrence relationship, which

occupied 48.1% of the co-occurrence degree in the whole

microbiota. Desulfobacterales was suggested to be the keystone

species taxon, as it was most directly associated among all orders

in this network.

For the composition variation of bacterial community

between spring and summer, some apparent patterns could be

observed among different years, indicating that bacterial

compositions differed in interannual patterns (Figure 3A). In

the PCA analysis of bacterial beta diversity, the bacterial

community differed obviously between spring and summer

(Figure 3B). This difference could be investigated more clearly

in the analysis among different months. Progressive changes

could be outlined in bacterial community patterns from March
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to August (Figure 3B). Microbiota comparisons were conducted

between spring and summer by LEfSe analysis. Firmicutes and

Bacteroidota were identified as discriminative features at phylum

level (Figure 3C). Seven genus taxa were identified as

discriminative features at genus level, in which Vibrio genus

was found to be significantly abundant in summer (Figure 3C).
Frontiers in Marine Science 05
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The variation of bacterial functional patterns was pronounced at

seasonal scales, and the seasonal variation could be

discriminated from PCA analysis (Figure 3D). The differently

predicted pathways between spring and summer were mainly

related to metabolism and cell functional pathways, in which the

top two different pathways were xenobiotics biodegradation and
B

A

FIGURE 1

Composition, function and co-occurrence of bacterial community. (A) Distribution profiles of phylum taxa and functional pathways of the
bacterial community; (B) Microbial co-occurrence networks at phylum-order level.
frontiersin.org

https://doi.org/10.3389/fmars.2022.997817
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gao et al. 10.3389/fmars.2022.997817
metabolism and metabolism of cofactors and vitamins

(Figure 3E). The pathways related to infectious disease were

also found to be differently enriched between spring

and summer.
The composition and function
characteristics of bacterial community in
the waters with SCPs

The difference in alpha diversity was non-significant

between the two locations (Figure 4A). Differences could be
Frontiers in Marine Science 06
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found in some of the most dominant phyla between locations,

that the samples from location X had a higher relative

abundance of Bacteroidota and Actinobacteriota, and lower

relative abundance of Firmicutes (Figure 4B). The differences

became even more pronounced in specific seasons or months.

For instance, in summer, the variation of six phyla, such as

Actinobacteriota, Planctomycetota and Patescibacteria, etc., had

significantly different patterns between the two locations

(Figure 4C). When further focused on the situation of August,

Actinobacteriota was identified as the only discriminative

feature at phylum level between the two locations by LEfSe

analysis. The functional patterns of the bacterial community did
B

C

D

E

A

FIGURE 3

Temporal variation of bacterial community and function in shellfish farming areas. (A) Annual abundance heatmap at phylum level; (B) Seasonal
(left) and monthly (right) variation of alpha diversity; (C) Discriminative features of bacterial community at phylum level (left) and genus level
(right); (D) Principal components analysis (PCA) of bacterial functional characterization; (E) The functional pathways in significantly temporal
variation patterns.
FIGURE 2

The abundance variation of 13 genera of nitrogen-transforming bacteria in the offshore shellfish farming waters. The x-axis is samples in
chronological order. Green: 2017; blue: 2018; orange: 2019.
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not differ markedly between locations, but still showing a few

differences that could be observed in PCA analysis on PC1 axis,

which explained 51.4% of the total variation (Figure 4D). The

differently predicted pathways between locations were mainly

enriched in metabolism pathways, in which the top two different

pathways were xenobiotics biodegradation and metabolism and

metabolism of cofactors and vitamins (Figure 4E).
Frontiers in Marine Science 07
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Variation patterns of pathogenic bacteria
abundance

During the sampling period of different months, the Vibrio

abundance generally increased with warming temperature

(Figure 5). In order to fully investigate the seasonal variation

of potential pathogenic bacteria, the abundance of 12 genera of
FIGURE 5

The monthly variation of Vibrio abundance in shellfish farming areas.
B

C

D

E

A

FIGURE 4

Spatial variation of bacterial community and function in shellfish farming areas. (A) Bacterial alpha diversity; (B) Bacterial relative abundance in
phylum level; (C) The phyla in significantly spatial variation patterns. (D) Principal components analysis (PCA) of bacterial functional
characterization; (E) The functional pathways in significantly spatial variation patterns.
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common pathogenic bacteria were analyzed (Figure 6). For the

comparison between spring and summer, the average abundance

of five genera were higher in spring than in summer (fold of

(log10 abundance): 1.02-2.70), including Shewanella ,

Pseudomonas, Streptococcus, Campylobacter and Escherichia.

The average abundance of the other seven genera were lower

in spring than in summer (fold of (log10 abundance): 0.34-0.97),
Frontiers in Marine Science 08
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including Vibrio, Aeromonas, Photobacterium, Francisella,

Staphylococcus , Clostridium and Legionella . For the

comparison between the two locations, the average abundance

of four genera were higher in location X than in location Z (fold

of (log10 abundance): 1.02-1.41), including Shewanella,

Streptococcus, Campylobacter and Escherichia. The average

abundance of eight genera were lower in location X than in
FIGURE 6

The temporal and spatial variation of the abundance of 12 genera of potential pathogenic bacteria. X indicates location X. Z indicates location Z.
Spr. indicates spring. Sum. indicates summer.
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location Z (fold of (log10 abundance): 0.51-0.99), including

Vibrio, Pseudomonas, Aeromonas, Photobacterium, Francisella,

Staphylococcus, Clostridium and Legionella.
Relationships between environmental
factors and bacterial community

The relationships between the environmental factors and

bacterial community were analyzed and were presented in the

RDA biplot (Figure 7A). The first and second RDA axes

explained 45.88% and 12.14% of the total variation,

respectively. The top three significant environmental factors

that constrained the bacterial community were DO, T and

Chl-a, with the explaining rate of 33.6%, 33.4% and 28.3%,

respectively. T and Chl-a had a strong negative influence on the

abundance of most phyla taxa located in the upper right

quadrant and the lower right quadrant, while DO had a strong

positive influence instead. WPS-2 generally had an opposite

relationship with environmental factors compared to some other

phyla that had a positive relationship with DO and a negative

relationship with T and Chl-a. T and DO almost had no

influence on the abundance of SAR324. For specific pairs of

environmental factors, T and DO had opposite influences on the

bacterial community, while Chl-a and SiO4 had similar

influences on the bacterial community. Through Spearman’s

correlation analysis and Pearson’s correlation analysis, the

environmental factors that were significantly associated with

the Vibrio abundance in both analyses were identified, including

T, DO, Chl-a, SiO4, PO4 and Si/N (Figure 7B). The

environmental factors that had correlation coefficients above

0.5 in both analyses were T and SiO4.
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Prediction for Vibrio abundance level

Before the construction of ANN model, 41 VAOs were

found to be directly associated with the Vibrio abundance.

After the correlation analysis, 32 VAFs were found to be

significantly associated with the Vibrio abundance in the next

month. One hidden layer and 8 neurons in the hidden layer were

finally used for the ANN model training, with structure

exhibition in Figure 8A. The predictive accuracy was shown in

Table S1. The mean predictive accuracy for training samples was

95.8%, with each sub-accuracy above 85%. The mean predictive

accuracy for testing samples was 96.4%, with each sub-accuracy

above 85%. The prediction probability can also be seen in

Figure 8B, which showed acceptable performance of the ANN

model for the Vibrio abundance level prediction.
Discussion

Characteristics of bacterial community in
the offshore shellfish farming waters and
its seasonal dynamics

The bacterial phyla dominant in our samples were

investigated and were generally consistent with previous

studies, in which Proteobacteria, Bacteroidetes, Cyanobacteria

and Actinobacteriota, etc. were characterized as the top

ubiquitous phyla in the Yellow Sea or other adjacent sea areas

(Yu et al., 2018; Kim et al., 2019). However, the proportional

abundance of Proteobacteria in this study (58.63%) is relatively

higher than that in some other studies (generally below 50%)

(He et al., 2017; Yu et al., 2018). The higher abundance of
BA

FIGURE 7

Relationships between environmental factors and bacterial community. (A) RDA ordination plot for the first two principal dimensions of the
relationships between the phylum taxa abundance and environmental factors in shellfish farming areas. (B) The correlation between Vibrio
abundance and environmental factors using Spearman’s correlation analysis and Pearson’s correlation analysis. “**” represent an extremely
significant difference (P<0.01).
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Proteobacteria is in agreement with their dominant positions in

co-occurrence relationships of microbiota in this study.

Proteobacteria is always the dominant bacterial taxon in

seawater, and its further increase may preempt the space of

other bacteria and reduce microbiota diversification.

The seasonal and monthly variation of the bacterial

community was more pronounced than inter-annual variation,

mainly due to the intra-annual environmental changes. This

followed common sense and was in agreement with other

reports. Kim et al. (2019) found that bacterial abundance

closely fitted a chronological seasonal pattern in the bays of

the Yellow Sea, and temporal patterns of microbial communities

were also observed in the New Jersey coast and the Pearl River

Estuary area (Nelson et al., 2008; Xie et al., 2018). The monthly

progressive changes of bacterial community patterns were

probably caused by one factor that was in continuously

unidirectional changes, which was most likely the water

temperature. Water temperature was always considered as the
Frontiers in Marine Science 10
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most important environmental factors that drove the bacterial

community (Kim et al., 2019). We can also have this inference

according to the results of RDA analysis. The relative high T and

low DO in summer may play important roles in constraining

and shaping the bacterial community. Except for T and DO, in

the present study, Chl-a was another important environmental

factor that was associated with bacterial community variation.

Previous studies also reported that the Chl-a was the key

predictor of microbiota, and some bacterial taxa were clearly

correlated with Chl-a (Kim et al., 2019). It should be noted that

shellfish aquaculture always has a great influence on the

phytoplankton abundance and community, as phytoplankton

is the main food source of shellfish. Thus, the bacterial

community in the offshore shellfish farming waters would

have specific structure patterns, resulted from the

phytoplankton variation.

In the present study, Desulfobacterales acted as the keystone

species taxon in co-occurrence relationships of microbiota and
B

A

FIGURE 8

The artificial neural network (ANN) for Vibrio abundance prediction. (A) The structure of ANN layer; (B) The prediction probability of ANN model
at three abundance level of Vibrio. “I, II, III” indicate the three levels of prediction.
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may function in nitrogen metabolism with further effect on other

bac te r i a l communi t i e s through ni t rogen cyc l ing .

Desulfobacterales plays important roles in nitrogen cycling

and removal, and could contribute about 12% of the genes in

nitrogen pathways (Nie et al., 2021). Recently, dominant sulfate

reducing microorganisms (SRM) within Desulfobacterales were

also reported in the sediments of coastal oyster aquaculture

ecosystems (Mara et al., 2021). The proportional abundance of

Actinobacteriota (1.3%) in this study was obviously lower than

that in other studies, in which it was reported up to 5%-20% (He

et al., 2017; Yu et al., 2018). The abundance of Actinobacteriota

has been proved to be strongly correlated with nitrogen cycling,

and it can thrive under oligotrophic conditions and be

suppressed with high organic matter and inorganic nutrient

availability (Kulas ̌ et al., 2021; Wang et al., 2021). The impact of

shellfish farming on nitrogen cycling has been investigated in

previous reports by analyses of water/sediment quality

parameters (Erler et al., 2017; Jiang et al., 2020; Pan et al.,

2021). The understanding of the bacterial community

characteristics involved in nitrogen cycling in shellfish farming

water is very limited. In order to further explore the details of

nitrogen-transforming function of bacterial community, the

commonly reported nitrogen-transforming bacteria (Kuypers

et al., 2018) were investigated in our study. The presence of

Marinobacter and Synechococcus was remarkably prominent in

all 13 genera with nitrogen-transforming function.Marinobacter

and Synechococcus were mainly responsible for the process and

remove of organic nitrogen and NH4
+ in seawater. The bacterial

community characteristics involved in nitrogen cycling were

rarely reported in the Yellow Sea (Bai et al., 2012; Yu et al., 2018;

Jing et al., 2019; Yang et al., 2022). Together, the above results

indicated that the bacterial community in the shellfish

aquaculture waters in this study was characterized by the

enhancing ability of nitrogen removal.
The particularities of bacterial
community in the waters with SCPs

The bacterial community between the two locations had less

variation compared to the seasonal variation. Greater temporal

variation and less spatial variation of the bacterial community

were also found in the Yellow Sea area and some aquaculture sea

areas (He et al., 2017; Kim et al., 2019). Spatial differentiation

may superficially mask the environmental effects only when the

physicochemical factors are closely related to the spatial

conditions. Otherwise, persistent environmental heterogeneity

would cover the geographic difference and shape the microbial

diversity directly at intermediate spatial scales (Crossland et al.,

2005; Wang et al., 2015).

SCP is an important geographic feature of the Yellow Sea

and some other seas. Its formation results from the upwelling,

which carries the cold deep water up to the sea surface. The more
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water exchange in vertical direction may change the water

environment and bring more nutrients and attachments from

the bottom water layer to surface water layer (Lü et al., 2010;

Huang et al., 2018; Lin et al., 2019). In our study, the bacterial

community variation between the two locations had more

significant differences in summer than that in spring. It was

suggested that different geographic conditions may lead to the

variation of the bacterial community, mainly through the

environmental factor variation. Environmental factors always

play key roles in the spatial variation of the bacterial community.

For instance, the different concentration levels of Chl-a were

reported to be in charge of the bacterial community diversity

between two stations of the Yellow Sea (Kim et al., 2019).

Interestingly, consistency was found in two points between

the spatial analysis (location X vs location Z) and the seasonal

analysis (spring vs summer). First, the top two differently

predicted pathways of microbial function in both spatial

analysis and seasonal analysis were same, and they were

xenobiotics biodegradation and metabolism and metabolism of

cofactors and vitamins, which may indicate the occurrence of

environmental stresses and resultant activation of stress

responses (Huo et al., 2019; Ye et al., 2021). Second, 11 of the

12 common genera of pathogenic bacteria (except for

Pseudomonas) had the same dynamic patterns in the spatial

and seasonal analyses, in other words, if the abundance of one

pathogenic bacterial genus was higher (or lower) in the waters

with SCP than that in ambient waters, it was most likely that the

abundance of the pathogenic bacterial genus was also higher (or

lower) in spring than that in summer. Temperature was the

predominant environmental factor that drove the seasonal

dynamic of bacterial community variation between spring and

summer. Temperature was also the most critical feature that

distinguished the waters with SCP from ambient waters. As there

are highly similar dynamic patterns of bacterial community

variation between the seasonal and spatial analyses, it is

reasonable to speculate that temperature is the predominant

environmental factor to drive the variation of bacterial

community function and pathogenic bacteria patterns in the

offshore shellfish farming waters with SCPs.
Vibrio abundance variation and the
predictive model construction

The Vibrio abundance generally increased with the elevated

water temperature and showed clear seasonal patterns, consistent

with some other reports (Hsieh et al., 2008; Vezzulli et al., 2009;

Oberbeckmann et al., 2012; Froelich et al., 2015). The enrichment of

the pathways related to infectious disease in summer suggested that

the risk from pathogenic bacteria increased in summer and need

more attention. Shellfish aquaculture was found to play important

roles in shaping Vibrio characteristics (Joye and Anderson, 2008;

Feinman et al., 2018), probably through disturbing the structure of
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phytoplankton and zooplankton, both of which served as

determinants of Vibrio presence and abundance (Johnson, 2015).

There were many reports about the Vibrio variation in water

environment, in which the key environmental factors that affect

Vibrio community were identified and the variation tendency of

Vibrio was speculated based on environmental factors (Hsieh et al.,

2008; Oberbeckmann et al., 2012; Johnson, 2015). In the present

study, except for T, SiO4-Si was also found to be significantly

associated with the Vibrio abundance. We speculate that: On one

hand, SiO4-Si exists in the sea-water column as a sol state, which

could provide attachment for the growth of Vibrio. On the other

hand, phytoplankton and Chl-a are key drivers of the bacterial

community. SiO4-Si is an important component of some

phytoplankton taxa such as diatom (DeLuca et al., 2020) and

could thus influence the Vibrio abundance. However, as shown in

Figure 6, the Vibrio abundance in the same month of the different

years differed apparently based on the three-year data, suggesting

that it is infeasible to estimate the Vibrio abundance only according

to environmental factors or historical values of Vibrio abundance.

In recent years, some studies of model establishment and Vibrio

prediction have been reported. Hidemasa Izumiya et al. conducted a

multi-coastal study to examine relationships between

environmental factors and Vibrio and build a linear regression

model for Vibrio prediction (Izumiya et al., 2017). Brett Froelich

et al. conducted a five-parameter mechanistic model to predict

Vibrio abundance in the river based on environmental processes

(Froelich et al., 2013). According to the previous reports, the

construction of Vibrio predictive model is better to be improved

in two points. First, environmental factors were always included in

the predictive model construction as the only type of input variables

in most of the previous studies. Aside from the environmental

factors, Vibrio are also likely to respond to, or be associated with,

many other aquatic bacterial species (Johnson, 2015) in some ways,

such as quorum sensing. The interactions between Vibrio and other

bacterial communities should also be included in the studies of

Vibrio forecasting. Second, among the environmental factors, one

factor usually has weak or strong dependence on others. The

exclusive effect of one environmental factor on Vibrio abundance

is hard to assess. The relationship between Vibrio and input

variables of the predictive model is not a direct correlation but

rather the relation to which many variables contribute. Multiple

regression analysis is not good at the modelling with too many

input variables in the construction of Vibrio predictive model.

Therefore, an integrated model that has environmental factors

and bacterial species as input variables should be established to

better understand the variation of Vibrio abundance.

Our study improved the Vibrio predictive modelling by (1)

including the environmental factors as well as bacterial species as

input variables for more accurate prediction of Vibrio abundance;

(2) using ANN to solve the complex mapping relationships

between dozens of input variables and Vibrio abundance and to

construct the predictive model. The accuracy was acceptable, with

95.8% of accuracy for training samples and 96.4% for testing
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samples. The spatial scope of model application and the accuracy

will be further improved in our future studies through the

inclusion of more data for model training, as the Vibrio

prediction is better to be processed according to regional

differences, rather than using a “one-size-fits-all” approach. The

results of this study will contribute to the monitoring and

modelling efforts of Vibrio abundance in the NYS for area-

specific Vibrio forecasting and public health risk prediction.
Conclusions

The main conclusions drawn from this study are as

following (Figure S2):
• The bacterial community in the shellfish aquaculture

waters in this study was characterized by the enhancing

ability of nitrogen removal.

• Temperature was the predominant environmental factor

to drive the variation of bacterial community function

and pathogenic bacteria patterns in the offshore shellfish

farming waters with SCPs.

• An ANN predictive model for Vibrio abundance was

constructed in this study for Vibrio forecasting, with

acceptable predictive accuracy.
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SUPPLEMENTARY FIGURE 1

Location X and location Z were set as the two sampling regions for the

offshore Yesso scallop farming waters in the NYS. Horizontal distribution
of mean sea surface temperature in August of 2004–2008 was showed.

This figure is cited from (Lü et al., 2010).

SUPPLEMENTARY FIGURE 2

Graphical abstract of this study.

SUPPLEMENTARY TABLE 1

The prediction accuracy of ANN model for Vibrio abundance for both

training samples and testing samples.
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Treating performance of a
commercial-scale constructed
wetland system for aquaculture
effluents from intensive inland
Micropterus salmoides farm

Bing Li, Rui Jia, Yiran Hou and Jian Zhu*

Key Laboratory of Integrated Rice-Fish Farming Ecology, Ministry of Agriculture and Rural Affairs,
Freshwater Fisheries Research Center, Chinese Academy of Fishery Sciences, Wuxi, China
In intensive inland fish farming, discharge of untreated effluents adversely

affects adjacent water bodies and causes water pollution. Thus, it is highly

necessary to treat the effluents from inland fish farm. In this study, we built a

commercial-scale integrated constructed wetland (CW) system with vertical

subsurface flow, and monitored the purifying effect. During fish farming and

discharge of effluents periods, the water samples were collected to detected

the total nitrogen (TN), total phosphorus (TP), ammonia nitrogen (NH4
+-N),

nitrate nitrogen (NO3
--N), nitrite nitrogen (NO2

--N) and chemical oxygen

demand (CODMn). Results showed that the system was stable and

significantly improved water quality from fish pond. During the fish farming

period, the removal efficiency for TN, TP, NH4
+-N, NO3

--N, NO2
--N, and COD

was 24.93–43.72%, 61.92–72.18%, 56.29–68.63%, 56.66–64.81%, 56.42–

64.19% and 28.37–42.79%, respectively. Similarly, these parameters were also

markedly decreased by the integrated CW system during sewage discharge

period, and the average total removal rate for TN, TP, NH4
+-N, NO3

--N, NO2
--

N, and COD was 50.24%, 64.48%, 61.36%, 62.65%, 56.16% and 37.32%,

respectively. It was worth noting that three key parameters for effluents

detection TN, TP and COD values were below the threshold values of water

quality of Class II in freshwater sewage discharge standard of China (SCT9101-

2007). In conclusion, this study evidently demonstrated that application of CW

system was an environmental sustainable sewage treatment strategy in

intensive inland fish farming.

KEYWORDS

constructed wetland, removal efficiency, total nitrogen, aquaculture effluents,
recirculation aquaculture system
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Introduction

Aquaculture products are key protein source in the global

food production, which are increasing constantly in recent

decades (FAO, 2020). They are mainly from marine water

culture, inland freshwater culture and capture fisheries. In

China, inland freshwater culture is the most important

farming model, with a total area of 5,116.32 thousands ha and

production of 30.14 million tons in 2019 (Yu et al., 2020). In the

intensive inland freshwater farming, high-quality freshwater

inflow was required. In turn, discharge of effluents can

contaminate adjacent water bodies, which causes many

environmental issues.

Like livestock farming and husbandry, large amounts of

waste in aquaculture are generated, such as uneaten feed, feces,

and dissolved material, which may be released into surface water

and cause water pollution (Sindilariu et al., 2009). The pollution

problem has aroused widespread concern as it exerts an adverse

effect to aquatic ecological integrity (Turcios and Papenbrock,

2014). Excessive input nitrogen (N) and phosphorus (P) in

aquatic ecosystems can promote the growth of algae and other

phytoplankton, and subsequently cause dissolved oxygen (DO)

depletion, water quality deterioration, and even death of aquatic

animals (Bhateria and Jain, 2016; Wang et al., 2021). In China,

the discharge standard of aquaculture effluents has been issued

to prevent the harmful environmental effect (SCT9101-2007)

(Ministry of Agriculture and Rural Affairs, 2007). However,

existing methods for the treatment of aquaculture effluents,

such as bio-filter and physical filter, require high investment

and increase the cost of farming, which is beyond the reach of

most of small producers. Therefore, it is highly necessary to seek

effective method with a relatively low cost to address

sustainability issues of inland fish farming.

Constructed wetland (CW) is one of the most promising

methods for dealing with aquaculture effluents as it possesses

some advantages, such as low cost, ecological benefit and ease of

operation and maintenance (Tepe, 2018; Hang Pham et al.,

2021). When integrated with special matrix and aquatic plants,

CW can effectively remove many types of contaminants from

wastewater, including organic matter, N, P, suspended solids,

heavy metals and pathogenic microorganism through the

coordinated action of biological, physical and chemical

processes (Almuktar et al., 2018; Wang et al., 2021).

Meanwhile, substrate microorganisms (e.g. nitrifying bacteria

and denitrifying bacteria) play a pivotal role in conversion of

nutrients, especially N, in wastewater (Liang et al., 2003; Li

et al., 2018).

In aquaculture, CW has been applied to treat the discharged

effluents from farms (Schulz et al., 2003; Sindilariu et al., 2007),

or as a water filter unit to connect with recirculating aquaculture

system (Zhang et al., 2010; Shi et al., 2011). According to surface

area, the CW is classified into lab-scale CW (< 10 m2) (Saeed and
Frontiers in Marine Science 02
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Sun, 2013; Jesus et al., 2017), pilot-scale CW (10-100m2)

(Papaevangelou et al., 2016; Uggetti et al., 2016) and

commercial-scale CW (> 100 m2) (Tilley et al., 2002; Shi et al.,

2011) in research or farming practice regarding aquaculture.

Early study reported that a hybrid free water surface-horizontal

subsurface flow CW (surface area of 5 m2) could remove 95% of

total inorganic N and 32-71% of P in effluents from milkfish

(Chanos chanos) pond (Lin et al., 2002). Horizontal subsurface

flow CW (28 m2) effectively reduced the total suspended solids

(TSS), chemical oxygen demand (COD), total nitrogen (TN) and

total phosphorus (TP) concentrations in effluents form the flow-

through trout fish farm (Chazarenc et al., 2007). Vertical

flow CW (80 m2) for treatment of aquaculture ponds water

proved to be very effective and the reduction amounted to

61.5% of ammonia nitrogen ( NH+
4 -N), 68% of nitrate

nitrogen ( NO−
3 -N) and 20% of P (Li et al., 2007). Shi et al.

(2011) built a combination CW (221.0 m2) to purify brackish

effluent from commercial recirculating and super-intensive

shrimp farming systems, and it exhibited good removal of TN

(67%), TAN (71%) and TSS (66%). It is apparent that the most of

these studies were conducted at lab-scale and pilot-scale systems.

However, there was relatively little published research regarding

practical application of a commercial-scale CW in aquaculture

of China, and thus, its treatment performance needs to be

further evaluated.

Based on the issues addressed above, we built a commercial-

scale integrated CW system (2,400 m2) with vertical subsurface

flow, which connected with fish ponds with a total surface area

of 19,200 m2 to form a recirculating pond system. The objective

of this study was to evaluate the performance of the CW system

to manage the pond water quality with no water exchange

during the farming period. Further, we examine whether the

system improved the quality of effluents to comply with the

discharge standard at the end of farming.
Materials and methods

Aquaculture system and constructed
wetland design

The experiment was conducted in Wujiang modern

agriculture industrial park (Suzhou, China), where we built

an integrated CW system with a vertical subsurface flow.

The CW system was connected with 7 fish ponds with a total

surface area of 19,200 m2 to form a recirculating pond system

(Figure S1).

The CW system (total surface area 2,400 m2) was consisted

of sedimentation pond (250 m2), aeration pond (250 m2),

constructed wetland (1,800 m2) and stabilize water pond (100

m2) (Figure S1). The wetland was filled with three layers of

media. The bottom was filled with 30 cm of cobblestone
frontiersin.org
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(diameter 8-10 cm), the middle layer was filled with 25 cm of

pelelith (diameter 4-6 cm) and the top was filled 25 cm of

pelelith (diameter 2-4 cm). Three types of macrophytes Thalia

dealbata, Iris germanica and Canna indica were selected to plant

into the wetland due to stronger uptake capacity of N, P and

metal. The planning density was one plant/m2. The mean

hydraulic loading rate (HLR) was 0.6 m3/m2 d and hydraulic

retention time (HRT) was 0.83 d. The water in CW-fish pond

recirculating system was not renewed during the experiment.

The system ran from early Jun to late November 2020.
Fish culture

The largemouth bass (Micropterus salmoides) were provided

by Suzhou Tongli Modern Agriculture Development Co. LTD

(Suzhou, China). The stocking density was 30,000 fish/hm2 with

an average initial weight of 20 ± 2 g/fish. The fish were fed on a

commercial pellet diet containing 47% crude protein, 5% crude

lipids, 18.0% crude ash and 3.0% crude fiber (Changzhou Haida

Biological Feed Co., Ltd, Changzhou, China). During the

farming period, the fish were fed 3–4 times daily and feeding

amount was approximately 2–4% of the fish weight. The

management of fish farming was operated according to the

method reported by Sun (Sun, 2020). The use of fish was

approved by the Freshwater Fisheries Research Centre (FFRC)

of the Chinese Academy of Fishery Sciences, Wuxi, China.
Water sampling and
parameters detection

During the fish farming period, water samples were collected

from the fish pond, sedimentation pond, aeration pond (inlet of

wetland) and outlet of wetland once per 24-25 days from July 10

to October 20, 2020. During the sewage discharge period, water

samples were collected from the fish pond, sedimentation pond,

aeration pond (inlet of wetland) and outlet of wetland once per 9

days from November 1 to November 21, 2020. In each sampling

site, we randomly collected the water samples via the five-point

sampling method (Jiang et al., 2017).

The temperature and DO were detected using an YSI-DO

200 (YSI Inc., Ohio, USA), and the pH was measured using PHS-

3CT acidometer (Shanghai Huyueming Scientific Instrument

Co., LTD, China).The water quality parameters including

CODMn, TN, NO
−
3 -N, NO

−
2 -N, NH

+
4 -N and TP were measured

using standard methods (Wei, 2002). The COD content was

measured using potassium permanganate as an oxidant. The TN

concentration was detected according to alkaline potassium

persulfate digestion method. The TP concentration was

determined by ammonium molybdate spectrophotometric

method. The NO−
3 -N concentration was tested with UV

spectrophotometry method. The NO−
2 -N was examined using
Frontiers in Marine Science 03
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N-(1-naphthalene) –ethylenediamine as a chromogenic agent.

The NH+
4 -N concentration was analyzed by nesslers reagent

spectrophotometry method. Removal efficiency (%) of the CW

for each water quality parameter was calculated using following

equation.

Removal efficiency ( % ) = (C0 − C1)=C0 � 100

Where C0 and C1 is the concentration of the target parameter in

outflow and inflow of wetland, respectively.
Statistical analysis

Data are analyzed using SPSS 24.0 and values are expressed

as the mean ± standard error of the mean (SEM). Normal

distribution was assessed by Kolmogorov–Smirnov test, and

homogeneity of variance was examined by Levene teste.

Difference among different groups were analyzed by One-way

analysis of variance (ANOVA) with LSD post hoc test. P value

less than 0.05 were considered to be statistically significant.
Results

Running parameters of the integrated
CW system

During the experiment period, there was a similar change of

temperature in fish pond, sedimentation pond, aeration pond,

and CW outlet, ranging from 20.7°C to 32.2°C. Average pH

value was 7.31 ± 0.15, 7.29 ± 0.19, 7.17 ± 0.34 and 7. 09 ± 0.28 in

fish pond, sedimentation pond, aeration pond and CW outlet,

respectively. The average DO value was 5.82 ± 0.51 mg/L, 5.07 ±

0.37 mg/L, 6.38 ± 0.58 mg/L and 2.07 ± 0.29 mg/L in fish pond,

sedimentation pond, aeration pond and CW outlet, respectively.

The DO reduction showed an oxygen depletion in the CW,

which may be related to the aerobic respiration of heterotrophic

microorganisms (Hang Pham et al., 2021). During the

experiment period, the integrated CW system operated stably.
Changes of water quality parameters
during fish farming period

During the fish farming period, the TN concentration

successively decreased when the water flowed through

sedimentation pond, aeration pond and CW, and significant

difference was observed between CW inlet and CW outlet (p<

0.05; Figure 1A). The average TN concentration was 8.65 mg/L,

8.25 mg/L, 7.82 mg/L and 5.33 mg/L in fish pond, sedimentation

pond, aeration pond (CW inlet) and CW outlet, respectively.

Total TN removal rate of the integrated CW system ranged from

24.93 to 43.73% during the monitoring period (Figure 1B).
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The integrated CW system significantly removed TP

concentration in effluents from fish pond, and TP value at the

CW inlet was clearly higher than that at the CW outlet (p< 0.05;

Figure 1C). Meanwhile, there was a stable total removal rate on

TP ranging from 61.92 to 72.19%. Average removal rate was

4.02%, 4.76% and 62.79% in sedimentation pond, aeration pond

and CW, respectively (Figure 1D).

As shown in Figure 2A, average NH+
4 -N concentration in

water generally decreased from fish pond to CW outlet, and the

decrease exhibited significant difference between the CW inlet and

CW outlet during fish farming period (p< 0.05). Average reduction

rate of NH+
4 -N was 2.75%, 2.82% and 60.81% in the sedimentation

pond, aeration pond and CW, respectively (Figure 2B).

The variation of NO−
2 -N level followed a similar trend to

NH+
4 -N, decreasing from 0.04 mg/L (mean) at the fish pond to

0.016 mg/L (mean) at the CW outlet when the water flowed

through sedimentation pond, aeration pond and CW

(Figure 2C). Specifically, NO−
2 -N level was obviously reduced at

the CW outlet compared with the CW inlet during the July 10–

October 20 (p< 0.05), and average total reduction rate of NO−
2 -N

was 60.54% (Figure 2D).

The integrated CW system showed a high removal effect for

NO−
3 -N, with an average total removal rate of 59.66%

(Figure 2F). In addition, average NO−
3 -N concentration was

0.135 mg/L, 0.127 mg/L, 0.117 mg/L and 0.055 mg/L in fish

pond, sedimentation pond, aeration pond (CW inlet) and CW
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outlet, respectively, and there was a significant difference

between the CW inlet and CW outlet (p< 0.05; Figure 2E).

The CODMn is frequently used to evaluate COD content in

aquaculture effluents. Concentration of CODMn displayed a

nonlinear decrease in different sampling time when the water

flowed through sedimentation pond, aeration pond and CW

(Figure 2G). Notably, CODMn value at CW inlet was higher than

that at CW outlet (p< 0.05). Meanwhile, this system showed a

stable removal efficiency for CODMn with 30.51–42.79% removal

rate (Figure 2H).
Changes of water quality parameters
during the effluents discharge period

During the effluents discharge period, average TN

concentration decreased from 9.89 mg/L to 4.92 mg/L when

the water from fish pond flowed through the CW system

(Figure 3A). Compared with CW inlet, TN value was clearly

reduced at CW outlet (p< 0.05), with an average reduction rate of

43.17% (Figure 3B).

Similarly, The TP concentration was effectively reduced by

the CW system. The TP concentration was prominently lowered

from 0.25 mg/L at fish pond to 0.09 mg/L at CW outlet, with a

relatively stable average removal rate of 64.48% (p< 0.05;

Figure 3C). The removal rate was 2.18–8.49% in sedimentation
A B

DC

FIGURE 1

Removal efficiency of integrated CW system on TN and TP during the fish farming period. (A) TN value in the fish pond, sedimentation pond,
CW inlet (aeration pond) and CW outlet. (B) TN removal rate of the sedimentation pond, aeration pond and CW. (C) TP value in the fish pond,
sedimentation pond, CW inlet (aeration pond) and CW outlet. (D) TP removal rate of the sedimentation pond, aeration pond and CW. The value
is expressed as mean ± SE (n = 5). Different small letters in bar graph indicate significant difference (p< 0.05) among fish pond, sedimentation
pond, CW inlet (aeration pond) and CW outlet.
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pond, 7.16–10.10% in aeration pond and 55.37–62.89% in

CW (Figure 3D).

As shown in Figure 4A, The NH+
4 -N concentration showed a

decreasing tendency in water from fish pond to CW outlet, and

there was a significant difference between the CW inlet and CW

outlet (p< 0.05). The average removal rate was 5.73%, 9.81% and
Frontiers in Marine Science 05
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54.57% in the sedimentation pond, aeration pond and CW,

respectively (Figure 4B).

The NO−
2 -N concentration was successively decreased in fish

pond, sedimentation pond, aeration pond (CW inlet) and CW

outlet, and the decrease showed significant difference between

the CW inlet and CW outlet (p< 0.05; Figure 4C). The integrated
A B

D

E F

G H

C

FIGURE 2

Removal efficiency of integrated CW system on NH4
+-N, NO3

--N, NO2
--N and CODMn during the fish farming period. (A) NH4

+-N value in the
fish pond, sedimentation pond, CW inlet (aeration pond) and CW outlet. (B) NH4

+-N removal rate of the sedimentation pond, aeration pond and
CW. (C) NO2

--N value in the fish pond, sedimentation pond, CW inlet (aeration pond) and CW outlet. (D) NO2
--N removal rate of the

sedimentation pond, aeration pond and CW. (E) NO3
--N value in the fish pond, sedimentation pond, CW inlet (aeration pond) and CW outlet.

(F) NO3
--N removal rate of the sedimentation pond, aeration pond and CW. (G) CODMn value in the fish pond, sedimentation pond, CW inlet

(aeration pond) and CW outlet. (H) CODMn removal rate of the sedimentation pond, aeration pond and CW. The value is expressed as mean ±
SE (n = 5). Different small letters in bar graph indicate significant difference (p< 0.05) among fish pond, sedimentation pond, CW inlet (aeration
pond) and CW outlet.
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CW system has a stable removal rate ranging 54.27% to 58.55%

during the effluents discharge period (Figure 4D).

Variation of the NO−
3 -N level followed a similar trend to

NO−
2 -N. The average NO

−
3 -N level was 0.126 mg/L, 0.115 mg/L,

0.107 mg/L and 0.047 mg/L in the fish pond, sedimentation

pond, aeration pond (CW inlet) and CW outlet, respectively

(Figure 4E). The integrated CW system strongly reduced NO−
2 -N

level in the aquaculture effluents with a total average removal

rate 62.65% (Figure 4F).

During the effluents discharge period, the average CODMn

concentration was 11.03 mg/L, 10.30 mg/L, 9.95 mg/L and 6.84

mg/L in the fish pond, sedimentation pond, aeration pond and

CW outlet, respectively (Figure 4G), and the value at CW outlet

was apparently lower than that at other sampling sites (p< 0.05).

Meanwhile, the integrated CW system has a distinct impact on

CODMn reduction, and removal rate ranged from 32.33% to

43.04% (Figure 4H).
Discussion

In aquaculture effluents, inorganic N is a key pollutant,

primarily generated from residual feeds and feces (Piedrahita,

2003). Overloading N can cause eutrophication, algal blooms

and water anoxia, which may further lead to abnormal changes

in physiology and behavior of aquatic animals (Banerjee et al.,
Frontiers in Marine Science 06
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2021). Thus TN level is a common parameter used to assess

water quality in aquaculture. A CW (9.5 m2) was used to treat

effluents from a recirculating aquaculture system farmed

Oreochromis niloticus, and there was a 95.5% removal rate for

TN (Behrends et al., 1999). Similarly, Lin et al. (2002) built a

hybrid CW (5 m2) to treat effluents of Chanos chanos farming,

and TN concentration was significantly removed by the CW

system. Zhang et al. (2010) used a farm-scale CW (320 m2) to

improve water quality in Ictalurus punctatus farming, and the

TN removal rate was 48%. In addition, TN removal rate was

related to types of CW systems, such as, 12.4% in floating-bed

CW, 64.7% in horizontal subsurface flow CW, and 23.0% in

surface flow CW (Bai et al., 2020). In the present study, the TN

removal rate was 36.85% during the fish farming period and

50.24% during the effluents discharge period, indicating the

integrated CW system has a high removal rate for inorganic

N. In addition, the average TN value was 4.92 mg/L at CW outlet

during the effluents discharge period, which met the water

quality of Class II in the freshwater sewage discharge standard

of China (SCT9101-2007).

In aquaculture practice, NH+
4 -N, NO

−
2 -N and NO−

3 -N are

ubiquitous pollutants, and have received the most attention due

to high toxicity on aquatic animals (Molayemraftar et al., 2022).

High levels of NH+
4 -N and NO−

2 -N have been reported to inhibit

growth performance, induce tissue damage or even death in

aquatic animals (Ip and Chew, 2010; Kroupova et al., 2018).
A B

DC

FIGURE 3

Removal efficiency of integrated CW system on TN and TP during the effluents discharge period. (A) TN value in the fish pond, sedimentation
pond, CW inlet (aeration pond) and CW outlet. (B) TN removal rate of the sedimentation pond, aeration pond and CW. (C) TP value in the fish
pond, sedimentation pond, CW inlet (aeration pond) and CW outlet. (D) TP removal rate of the sedimentation pond, aeration pond and CW. The
value is expressed as mean ± SE (n = 5). Different small letters in bar graph indicate significant difference (p< 0.05) among the fish pond,
sedimentation pond, CW inlet (aeration pond) and CW outlet.
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Chronic NO−
3 -N exposure reduces growth, increases

susceptibility to hypoxia, disrupts endocrine system and affects

the health status in fish (Monsees et al., 2017; Kellock et al., 2018;

Isaza et al., 2021). It has been reported that CW was an efficient

and cost-effective management practice to maintain reasonable

concentrations of NH+
4 -N, NO

−
2 -N and NO−

3 -N (Lin et al., 2010).
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Mahmood et al. (2016) structured a CW-commercial ponds of

Macrobrachium rosenbergii system, and found that the 43.8%

NO−
3 -N, 25.7% NH+

4-N and 14.3% NO−
2 -N were removed. In a

lab-scale closed recirculation aquaculture system, horizontal

subsurface flow CW removed 99% NO−
2 -N and 82–99% NO−

3

-N, but had lower removal rate for NH+
4 -N (10%) (Hang Pham
A B

D
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C

FIGURE 4

Removal efficiency of integrated CW system on NH4
+-N, NO3

-N, NO2
--N and CODMn during the effluents discharge period. (A) NH4

+-N value in
the fish pond, sedimentation pond, CW inlet (aeration pond) and CW outlet. (B) NH4

+-N removal rate of the sedimentation pond, aeration pond
and CW. (C) NO2

--N value in the fish pond, sedimentation pond, CW inlet (aeration pond) and CW outlet. (D) NO2
--N removal rate of the

sedimentation pond, aeration pond and CW. (E) NO3
--N value in the fish pond, sedimentation pond, CW inlet (aeration pond) and CW outlet.

(F) NO3
--N removal rate of the sedimentation pond, aeration pond and CW. (G) CODMn value in the fish pond, sedimentation pond, CW inlet

(aeration pond) and CW out. (H) CODMn removal rate of the sedimentation pond, aeration pond and CW. The value is expressed as mean ± SE
(n = 5). Different small letters in bar graph indicate significant difference (p< 0.05) among fish pond, sedimentation pond, CW inlet (aeration
pond) and CW outlet.
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et al., 2021). In this work, the The CW system exhibited a high

and stable removal rate for NH+
4 -N (62.93%), NO−

3 -N (59.66%)

and NO−
2 -N (60.54%), and improved substantially water quality

form the fish pond during the fish farming period. It is worth

noting that the average NH+
4-N concentration at CW outlet was

below 0.5 mg/L during the effluents discharge period, meeting

environmental quality standard of Class II for surface water in

China (GB3838-2002). The data also indicated that the

integrated CW system had a high removal efficiency for

inorganic N in aquaculture effluents, which reduced

aquaculture-included environmental contamination.

In CW system, N removal is a complex process, which may

be related to sedimentation, uptake of aquatic plant, adsorption

of media and biodegradation (Liu et al., 2019; Lu et al., 2020). N

as an essential nutrient can be absorbed by aquatic plants, thus

some aquatic plants are planted in CW to remove N. CW

planted Thalia dealbata and Pontederia cordata displayed

66.44% and 68.56% TN reduction rate and 54.09% and 77.39%

NH+
4 -N reduction rate (Liu, 2011). In a CW planted Canna

indica, the removal rate for NH+
4 -N was 45.3-84.5% (Zhu et al.,

2004). In this study, the Thalia dealbata, Iris germanica and

Canna indica were planted into the CW to clean the effluents

from fish pond, which reflected that the inorganic N removal

was related to uptake of the aquatic plants. However, some

researchers suggested that CW removed N primarily through

ammonification, nitrification and denitrification, but not aquatic

plants uptake (Uusheimo et al., 2018; Liu et al., 2019; Lu et al.,

2020). In addition, the substrates of CW, such as pebbles and

pelelith, have been reported to have strong adsorption on N

(Wang et al., 2018). Previous study suggested that, in

commercial-scale CW system, TN removal rate was often

around 40%, of which limiting factors were organic carbon

concentration and low DO level (Xie et al., 2018; Lu et al.,

2020). In this study, we speculated the major limiting factor for

N removal was the DO level (2.07 ± 0.29 mg/L in CW outlet),

because heterotrophic microorganisms played an important role

in N removal process (Friedland, 2004).

Apart from N, P level is another important parameter

evaluating water quality. P can promote algal growth and has

a significant impact on microcystins production by Microcystis

aeruginosa in aquatic environment (Dai et al., 2016). High

concentration of P deteriorated not only water quality (Smith

et al., 1999), but caused microcystins accumulation though

enhancing Microcystis biomass (Wang et al., 2010). CW has

the potential to treat P in aquaculture effluents. For example,

CW as a recirculation filter in large-scale shrimp aquaculture

was effective in removal of TP (65%) (Tilley et al., 2002); a

laboratory-scale CW markedly removed the TP (average

reduction rate 31%) from Litopenaeus vannamei farming water

(Hang Pham et al., 2021). In line with previous studies, our data

showed that the integrated CW system effectively removed TP

with an average removal rate of 65.95% during the fish farming

period. Interestingly, our data also displayed that the average TP
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concentration was 0.09 mg/L at CW outlet, which lower than the

threshold value (0.5 mg/L) in the freshwater effluents discharge

standard Class II of China (SCT9101-2007). P removal in CW is

a manifold process including physical, chemical and biological

forces (Sindilariu et al., 2007). It also depends on the ecological

situations, type of CW and planted macrophytes (Kumar and

Dutta, 2019). P as an essential mineral can be absorbed by

macrophytes in CW system. Various macrophytes possesses

different uptake capacity of P, such as 48.1% for Canna indica

and 76% for Thalia dealbata (BU et al., 2010; Yang et al., 2021).

In addition, the P removal was related to adherence capability of

a range offilter media in CW (Vohla et al., 2011; Wu et al., 2015).

Like TN and TP, COD concentration is a key monitoring

parameter during aquaculture effluents discharge period. It is

also used to evaluate organic pollutant in aquatic environment.

Numerous studies suggested that CW had a strongly positive

impact on the removal of organic matter with 59.7–89.0% COD

reduction rate (Tuszyńska and Obarska-Pempkowiak, 2008). In

the current study, the COD concentration was also clearly

reduced by CW system, with 28.37–42.79% reduction rate.

Meanwhile, the average COD concentration was 6.84 mg/L,

below the threshold value (15 mg/L) in freshwater effluents

discharge standard of China (SCT9101-2007). In CW, the COD

can be removed by sedimentation and filtration suspended solids

(Hang Pham et al., 2021). However, our data showed that the

COD removal rate of sedimentation was 5.88-7.33% which was

much lower than that of CW, reflecting the COD may be

removed mainly via filtration of CW media. On the other

hand , b iodeg rada t i on by ae rob i c and anae rob i c

microorganisms was also an important removal mechanism of

organic matter (Kumar and Dutta, 2019). In the aerobic

biodegradation process, oxygen transfer may be a limiting

factor for COD removal. Thus, the low COD reduction in this

study may be related to DO level (2.07 ± 0.29 mg/L at

CW outlet).
Conclusion

In the study, we built a commercial-scale vertical subsurface

flow CW connected with fish ponds, which run stably during the

fish farming and effluents discharge periods. During the fish

farming period, the integrated CW system had high and stable

removal efficiency for TN of 24.93–43.72%, TP of 61.92–72.18%,

NH+
4-N of 56.29–68.63%, NO−

3 -N of 56.66–64.81% and NO−
2 -N

of 56.42–64.19%. During the effluents discharge period, average

value of TN, TP and COD, three key parameters for effluents

detection, was 4.92 mg/L, 0.09 mg/L and 6.84 mg/L, respectively,

which met the water quality of Class II in freshwater effluents

discharge standard of China (SCT9101-2007). Finally, this study

evidently demonstrated that application of CW was an

environmental sustainable sewage treatment strategy in

intensive fish culture system.
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Role of three different plants on simultaneous salt and nutrient reduction from
saline synthetic wastewater in lab-scale constructed wetlands. Sci. Total Environ.
579, 447–455. doi: 10.1016/j.scitotenv.2016.11.074

Jiang, J., Song, Z., Yang, X., Mao, Z., Nie, X., Guo, H., et al. (2017). Microbial
community analysis of apple rhizosphere around bohai gulf. Sci. Rep. 7, 1–9. doi:
10.1038/s41598-017-08398-9

Kellock, K. A., Moore, A. P., and Bringolf, R. B. (2018). Chronic nitrate exposure
alters reproductive physiology in fathead minnows. Environ. pollut. 232, 322–328.
doi: 10.1016/j.envpol.2017.08.004

Kroupova, H. K., Valentova, O., Svobodova, Z., Sauer, P., and Machova, J.
(2018). Toxic effects of nitrite on freshwater organisms: a review. Rev. Aquac. 10,
525–542. doi: 10.1111/raq.12184

Kumar, S., and Dutta, V. (2019). Constructed wetland microcosms as sustainable
technology for domestic wastewater treatment: An overview. Environ. Sci. pollut.
Res. 26, 11662–11673. doi: 10.1007/s11356-019-04816-9

Liang, W., Wu, Z.-b., Cheng, S.-p., Zhou, Q.-h., and Hu, H.-y. (2003). Roles of
substrate microorganisms and urease activities in wastewater purification in a
constructed wetland system. Ecol. Eng. 21, 191–195. doi: 10.1016/
j.ecoleng.2003.11.002

Lin, Y. F., Jing, S. R., Lee, D. Y., Chang, Y. F., and Sui, H. Y. (2010). Constructed
wetlands for water pollution management of aquaculture farms conducting earthen
pond cu l ture . Water Env iron . Res . 82 , 759–768 . do i : 10 .2175/
106143010X12609736966685

Lin, Y.-F., Jing, S.-R., Lee, D.-Y., and Wang, T.-W. (2002). Nutrient removal
from aquaculture wastewater using a constructed wetlands system. Aquaculture
209, 169–184. doi: 10.1016/S0044-8486(01)00801-8

Liu, Y. (2011). The ecological evaluation of to nitrogen and phosphorus removals
of domestic sewage for constructed wetland plants (Nanchang China: Nanchang
University).

Liu, F.-f., Fan, J., Du, J., Shi, X., Zhang, J., and Shen, Y. (2019). Intensified
nitrogen transformation in intermittently aerated constructed wetlands: Removal
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmars.2022.1000703/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2022.1000703/full#supplementary-material
https://doi.org/10.1007/s11356-018-2629-3
https://doi.org/10.3390/w12041054
https://doi.org/10.1016/j.aquatox.2021.105971
https://doi.org/10.1007/s40899-015-0014-7
https://doi.org/10.19853/j.zgjsps.1000-4602.2010.03.006
https://doi.org/10.2166/wst.2007.499
https://doi.org/10.1007/s11274-015-2003-2
https://doi.org/10.1007/s11274-015-2003-2
https://doi.org/10.4060/ca9229e
https://doi.org/10.1016/j.jenvman.2020.111782
https://doi.org/10.1016/j.jenvman.2020.111782
https://doi.org/10.3389/fphys.2010.00134
https://doi.org/10.1086/713252
https://doi.org/10.1016/j.scitotenv.2016.11.074
https://doi.org/10.1038/s41598-017-08398-9
https://doi.org/10.1016/j.envpol.2017.08.004
https://doi.org/10.1111/raq.12184
https://doi.org/10.1007/s11356-019-04816-9
https://doi.org/10.1016/j.ecoleng.2003.11.002
https://doi.org/10.1016/j.ecoleng.2003.11.002
https://doi.org/10.2175/106143010X12609736966685
https://doi.org/10.2175/106143010X12609736966685
https://doi.org/10.1016/S0044-8486(01)00801-8
https://doi.org/10.3389/fmars.2022.1000703
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2022.1000703
pathways and microbial response mechanism. Sci. Total Environ. 650, 2880–2887.
doi: 10.1016/j.scitotenv.2018.10.037

Li, G., Wu, Z., Cheng, S., Liang, W., He, F., Fu, G., et al. (2007). Application of
constructed wetlands on wastewater treatment for aquaculture ponds. Wuhan
Univ. J. Natural Sci. 12, 1131–1135. doi: 10.1007/s11859-007-0116-7

Li, B., Yang, Y., Chen, J., Wu, Z., Liu, Y., and Xie, S. (2018). Nitrifying activity
and ammonia-oxidizing microorganisms in a constructed wetland treating
polluted surface water. Sci. Total Environ. 628, 310–318. doi: 10.1016/
j.scitotenv.2018.02.041

Lu, J., Guo, Z., Kang, Y., Fan, J., and Zhang, J. (2020). Recent advances
in the enhanced nitrogen removal by oxygen-increasing technology in
constructed wetlands. Ecotoxicol. Environ. Saf. 205, 111330. doi: 10.1016/
j.ecoenv.2020.111330

Mahmood, T., Zhang, J., and Zhang, G. (2016). Assessment of constructed
wetland in nutrient reduction, in the commercial scale experiment ponds of
freshwater prawn macrobrachium rosenbergii. Bull. Environ. Contam. Toxicol.
96, 361–368. doi: 10.1007/s00128-015-1713-3

Ministry of Agriculture and Rural Affairs, C. (2007). Requirement for water
discharge from freshwater aquaculture pond. (Beijing: Standards Press of China)
pp. 1–4.

Molayemraftar, T., Peyghan, R., Jalali, M. R., and Shahriari, A. (2022). Single and
combined effects of ammonia and nitrite on common carp, cyprinus carpio:
Toxicity, hematological parameters, antioxidant defenses, acetylcholinesterase,
and acid phosphatase activities. Aquaculture 548, 737676. doi: 10.1016/
j.aquaculture.2021.737676

Monsees, H., Klatt, L., Kloas, W., and Wuertz, S. (2017). Chronic exposure to
nitrate significantly reduces growth and affects the health status of juvenile Nile
tilapia (Oreochromis niloticus l.) in recirculating aquaculture systems. Aquac. Res.
48, 3482–3492. doi: 10.1111/are.13174

Papaevangelou, V. A., Gikas, G. D., Tsihrintzis, V. A., Antonopoulou, M., and
Konstantinou, I. K. (2016). Removal of endocrine disrupting chemicals in HSF and
VF pilot-scale constructed wetlands. Chem. Eng. J. 294, 146–156. doi: 10.1016/
j.cej.2016.02.103

Piedrahita, R. H. (2003). Reducing the potential environmental impact of tank
aquaculture effluents through intensification and recirculation. Aquaculture 226,
35–44. doi: 10.1016/S0044-8486(03)00465-4

Saeed, T., and Sun, G. (2013). A lab-scale study of constructed wetlands with
sugarcane bagasse and sand media for the treatment of textile wastewater.
Bioresource Technol. 128, 438–447. doi: 10.1016/j.biortech.2012.10.052

Schulz, C., Gelbrecht, J., and Rennert, B. (2003). Treatment of rainbow trout
farm effluents in constructed wetland with emergent plants and subsurface
horizontal water flow. Aquaculture 217, 207–221. doi: 10.1016/S0044-8486(02)
00204-1

Shi, Y., Zhang, G., Liu, J., Zhu, Y., and Xu, J. (2011). Performance of a
constructed wetland in treating brackish wastewater from commercial
recirculating and super-intensive shrimp growout systems. Bioresource Technol.
102, 9416–9424. doi: 10.1016/j.biortech.2011.07.058

Sindilariu, P.-D., Brinker, A., and Reiter, R. (2009). Factors influencing the
efficiency of constructed wetlands used for the treatment of intensive trout farm
effluent. Ecol. Eng. 35, 711–722. doi: 10.1016/j.ecoleng.2008.11.007

Sindilariu, P.-D., Schulz, C., and Reiter, R. (2007). Treatment of flow-through
trout aquaculture effluents in a constructed wetland. Aquaculture 270, 92–104. doi:
10.1016/j.aquaculture.2007.03.006

Smith, V. H., Tilman, G. D., and Nekola, J. C. (1999). Eutrophication: impacts of
excess nutrient inputs on freshwater, marine, and terrestrial ecosystems. Environ.
pollut. 100, 179–196. doi: 10.1016/S0269-7491(99)00091-3
Frontiers in Marine Science 10
31
Sun, L. (2020). Technical points of largemouth bass pond culture. Sci. Fish
Farming 10, 39–40. doi: 10.3969/j.issn.1004-843X.2020.10.020

Tepe, Y. (2018). “Treatment of effluents from fish and shrimp aquaculture in
constructed wetlands,” in Constructed wetlands for industrial wastewater treatment
(Chichester, UK: John Wiley & Sons, Ltd), 105–125.

Tilley, D. R., Badrinarayanan, H., Rosati, R., and Son, J. (2002). Constructed
wetlands as recirculation filters in large-scale shrimp aquaculture. Aquac. Eng. 26,
81–109. doi: 10.1016/S0144-8609(02)00010-9

Turcios, A., and Papenbrock, J. (2014). Sustainable treatment of aquaculture
effluents–what can we learn from the past for the future? Sustainability 6, 836–856.
doi: 10.3390/su6020836
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Effect of Sinonovacula
constricta on sediment
microbial numbers and easily
degradable organics in shrimp-
crab polyculture systems

Huiling Liu1,2†, Xinru Chai1,2†, Dongxu Zhang2, Wenjun Xu2

and Jie He2*

1School of Fishery, Zhejiang Ocean University, Zhoushan, China, 2Zhejiang Province Key Laboratory
of Mariculture and Enhancement, Zhejiang Marine Fisheries Research Institute, Zhoushan, China
To explore the influence of different densities of Sinonovacula constricta on

the composition of easily degradable organic matter and related functional

bacteria, four experimental ecosystems were established: three polyculture

systems (PMB1, PMB2, and PMB3) of Portunus trituberculatus and

Marsupenaeus japonicus with different stocking densities of S. constricta

(11.6, 23.1, and 34.7×104 ind./hm2, respectively) and a polyculture system

with only P. trituberculatus and M. japonicus (PM). Among the easily

degradable organic components in all aquaculture systems, protein content

was the highest (0.74%~0.86%), followed by carbohydrates (0.16%~0.21%) and

lipids (0.06%~0.13%). In the high-density (34.7×104 ind./hm2) S. constricta

mixed culture system, the contents of carbohydrates, lipids, and proteins in

the sediment were significantly lower than those of the other polyculture

systems. The number of cellulose-decomposing bacteria in PMB3 was

3.79×106 cfu/g, which was significantly higher than that in the other systems.

The number of starch-degrading bacteria and glutin-degrading bacteria was

the lowest in PMB3, 1.26×104 cfu/g, and 160.00 cfu/g, respectively. The

number of lipid-degrading bacteria in PMB3 was 0.77×104 cfu/g, which was

significantly lower than that in the other systems. The easily degradable

organics content in sediment was significantly positively correlated with the

corresponding functional bacteria. The results showed that mixed culture of S.

constricta could reduce the content of easily degradable organics in the

sediment of mariculture ponds and change the number of functional bacteria

in the sediment and the availability of degradable organic sediments may

determine the abundance of corresponding degradable bacteria.

KEYWORDS

Sinonovacula constricta, easily degradable organics, functional bacteria, different
densities, sediment
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Introduction

In aquatic ecosystems, sediments are not only the repository

of nutrients and organic particles in water but also the nutrient

source of the overlying water and are an important part of the

aquatic environment (Søndergaard et al., 1999). Simple organic

compounds such as carbohydrates, starches, and proteins in

sediments are quickly decomposed by functional bacteria, but

lignin and resin are resistant to microbial decomposition and are

not easily oxidized (Zaki et al., 2015; Wang et al., 2019). Easily

degradable organics are decomposed into small molecular

organic matter or inorganic matter through a series of

microbial catabolic activities, which participate in the

biogeochemical cycle of the polyculture ecosystem, thereby

affecting the entire aquaculture environment (Behera et al.,

2022). Studies have shown that the degradable components in

surface sediments can affect the dynamics and metabolism of

bottom fauna (Grant and Hargrave, 1987; Dell'Anno et al.,

2000), and the content of degradable parts in organic matter

can also be used to evaluate the nutritional status of ecosystems

(Dell'Anno et al., 2002; Pusceddu et al., 2003).

Sediment is the habitat of many farmed animals and is very

important to the success of farming (Boyd, 1995). During the

farming period, residual baits and feces are continuously

accumulated in the sediment, which increases the organic

matter content of the sediment (Liu et al., 2022). It was

reported that approximately 40.44% of sedimentary organic

matter in shellfish aquaculture ecosystems can be assimilated

by benthic bait animals, but 59.56% of sedimentary organic

matter still needs microbial transformation (Ji et al., 1998). The

degradation of easily degradable organics in sediments involves

various types of functional bacteria, such as proteolytic bacteria,

cellulose-decomposing bacteria, and starch-decomposing

bacteria (Prijambada et al., 2009; Artha et al., 2019). These

functional bacteria can produce proteases, dehydrogenases,

lipases, amylases, oxidases, decarboxylases, and other

extracellular enzymes acting on organic matter. Through

anaerobic or aerobic processes, a series of biochemical

reactions occur to degrade organic matter gradually and

ultimately convert it into inorganic elements that can be

absorbed and utilized by phytoplankton and aquaculture

animals (Pisarek and Grata, 2013; Gawas et al., 2019). For

example, the amylase secreted by starch-degrading bacteria

can decompose the insoluble starch in the sediment into

soluble monosaccharides, which are further decomposed into

CO2 and participate in the carbon cycle at the water-air interface

(Prijambada et al., 2009; Artha et al., 2019). Different types of

functional bacteria secrete different extracellular enzymes to

promote the degradation of easily degradable organic matter

in sediment, which plays an important role in the circulation of

biogenic elements in the aquaculture system.

Benthic shellfish change the physical properties of

the sediment, such as its spatial heterogeneity, surface
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composition, particle size distribution, and porosity, by

digging holes and via ventilation, excretion, and other

biological disturbances (Thayer, 1979) and then affect the

easily degradable organics in sediment and its related

decomposing bacteria. In addition, benthic shellfish can also

transfer particulate organic matter (POM) from water into the

sediment in the form of feces or pseudofeces through the filtering

effect (Newell, 2004). Sinonovacula constricta is a common

zoobenthos species in coastal areas of China. It has a filter-

feeding habit and is one of the important cultured shellfish in

coastal areas of China (Chang, 2007). Studies have shown

that the water transparency was greatly improved during the

rapid growth of razor clam from June to October (Ren and Li,

2016), and the sediment organic matter content in the

polyculture pond was significantly lower than that in the

monoculture pond (He and Li, 2013). This is because S.

constricta absorbs suspended organic substances from the

upper water surface through its water pipe, improves water

transparency, and reduces organic matter content in sediments

(Tsuchiya and Kurihara, 1979; Lukwambe et al., 2018). When its

distribution density is high, the ability of the population to

remove organic matter in sediments is significantly strengthened

(Tsuchiya and Kurihara, 1979; Lukwambe et al., 2018). However,

there is a lack of research on the effect offilter-feeding shellfish in

polyculture ecosystems on easily degradable organics, which

thus needs further study. Based on the above understanding,

four experimental ecosystems were established in this study: S.

constricta was mixed into a Portunus trituberculatus–

Marsupenaeus japonicus polyculture ecosystem at different

densities to clarify the effects on the distribution and

proportion of easily degradable organics in sediment and the

changes in the number of easily degradable organics-degrading

bacteria in different marine aquaculture ponds.
Materials and methods

Sampling ponds

The culture ponds were located on Changbai Island,

Zhoushan city, Zhejiang Province (30°10′ N, 122°02′ E), and
the size of the ponds was 1.33×104 m2. Three ponds were stocked

with P. trituberculatus, M. japonicus, and S. constricta, which

were termed PMB1, PMB2, and PMB3 according to the stocking

density of S. constricta from low to high. The fourth pond was

stocked with P. trituberculatus and M. japonicus only and was

termed PM. The stocking time of S. constricta was early April,

the stocking time of P. trituberculatus was early June, and the

stocking time of M. japonicus was early July. The stocking

densities of P. trituberculatus and M. japonicus in all ponds

were 31.2×104 and 22.5×104 ind./hm2, respectively. The stocking

densities of S. constricta in PMB1, PMB2, and PMB3 were

11.6×104, 23.1×104, and 34.7×104 ind./hm2. The stocking
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densities of P. trituberculatus and M. japonicus were according

to practical experience as well as the low stocking density of S.

constricta in PMB1, and the middle and high density of S.

constricta were set based on the above practical stocking

density. The initial average individual weights of P.

trituberculatus, M. japonicus, and S. constricta were 0.0240,

0.0087, and 0.3240 g, respectively. During the farming period,

frozen trash fish were fed as the main feed once a day in the

morning and evening. The protein, lipid, and carbohydrate

contents of frozen trash fish were 15.4%, 3.3%, and 0.3%,

respectively. Water exchange was carried out through the inlet

and outlet of the pond, and the water exchange capacity of the

different breeding ponds was consistent.
Sample collection and processing

The sediment samples from each pond were collected from

April to December 2020. The initial sampling time was early

April, and the sediment samples at the end of each month were

collected in the middle ten days. Three sampling points were

selected along the diagonal line in each pond, and four sediment

samples were collected at each sampling point using a sediment

column sampler (diameter: 10 cm), mixed evenly and placed in

an incubator. According to Chai et al. (2022), the sediment

temperature ranged from 7.47 to 30.13°C during the farming

season in all the aquaculture systems, with an average of (21.36 ±

6.76)°C. The mean sediment pH values of PM, PMB1, PMB2, and

PMB3 were 7.55 ± 0.10, 7.58 ± 0.10, 7.56 ± 0.11, and 7.65 ± 0.07,

respectively. The mean sediment redox potential (ORP) of PM,

PMB1, PMB2, and PMB3 were (-153.85 ± 26.87) mV, (-147.15 ±

28.56) mV, (-141.11 ± 23.00) mV and (-141.19 ± 18.90)

mV, respectively.
Determination of the organic matter
content

After the mud samples were mixed evenly, 40 g of each

sample was freeze-dried with a freeze-drying machine. The mud

samples were ground into powder by a bowl mill and passed

through a 100-mesh standard test sieve. The filtered fine powder

was collected and ignited at 450°C for 5 hours. The weight

difference before and after ignition was calculated. The ratio of

lost mass to dry sample mass was the organic matter content

(OM, mg·g-1).
Determination of easily degradable
organics

In the analysis of easily degraded organic matter in the

sediment, the phenol−sulfuric acid method was used for the
Frontiers in Marine Science 03
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determination of carbohydrates (Masuko et al., 2005). According

to the Editorial Board of the Water and Wastewater Monitoring

and Analysis Methods of the State Environmental Protection

Administration (2002), the Lowry method was used for the

determination of proteins, and the methanol-chloroform method

was used for the determination of lipids (Bligh and Dyer, 1959).
Statistics of functional bacteria

The bacterial counts of different groups in sediment samples

were performed by the maximum possible count (MPN) and

plate count (CFU) methods (Xu and Zheng, 1986). The MPN

method was used for starch-degrading bacteria and glutin-

degrading bacteria, and the CFU method was used for

cellulose-degrading bacteria and lipid-degrading bacteria. In

the MPN counting method, the mud samples were serially

diluted 10 times to the final dilution, and when bacterial

growth was not observed after inoculation, this was considered

the critical stage. Then, 1 mL of each of the last five diluents in

the series was placed into the corresponding liquid medium, and

three parallel dilutions were performed; this MPN counting

method is also called the three-tube method. The plate

counting method (CFU) also used sample serial dilution, with

three parallel dilutions performed, and 0.1 mL diluents were

added to each plate for uniform coating. The culture

temperature of all biological samples was 30°C, and the culture

time was the same as the previous corresponding index.
Statistical analysis

In the statistical analysis, the mean values of four parallel

samples were taken as the measured values of each sampling

point. SPSS 22.0 and SigmaPlot 14.0 were used for data analysis.

Repeated-measures analysis of variance was used to analyze the

differences in the number of microorganisms in the sediment of

the different breeding systems and the differences in the number

of easily biodegradable organic substances in the sediment of the

different breeding systems.
Results

Changes in easily degradable organics in
the sediment

During the farming period, the carbohydrate content of the

sediment in the different breeding systems generally showed a

trend of first increasing and then decreasing (Figure 1A). The

carbohydrate content ranges in the sediments of PM, PMB1,

PMB2 and PMB3 were 0.04~0.40%, 0.05~0.35%, 0.04~0.43% and

0.04~0.33%, respectively, and the average values were (0.20 ±

0.12) %, (0.21 ± 0.09) %, (0.21 ± 0.12) %, and (0.16 ± 0.11) %,
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respectively. The results of the difference analysis showed that

the carbohydrate content in the sediment of the PMB3 system

was the lowest, which was significantly lower than that of the

other polyculture ecosystems (P < 0.05), and there was no

significant difference among PM, PMB1, and PMB2 (P > 0.05).

As shown in Figure 1B, during the farming period, the protein

content ranges in the sediments of PM, PMB1, PMB2 and PMB3
were 0.22~1.36%, 0.21~1.23%, 0.23~1.36% and 0.21~0.99%,

respectively, and the average values were (0.86 ± 0.35) %, (0.81 ±

0.33) %, (0.81 ± 0.35) % and (0.74 ± 0.28) %, respectively. The

results of the difference analysis showed that the sediment protein

content of the PMB3 system was the lowest, which was significantly

lower than that of the other polyculture ecosystems (P < 0.05). The

protein content in the sediment of the PM system was the highest,

followed by PMB1 and PMB2, and there was no significant

difference between PMB1 and PMB2 (P > 0.05).

During the farming period, the trend of lipid content in the four

breeding systems increased first and then decreased, with the

highest content found in August (Figure 1C). The lipid content

ranges in the sediments of PM, PMB1, PMB2, and PMB3 were

0.03~0.27%, 0.01~0.22%, 0.03~0.19%, and 0.01~0.18%, respectively,

and the average values were (0.13 ± 0.08) %, (0.10 ± 0.08) %, (0.10 ±

0.06) %, and (0.06 ± 0.05) %, respectively. The results of the

difference analysis showed that the lipid content in the sediment

of PMB3 was the lowest, which was significantly lower than that of

the other polyculture ecosystems (P < 0.05). The lipid content of the

sediment in the PM system was the highest, followed by PMB1 and

PMB2, and there was no significant difference between PMB1 and

PMB2 (P > 0.05).
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As shown in Figure 1D, during the farming period, the

organic matter contents in PM, PMB1, PMB2, and PMB3

sediments ranged from 37.91 to 69.41 mg·g-1, from 38.62 to

64.72 mg·g-1, from 38.45 to 62.72 mg·g-1 and from 38.47 to

59.78 mg·g-1, with average values of (54.91 ± 11.05) mg·g-1,

(54.86 ± 8.12) mg·g-1, (55.59 ± 8.36) mg·g-1 and (51.51 ± 6.74)

mg·g-1, respectively. The difference analysis showed that the

organic matter content of the PMB3 sediment was significantly

lower than that of the other treatment groups (P < 0.05) and

that there was no significant difference among PM, PMB1, and

PMB2 (P > 0.05).
Changes in the number of functional
bacteria in the sediment

The number of starch-degrading bacteria in the PM and PMB1
sediments increased first and then decreased but remained low

(Figure 2A). The number of starch-degrading bacteria in PMB2
and PMB3 decreased continuously from the beginning of the culture

(Figure 2A). The number of starch-degrading bacteria in the PM,

PMB1, PMB2, and PMB3 sediments ranged from 4.5×102 to 2.5×104

cfu/g, 4.5×102 to 2.5×104 cfu/g, 1.5×104 to 9.8×104 cfu/g and 9×102

to 4.5×104 cfu/g, respectively. The average values were (2.47 ±

1.03) ×104 cfu/g, (1.82 ± 0.86) ×104 cfu/g, (1.87 ± 0.97) ×104 cfu/g

and (1.26 ± 0.90) ×104 cfu/g, respectively. The number of starch-

degrading bacteria in the PMB3 sedimentwas the lowest, whichwas

significantly lower than that in the other treatment groups (P <

0.05). Systems PM and PMB1 were significantly higher than PMB3
A B

DC

FIGURE 1

Changes in sediment easily degradable organics during the farming period. The data are shown as the means±SDs. (A), change of CHO; (B),
change of PRT; (C), change of LPD; (D), change of Orgnic matters. CHO, carbohydrate in the sediment; PRT, protein in the sediment; LPD, lipid
in the sediment.
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(P < 0.05), and there was no significant difference between PMB1
and PMB2 (P > 0.05), PM was the highest (P < 0.05).

The number of lipid-degrading bacteria in the PM and PMB1
sediments showed a trend of first increasing and then decreasing

(Figure 2B). The number of bacteria in the PMB2 and PMB3
polyculture ecosystems showed the same trend, showing a trend of

first increasing and then decreasing and then increasing and then

decreasing (Figure 2B). The number of lipid-degrading bacteria in

PM, PMB1, PMB2, and PMB3 ranged from 2.5×103 to 2.4×104 cfu/g,

2.9×103 to 2.7×104 cfu/g, 3.0×103 to 2.1×104 cfu/g and 2×103 to

1.8×104 cfu/g, with average values of (1.19 ± 0.81) ×104 cfu/g,

(1.20 ± 0.77) ×104 cfu/g, (1.19 ± 0.64) ×104 cfu/g and (0.77 ±

0.54) ×104 cfu/g, respectively. The number of lipid-degrading

bacteria in the PMB3 sediment was the lowest, which was

significantly lower than that in the other systems (P < 0.05). There

was no significant difference among the other systems (P > 0.05).

The number of cellulose-decomposing bacteria in the sediment

of the fourpolyculture ecosystemsfirst increased and thendecreased,

reaching amaximum inAugust, but the number in PMB2 andPMB3
increased sharply in August, and the growth rate was faster than that

of PM and PMB1 (Figure 2C). The number of cellulose-degrading

bacteria in the PM, PMB1, PMB2, and PMB3 sediments varied from

5.2×104 to 8.8×105 cfu/g, 2.8 ×104 g to 8.3×105 cfu/g, 9.57×104 to

9.5×105 cfu/g, and 2.6×104 to 1.11×106 cfu/g, with averages of

(3.34 ± 3.27) ×105 cfu/g, (3.33 ± 2.47) ×105 cfu/g, (3.25 ± 2.78)

×106 cfu/g and (3.79 ± 3.57) ×106 cfu/g, respectively. In PMB3
and PMB1, the number of cellulose-degrading bacteria in the

sediment was the highest, which was significantly higher than

that in the other treatment groups (P< 0.05). The numbers in the
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PM and PMB2 systems were the lowest, and there was no

significant difference between the two groups (P > 0.05).

The number of glutin-degrading bacteria in the PM

sediment increased first and then showed a relatively stable

trend, while the number in the other systems increased first and

then showed a fluctuating trend and remained low (Figure 2D).

The number of gelatinolytic bacteria in the PM, PMB2, PMB1,

and PMB3 sediments varied from 110 to 340 cfu/g, 95 to 310 cfu/

g, 100 to 300 cfu/g and 90 to 225 cfu/g, with average values of

(243.89 ± 84.62) cfu/g, (200.00 ± 85.59) cfu/g, (202.22 ± 84.86)

cfu/g, and (160.00 ± 57.72) cfu/g, respectively. The number of

glutin-degrading bacteria in the PMB3 sediment was the lowest

(P < 0.05) and that in PM was the highest (P < 0.05). The

numbers in PMB1 and PMB2 were significantly higher than that

in PMB3, and there was no significant difference between the

former two groups (P > 0.05).
Correlation between the number of
different groups of bacteria and easily
degradable organics in sediment

Correlation analysis showed that the carbohydrate content

in sediment was positively correlated with the number of starch-

degrading bacteria (P < 0.05) and negatively correlated with the

number of cellulose-decomposing bacteria (P < 0.05) (Table 1).

The protein content was positively correlated with the number of

gelatin-decomposing bacteria (P < 0.01). The lipid content was

negatively correlated with the number of lipid-decomposing
A B

DC

FIGURE 2

Changes in the number of functional bacteria in sediment during the farming period. The data are shown as the means ± SDs. (A), the number
of starch-degrading bacteria; (B), the number of lipid-degrading bacteria; (C), the number of cellulose-decomposing bacteria; (D), the number
of glutin-degrading bacteria.
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bacteria (P < 0.05). There was no significant correlation between

the number of functional bacteria and the content of easily

degradable organics in the sediment.

Discussion

The results showed that protein was the main easily

degradable organics in the sediment of the polyculture system,

with an average content of 0.8%, followed by carbohydrates

(0.2%) and lipids (0.1%). In the Chaohu Lake ecosystem, the

composition of easily degradable organics in surface sediments is

mainly carbohydrates, followed by proteins and lipids (He et al.,

2016). There are significant differences between polyculture

ecosystems and lakes, which may be related to sediment

sources. In lake ecosystems, degradable organic compounds

such as carbohydrates, proteins, and lipids mainly come from

higher-plant residues, zooplankton, plant excreta, and corpses

(Baldi et al., 2010; Zhang et al., 2017). Feeding feed is an

important difference between polyculture ecosystems and

other aquatic ecosystems. Feed is rich in protein, and feed

residue settles into the bottom mud, increasing the content of

protein in sediment. Therefore, the protein content of easily

degraded organic matter is the highest in the polyculture system.

In addition, the contents of various substances in sediments in

the algae-type lake area of the Taihu Lake were higher than those

in the pond aquaculture ecosystem, and their compositions were

lipids (0.77%), carbohydrates (0.45%), and proteins (0.08%) (Qi

et al., 2019). This may be related to the influence of breeding

management measures in the artificial breeding system. Lake

ecosystems usually have existed for several decades. A large

amount of organic matter is deposited in the sediment

environment, while mariculture ponds are dried and dredged

every year. This management method leads to the exposure of a

large amount of organic matter to the air and to oxidation, which

results in the degradation of sediments.

Previous studies have shown that cultured shellfish can

accelerate the sedimentation of various organic substances in

water (Hatcher et al., 1994). At the same time, shellfish exert the

filter-feeding effect of continuous organic matter assimilation,

significantly reducing sediment organic matter accumulation. In
Frontiers in Marine Science 06
37
this study, the order of organic matter content in sediments of all

aquaculture systems was PM > PMB1 > PMB2 > PMB3, showing

that the organic matter content in the sediment of PMB3, which

had the highest S. constricta density, was the lowest, and was

significantly lower than that in the other polyculture ecosystems.

This shows that mixed culture of S. constricta, especially a high-

density mixed culture, will affect the content of organic matter in

the sediment. In the pond polyculture ecosystem, suspended

particles such as residual bait, excrement of cultured animals,

and plankton in water are the main sources of sediment organic

matter. The higher the density of S. constricta is, the stronger the

sediment purification effect of this filter-feeding shellfish on the

environment will be, and thus the stronger the feeding ability of

filter-feeding benthic animals on bacteria, particulate organic

matter and attached animals and plants in water will be,

resulting in a lower content of sediment organic matter in the

high-density S. constricta mixed pond than that in the shrimp

and crab mixed pond. In this study, the content of easily

degraded organic matter was also affected by the mixed culture

of S. constricta. The results showed that the content of

carbohydrates, lipids, and proteins in the PMB3 sediment was

the lowest, which was significantly lower than that in the other

polyculture ecosystems. This may be related to the content of

organic matter in the sediment. The higher the density of S.

constricta is, the stronger the sediment purification effect of this

filter-feeding shellfish on the environment and the lower the

organic matter content in the sediment will be, thus reducing the

total content of carbohydrates, lipids, and proteins in sediment.

In addition, the nutrients required for the survival of filter-

feeding shellfish are mainly proteins, lipids, and carbohydrates.

Therefore, the higher the density of S. constricta in mixed

polyculture, the greater the demand for nutrients and

sediment protein.

Bacterial communities in sediments could affect the

transformation processes of organic matter, and the changes in

organic matter composition in sediments could also in turn

change the abundance and composition of bacterial

communities (Judd et al., 2006). The results of the correlation

analysis showed that different types of easily degradable organics

were significantly positively correlated with their corresponding

functional bacteria (Table 1). Previous studies also found that

the total number of bacteria in the sediment ecosystem was

closely related to the concentration of organic matter, and the

number was positively correlated with the change in organic

matter content (Albertelli et al., 1999; Hjelm et al., 2004), which

is consistent with the conclusion of this study. In the aquaculture

ecosystem, with the extension of breeding time, organic matter is

enriched at the bottom of the pond, creating a good living

environment for bacteria and promoting their mass

reproduction. Therefore, the availabil ity of readily

biodegradable organic sediments may determine the

abundance of corresponding decomposing bacteria.
TABLE 1 Correlation between organic matter in sediment and the
number of bacteria.

CHO PRT LPD

Starch-degrading bacteria 0.829* -0.494 0.070

Glutin-degrading bacteria -0.824* 0.761 0.481

Lipid-degrading bacteria -0.601 0.906** 0.511

Cellulose-degrading bacteria -0.114 -0.374 -0.830*
CHO, carbohydrate in the sediment; PRT, protein in the sediment; LPD, lipid in the
sediment. The values are represented as the means ± SDs. *correlation is significant at the
0.05 level; **correlation is significant at the 0.01 level.
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According to previous studies, the change in bacterial

number in sediment was controlled by temperature (Garland

and Mills, 1991), organic matter content in sediment (Classen

et al., 2003; Xu et al., 2020), redox conditions in sediment

(Muyzer et al., 1993), and feeding effects of small and large

benthic animals (Sherysheva, 2021). In this study, the numbers

of starch-degrading bacteria, glutin-degrading bacteria, and

lipid-degrading bacteria were the smallest in PMB3, followed

by PMB2 and PMB1, indicating that the mixed culture of

different densities of S.constricta in the breeding system had an

effect on the number of functional bacteria in the sediment. With

the increase in breeding density, the number of starch-

decomposing bacteria, gelatin-decomposing bacteria, and lipid-

decomposing bacteria in the sediment decreased. The higher

density of S. constricta can reduce the accumulation of residual

bait in the sediment through the filter-feeding effect so that the

organic matter content in the sediment is reduced, thus reducing

the energy supply of functional bacteria. In addition, the number

of cellulose-degrading bacteria was the largest in all breeding

systems, which may be related to the environment of the

breeding ponds. During the farming period, Suaeda salsa and

other cellulose-rich plants grew in the pond dam and the

surrounding shallow water area. Their dead bodies were

deposited on the surface of the sediment, which may have

promoted the growth and reproduction of cellulose-

decomposing bacteria. The number of cellulose-decomposing

bacteria in sediment was the highest in the polyculture

ecosystem, which may be related to the higher biomass of S.

salsa in the shallow water around PMB3.

Based on the data on the physical and chemical factors of

sediment from Chai et al. (2022), it was found that temperature

had no significant effect on the change in organic matter content

in sediment, while Ladd et al. (1981) found that increasing

temperature would accelerate the decomposition rate of soil

organic matter, which is inconsistent with the conclusions of this

study. This may be because the increase in sediment temperature

affects the appetite of benthic organisms, making the residual

bait accumulate, and the sedimentation rate of sediment is much

larger than the decomposition rate of organic matter, resulting in

the non-significant effect of temperature on the change in

organic matter content. In addition, based on the sediment

physical and chemical factor data of Chai et al. (2022), it was

found that the pH value and redox potential of sediment were

negatively correlated with the content of easily degraded organic

matter in sediment and the number of starch-degrading

bacteria, glutin-degrading bacteria, and lipid-degrading

bacteria (see Table 2). The reason for this result may be

that the accumulation of easily degradable organics in

sediment leads to an increase in the number of corresponding

functional bacteria, thus accelerating the decomposition rate of

organic matter. During the decomposition process, oxidized

inorganic substances act as electron acceptors and are

continuously reduced, resulting in a decrease in the redox
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potential in the sediment (Lv et al., 2018), while the

decomposition of organic matter also releases HCO3
- and

CO2, resulting in a decrease in pH in the sediment (Shakir et

al., 2016). Previous studies have found that the oxidation–

reduction potential (ORP) value can be affected by the number

or activity of bacteria (Senga et al., 2010; Bollag and

Stotzky, 2021).
Conclusion

In this study, through the analysis and comparison of easily

degradable organics and related functional bacteria in the

sediments of different polyculture ecosystems, it was found

that the composition of easily degradable organics in the

sediments was different from that in other aquatic ecosystems.

Protein was the dominant factor, followed by carbohydrates and

lipids. Affected by the biological disturbance of Sinonovacula

constricta, the content of organic matter and the number of

bacteria in the sediment changed, thereby affecting pH and ORP

in the sediment. The pH and ORP are important factors that

reflect the changes in the number of easily degradable organics

and related functional bacteria in the sediment. During the

farming period, the contents of carbohydrates, lipids, and

proteins in the sediment of polyculture system PMB3 were the

lowest, and the easily degradable organics in the sediment were

significantly correlated with its corresponding functional

bacteria. High-density S. constricta coculture could

significantly reduce the contents of carbohydrates, lipids, and

proteins in sediment and the number of starch-degrading

bacteria, glutin-degrading bacteria, and lipid-degrading

bacteria. This study confirmed that the mixed culture of S.

constricta can affect the content and proportion of easily

degradable organics in the sediment and provide a basis for

understanding the influence of S. constrictamixed culture on the

sediment environment of marine aquaculture ponds.
TABLE 2 Correlation analysis between environmental factors and
sediment easily degradable organics and functional bacteria.

Environmental factors ST pHsediment ORPsediment

OM 0.300 -0.782** -0.574**

CHO 0.310 -0.689** -0.473**

PRT 0.283 -0.715** -0.765**

LPD 0.675** -0.638** -0.766**

Starch-degrading bacteria 0.322 -0.545** -0.412*

Glutin-degrading bacteria 0.288 -0.541** -0.718**

Lipid-degrading bacteria 0.248 -0.694** -0.618**

Cellulose-degrading bacteria 0.572** -0.213 -0.233
ST, sediment temperature; ORPsediment, sediment redox potential; pHsediment, sediment
pH; OM, organic matter in the sediment; CHO, carbohydrate in the sediment; PRT,
protein in the sediment; LPD, lipid in the sediment. The values are represented as the
means ± SDs. *correlation is significant at the 0.05 level; **correlation is significant at the
0.01 level.
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(Acipenser baerii)
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Wei Jiang4,5, Hao Du6, William M. Twardek7, Steven J. Cooke7,
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Branch, Nanchong, China, 3College of Advanced Agricultural Sciences, University of Chinese
Academy of Sciences, Beijing, China, 4Chinese Sturgeon Research Institute, China Three Gorges
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Ministry of Agriculture/Yangtze River Fisheries Research Institute, Chinese Academy of Fisheries
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Differences in individual personality are common amongst animals, which can play

an ecological and evolutionary role given links to fitness. Personality affects animal

life processes and outputs (e.g., behavior, life history, growth, survival,

reproduction), and has become a common theme in animal behavioral ecology

research. In the present study, we used Siberian Sturgeon to explore how

personality traits of boldness and shyness are related to swimming performance,

post exercise recovery and phenotypic morphology. Firstly, our results indicated

that the Siberian sturgeon juveniles of shyness were better swimmers, validating

evolutionary biology trade-off theory. The critical swimming speed (Ucrit) of the shy

groups was higher than that of the bold groups. Secondly, the shy groups were

more resilient after exercise fatigue. The swimming fatigue recovery ability, the

glucose and lactic acid concentration recovery ability of shy groups were greater

than that of bold groups. Thirdly, the shy groups were more streamlined.

Compared with bold groups, shy groups had smaller caudate stalk lengths,

caudate stalk heights, superior caudal lobes, and inferior caudal lobes. In

general, we demonstrated that shy Siberian sturgeon had better swimming

performance from physiology and morphology. These research results further

enrich the theoretical viewpoints of fish behavior biology, more importantly, which

provided a good example for studying the relationship between sturgeon’s

“personality” and swimming performance.

KEYWORDS

individual differences, Siberian sturgeon (Acipenser baerii), swimming performance
trade-off, morphology, physiology
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Introduction

Animal personality has been broadly defined as

interindividual differences in behavior that remain consistent

over time and contexts (Slater, 1981; Smith, 1982; Caro and

Bateson, 1986; Clark and Ehlinger, 1987; Réale et al., 2007;

Roche et al., 2016). Research on animal personality has covered

diverse taxa including mammals, birds, reptiles, amphibians,

fish, arthropods and mollusks (Gosling, 2001). Personality

affects animal life processes and fitness, and has become the

basis for much research in behavioral ecology (Réale et al., 2007).

One of the most commonly focused dimensions of personality is

the shyness-boldness continuum. The terms shy and bold refer

to the propensity of an individual to take risks, especially in

novel environments (Brown et al., 2007). Shy individuals react to

novelty by retreating, reducing activity levels, and becoming

more vigilant. In contrast, bold individuals are more likely to

approach novel objects and increase activity levels and

exploratory behavior (Brown et al., 2007). In the case of fish,

personality influences various behaviors (including feeding,

reproduction, migration, etc.) and is related to physiological

processes (e.g., metabolism, immunity), cognitive abilities,

morphology, and thus to growth and survival (Zhang and

Wang, 2021).

The study of swimming performance in fish species has a

long history, classified as steady or unsteady swimming (Webb,

1984; Langerhans, 2009b; Domenici, 2010). The trade-off

between the two primary swimming modes, steady and

unsteady swimming, is presumed to exist in fish species

employing relatively coupled locomotor systems (i.e. the same

morphological structures are used for propulsion during both

steady and unsteady swimming) (Webb, 1978; Webb, 1984). The

trade-off is thought to be of general evolutionary importance in

fish (Lighthill, 1969; Webb, 1982; Lighthill, 2006; Langerhans,

2007; Langerhans, 2008). From an ecological and evolutionary

perspective, the trade-off can occur when an increase in fitness

due to a change in one trait is opposed by a decrease in fitness

due to a concomitant change in another characteristic (Stephens

and Krebs, 1986; Roff, 1992; Reznick et al., 2000). For example,

the northern pike (Esox lucius) has much higher swimming

velocities during acceleration tests but is a poor endurance

swimmer (Harper and Blake, 1990). Fitness trade-off is an

ecological mechanism that produces and maintains individual

behavioral differences within a population (Kern et al., 2016).

Personality may be one of the reasons for differences in

individual swimming performance within a population. Shy

zebrafish (Danio rerio) often avoid predators (‘flight’) and

exhibit higher steady-swimming performance and, thus,

greater energetic efficiency during routine activities. In

contrast, bold zebrafish usually adopt a defensive strategy

against predators (‘fight’), showing higher fast-start swimming

performance, achieving greater access to food resources and

higher foraging efficiency; meanwhile, the risk of predation is
Frontiers in Marine Science 02
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higher (Kern et al., 2016). The cost-benefit trade-offs associated

with energy expenditure and personality differences may be one

of the most critical ecological mechanisms for the generation

and coexistence of different swimming performances in fish

(Stamps, 2007).

Significant variations in swimming performance exist

among fishes, and morphology is considered the primary

determinant of this diversity of swimming performance

(Webb, 1984). Morphological characteristics associated with

swimming can affect the performance of critical activities such

as foraging, predator evasion and migration (Bruckerhoff and

Magoulick, 2017). Morphology differences in body and fin shape

are thought to be strong selective pressures acting upon

swimming phenotypes (Webb, 1984; Blake, 2010). For

instance, Australian smelt (Retropinna semoni) from river

populations tended to have dorso-ventrally deeper bodies and

larger heads compared to reservoir conspecifics, with a

narrower, fusiform body shape and smaller head (Svozil et al.,

2020). Morphological variation associated with different

personality types may also be an essential manifestation of

variation in fish swimming performance. Studies on zebrafish

across numerous generations have found that bold, exploratory,

and risk-taking individuals tend to have a more slender body

and more significant caudal regions, with high fast-start

swimming performance and low, stable swimming

performance, which can improve survival rates in predatory

encounters (Walker et al., 2005; Langerhans, 2009a). In some

cases, certain personalities only enhance swimming performance

when combined with a specific morphological characteristic

(Roff and Fairbairn, 2012). The association between the

morphology and swimming performance of fish with different

personality traits requires further research.

Physiological variation associated with different personality

types may also be an essential manifestation of variation in fish

swimming performance (Careau et al., 2008; Biro and Stamps,

2010; Reale et al., 2010). Physiological specialization is

considered one of the main determinants of diversity in

locomotor capacities (Reidy et al., 2000). The metabolic rate of

risk-taking carp (Cyprinus carpio) is significantly higher than

that of risk-avoiding individuals (Huntingford et al., 2010).

Moreover, cortisol receptor gene expression, plasma glucose

and lactate levels are considerably lower in risk-taking carp

than in risk-avoiding conspecifics (Huntingford et al., 2010).

Bold mulloway (Argyosomus japonicus) exhibits lower cortisol

levels than shy individuals (Raoult et al., 2012). During

uniformly accelerated swimming to fatigue of White bream

(Parabramis pekinensis), plasma glucose concentration

decreased while lactic acid concentration increased (Wang,

2015). Yet, these studies focus on a single relationship between

personality and physiology or swimming performance. Research

on how fitness regulates the relationship between physiological

performance and swimming performance of fish with different

personalities is notably lacking.
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Siberian sturgeon (Acipenser baerii), belonging to the class

Osteichthyes, Actinopterygii, Chondrostei, Acipenseriformes, is

the earliest specific trans-estuarine fish group. The species

achieves a large body size, has a long life span, and has extremely

important scientific value in studying evolutionary biology (Birstein

et al., 1997). Here, we tested some theoretical concepts in

evolutionary biology, 1) Are there personality differences between

individuals of Siberian sturgeon? 2) What are the effects of

personality differences on swimming performance? 3) What are

the effects of personality differences on morphology and

physiological performance, which correlates with swimming

performance? Findings from this work will further enrich the

theoretical knowledge pertaining to sturgeon evolutionary biology

and may help inform conservation efforts for endangered sturgeon

species in artificial propagation programs.
Materials and methods

Source of fish and rearing condition

One hundred juvenile Siberian sturgeon (mean total length ±

SD =15.48 ± 1.80 cm and mean body weight ± SD = 13.13 ±

3.82 g) were collected from Wanming Fishery hatchery farm in

Jingmen City, Hubei Province, China. Sturgeons are transported

and housed in a recirculating aquaculture system (the following

abbreviation is RAS; Yuya Technology (Shanghai) Co., LTD) at

the laboratory of Institute of Hydrobiology, Chinese Academy of

Sciences. Water temperature was maintained at 23.0 ± 0.5°C;

dissolved oxygen was greater than 6 mg/L; pH was maintained at

7~8; And 12 h:12 h light: dark regime were based on natural

lighting (lights on at 0700 hours). The Siberian sturgeons were

fed on 3% of body weight commercial food twice at 8:00 am and

6:00 pm per day. Healthy fish were randomly selected for

experimentation with food withheld for 48h before

each experiment.
Experimental overview

To control for acclimatization effects, experiments started a

month after laboratory housing. We started with the personality

test and subjected fish to a classic “boldness” assay (Kern et al.,

2016). We then assigned individuals to the boldness and shyness

group and returned them to the RAS. After 2 rest days, we

conducted the swimming performance test. A total of 30 bold

individuals and 30 shy individuals were tested. Once the

swimming performance test was completed, the individual was

anaesthetized with MS-222 (0.033 g/L), and blood was sampled

for physiological status analysis. Body weight was measured, and

pictures of the body were taken (Nikon D810) for morphology

analysis. To control the potential circadian rhythm affect, all the

tests were conducted from 8:00 am to 12:00 am.
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Personality test

A dark/light maze that was divided by a baffle into one

shaded (“dark”) arm (50 × cm) with a lid on top and one exposed

(“light”) arm (50 × cm) was used to assess “boldness” (Figure 1).

The black cloth around the maze minimized external visual

disturbance. The behavior of the test fish was recorded with a

web camera (BASLER, acA1920-155uc, made in Germany, 25

frames/s) placed about 1.5 m above the maze. For each

personality experiment, fish were selected randomly and

transferred into a black container (10L) positioned adjacent to

the test device. The container was filled with water with the same

properties as the RAS. Fish were gently transferred into the

shaded arms with the baffle “closed”. After a two-minute

acclimation period, the baffle was removed, and the

exploratory behavior of the tested fish was recorded with

cameras. A total of eight minutes were recorded, after which

individuals were returned to a separate glass holding tank for

further experiments.

Time spent in the dark arms was an indication of “boldness”.

Bold individuals were defined as individuals that spent more

than four minutes in the exposed arms as per (Brown et al., 2005;

Maximino et al., 2010), and vice versa. However, if the fish still

had not emerged after eight minutes, the trial was terminated,

and the individual was allocated a ceiling value of 480 s (Brown

et al., 2005; Maximino et al., 2010). In addition, the animal

behavior analysis system (Noldus, Ethovision XT10.0, The

Netherlands) was also used to analyze the cumulative

exploration time of experimental fish in the exposed arms. The

water within the maze was replaced completely between

individuals for each experiment. Each individual was tested no

more than three times, with each retest occurring three days

apart to assess short-term repeatability. The fish with the same

results in two continuous tests was defined as the bold individual

or shy individual. Otherwise, the experimental fish will be

discarded, and the selection will be made again.
Swimming performance test

We conducted the swimming performance test following the

personality test. A self-manufactured swimming tunnel combined

with a web camera (fixed 1.5 m above the swimming device;

BASLER, acA1920-155uc, made in Germany, 25 frames/s) was

used to assess swimming performance (Figure 2). The LS300-type

portable flow rate measuring instrument was used to calibrate the

flow rate, and a linear relationship was established between the

flow rate (Y) and the adjustment frequency (X): Y= 0.2517X +

0.6231, R=0.9975 (Figure 3).

Stepped velocity tests were carried out to measure the critical

swimming speed of each fish (Ucrit) (Hammer, 1995). The test

fish was measured for body length and introduced to the tunnel

to acclimate at 0.5 BL/s for 2 h. Then the water velocity was
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increased by 1 BL/s every 20 min until the fish became fatigued

(Shi et al., 2012; Downie and Kieffer, 2017). Fatigue was defined

as the point at which the fish could no longer swim away from

the steel wire mesh positioned downstream of the swimming

area (> 20 s) (Lee et al., 2003). The water velocity and swimming

fatigue time (Endurance: defined as the time it took for the fish

to stop swimming and fall back to the downstream wire mesh)

were recorded. The flow speed was then decreased to 0.5 BL/s for

a 60 min recovery test, and the recovery time was defined as the

time the fish removed itself from the steel mesh and began

swimming once again. Then a second stepped velocity test was

undertaken (the test method was the same as the first time). In

each trial, the water in the tunnel was the same as that of the RAS

described above. The water was kept aerated when no fish were
Frontiers in Marine Science 04
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tested. Videos were playback by Quick Time Player at 0.5 times

the speed for the tail beat frequency analysis.

Ucrit were calculated according to equation (1) (Brett, 1964):

Ucrit = U + DU � t=Dt (1)

where U (cm/s) is the highest velocity at which fish swam for the

full-time interval DU, m/s) is the speed step, t (min) is the time to

fatigue during the last velocity step, and Dt (min) is the time step

(20 min). The body cross-sectional area of the test fish in this

study did not exceed 10% of the cross-sectional area of the

swimming area, minimizing the need for a Ucrit correction (Jain,

2003; Wang, 2009).

The recovery ratio (R) of Ucrit (cm/s) was a measure of a

fish’s ability to recover from fatigue. A lower R-value indicates
A BD

C

FIGURE 2

Experimental apparatus for testing swimming performance. (A) is the rectifier; (B) is the wire mesh; (C) is the propeller; (D) is the swimming test
area (50cm×10cm×10cm); The frequency converter controls the motor, and the motor controls the three-blade propeller to create water flow,
and the water circulates in the oval swimming tank, and the direction of the blue arrow is the direction of the water flow.
A

B

D E

C

FIGURE 1

Experimental apparatus for testing fish personality. The device was divided into 3 parts: (A) is a cuboid dark area (length×width×height =
50cm×21cm×15cm), equipped with a black opaque lid (E) and an opaque baffle (D); (B) is a hexagon lit area (side length = 21cm); (C) is a lit area
with the same shape as A.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1040225
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xiang et al. 10.3389/fmars.2022.1040225
incomplete recovery and a larger effect of fatigue on subsequent

swimming performance. The value of R was calculated using

equation (2) (Farrell et al., 1998):

R = Ucrit2=Ucrit1 � 100% (2)

where Ucrit1 and Ucrit2 indicated the Ucrit of the first stepped

velocity test and second stepped velocity test, respectively.

One minute per five minutes videos was selected for

swimming states analysis, and the average value for each flow

velocity gradient in the test was calculated. The swimming states

of fish were classified into four types according to swimming

speed: countercurrent forward: V=M+N, countercurrent

stat ionery: V=M, Float downstream: V=M-N, and

countercurrent backward: V=N-M. The proportion of each

swimming state (P) was also calculated (Iwata, 1995). The

value of P (%) was calculated using equation (3):

P = t1=T (3)

Where V is the actual swimming speed, M is the flow

velocity, and N is the instantaneous swimming speed of the

experimental fish measured by the Ethovision XT10.0. t1 is the

duration of a specific swimming state (s), and T is the total

observation time (s).

The tail beat frequency (TBF) is the complete tail-beating

process of the experimental fish while swimming (Ohlberger

et al., 2007). Every five minutes, a 20 s period of the video was

selected from the whole video to calculate TBF. For each velocity,

the value of TBF (times/s) was calculated using equation (4):

TBF = TBT=t (4)
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TBT is the total number of tail beats of each fish during

the period of observation, and t is the total t ime

of observation.
Physiological status test

After the swimming performance test was completed, the

fish was anaesthetized with MS-222 (33 mg/L), and blood was

sampled. Body weight was measured, and pictures of the body

were taken (Nikon D810) for morphology analysis. Then

returned, the fish to a holding tank (70×50×20 cm) for

recovery. Blood was sampled three times at 0 h, 3 h and

24 h, respectively, to understand the recovery pattern of

these blood physiology parameters following swimming. In

addition, the blood of eight untreated fishes was sampled and

analyzed to rule out the effect of MS-222. The blood samples

were stored in a refrigerator (4°C) for 2 hours prior to

centrifugation (4000 r/min, 20 min), while the centrifugal

supernatant was stored separately at -20°C. The supernatant

sample was bathed in 4°C water to prevent sample distortion

before being tested. Physiological indicators were measured

using kits developed by the Nanjing Jiancheng Institute of

Biological Engineering and a 721 UV spectrophotometer

(Svalheim et al., 2017; Yuan et al., 2018). Glucose, lactic acid

and total protein were analyzed to characterize energy

consumption in this study, which was determined by the

glucose oxidase, colorimetric and biuret methods. All tests

were carried out in strict accordance with the kit ’s

instructions (http://www.njjcbio.com).
FIGURE 3

The relationship between frequency and velocity. Control the speed of water flow by adjusting the frequency of the inverter of the device of
swimming performance test.
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Morphological characteristics
measurement

Morphological characteristics were analyzed by TPS series

software (http://life.bio.sunysb.edu/morph). Twenty-one

landmark points were selected to obtain the corresponding x,

y coordinate values (2D) for geometric morphometry by tpsDig2

(Figure 4) (Bookstein, 1997). The validity of the landmark points

was tested by tpsSmall. Procrustes analysis was used to

superimpose the landmark points of all samples by tpsRelw,

and the landmark points of each sample were translated,

centered, rotated and zoomed. The centroid distance and

mean shape were calculated, and the partial warp and relative

warp principal component analyses (RWA) were performed.

Lastly, the relative warp scores (RW) were used for subsequent

analysis (Rohlf, 1990; Rohlf, 1993). The relative warp (RW) was

mapped on the thin plate spline to visualize the results

(Bookstein, 1989), while a grid deformation map of all samples

was constructed using tpsRegr to analyze and compare

morphological differences.
Data analysis

T-tests were used to compare the initial differences in body

length and weight between bold and shy groups. Two-way

repeated measures ANOVA in a general linear model (GLM)

was used to assess for differences in swimming performance an

physiological indicators between different personality types

(shy and bold) over time. The subject’s internal factors

included personality (two levels: “bold” and “shy”) and test

(two levels of test: the first and the second stepped velocity test,

which formed 4 treatment groups; physiological test at three

levels: 0 h, 3 h, 24 h, a total of 6 treatment groups). The

dependent variables were swimming performance which

included critical swimming speed, fatigue time, fatigue

recovery time, and physiological index. For each treatment
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group, all response variables were evaluated for normality and

equal variance using the Shapiro-Wilkins normality test as well

as density plots. If the data was not normally distributed, it was

converted logarithmically. Before assessing whether there was

an interaction between personality and testing time, it was

necessary to evaluate whether the interaction conforms to

Mauchly’s Test of Sphericity. When the conditions of the

spherical hypothesis were violated (p< 0.05), an epsilon(ϵ)
correction was required, and for epsilon(ϵ)< 0.75, the

Greenhouse-Geisser method was used for correction, while

for epsilon(ϵ) > 0.75, the Huynh-Feldt method was used. When

the condition of the spherical hypothesis was satisfied, the

covariance matrix of the dependent variable for interaction

term personality*time was equal (p > 0.05). Then, we analyzed

whether the effect of the interaction on the dependent variables

was statistically significant. If the interactions were significant,

differences in the swimming performance and physiological

index concentrations between the bold and shy groups were

compared at different time levels to test the separate effects of

the treatment group and to examine the impact of time alone

by comparing differences in time factors between the two

personality groups. When only two groups were compared,

there was no need to test the spherical hypothesis. Otherwise,

the main effects of personality and time were analyzed. If the

main effect of a factor with more than two intra-level groups

was significant, a pairwise comparison was required. In

addition, a one-way analysis of variance (ANOVA) was used

to compare differences in the physiological index

concentrations at different time levels between the bold and

shy groups and the control group. Differences in the time ratio

of swimming state and the tail beat frequency across

personality groups were tested by t-test. Hotelling T2 method

of multivariate analysis of variance (MANOVA) in a general

linear model (GLM) was used to examine and compare

differences in relative distortion scores of fish with either

personality group. All data analysis and plots were performed

in R Studio Version 1.3.1, and significance was considered at an

a level of 0.05.
FIGURE 4

The 21 landmarks used for examination of lateral body shape (boldness depicted). 1. Snout tip; 2. Upper snout end; 3. Upper head end; 4. Dorsal
origin; 5-6. Dorsal rhomboid primitive spikes; 7. Origin of dorsal fin base; 8. Highest point of dorsal fin; 9. Base end of dorsal fin; 10. Dorsal
origin of caudal fin; 11. Upper lobe terminal of caudal fin; 12. Deepest part of the caudal fin; 13. Lower lobe terminal caudal fin; 14. Ventral origin
of caudal fin; 15. Origin of anal fin; 16. Origin of pelvic fin; 17. End of pectoral fin; 18. Origin of pectoral fin; 19. Lower head end; 20. Base of
operculum; 21. Lower snout end.
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Results

Personality identification

Consistent interindividual variation in fish’s tendency to

explore the exposed arms was founded. According to the

proportion of the cumulative time spent exploring the bright

area, 60 individuals could be clearly identified as a personality

group, which included 30 bold individuals and 30 shy individuals.
Swimming performance of different
personalities of the Siberian sturgeon

There were no differences in body length and weight between

the bold and shy groups. For the swimming performance

experiment, the interaction of personality and time significantly

affected Ucrit (F1,23 = 9.16, p< 0.001). The single effects of personality

indicated that the Ucrit of shy groups was significantly higher than

that of bold groups (F1,23 = 18.51, p< 0.05). The Ucrit of the shy

groups increased in the second time test (F1,23 = 1.12, p > 0.05),

while that of the bold groups decreased significantly (F1,32 = 8.87, p<

0.05) (Table 1; Figures 5A, B). In addition, the recovery rate of the

shy groups (R=104%) was higher than (p > 0.05) for the bold groups

(R=95%). The interaction between personality and time had no

significant effect on the fatigue recovery time of test fish (F1,22 = 1.59,

p > 0.05), and the main effects of personality and time had no

significant impact on the fatigue recovery time of test fish (p > 0.05)

(Table 1; Figure 5C).

The proportion of time of swimming states and tail beat

frequency of fish under different flow velocities indicated that

bold groups stay in a state of countercurrent forward swimming

for a longer period than shy groups (p< 0.05) but spend less time

in countercurrent stationery and float downstream swimming

states than shy groups (p< 0.05) (Table 2; Figure 6A). Moreover,

the tail beat frequency of fish in the shy group was significantly

higher than that of fish in the bold group as the flow velocity

increased (p< 0.05) (Table 2; Figure 6B).
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Physiological characteristics of different
personalities of the Siberian sturgeon

The personality and time interaction had a statistically

significant effect on plasma glucose and lactate concentration

(p< 0.05). The separate effect of personality at each time level

showed that the glucose and lactate concentrations of shy groups

were higher than that of bold groups (p< 0.05). The separate

effect of time showed that the plasma glucose and lactate acid

concentrations in the bold and shy groups changed significantly

over time (p< 0.05). The results of the one-way analysis of

variance revealed that at the 24th hour of recovery, the plasma

glucose concentration of the shy groups was significantly higher

than that of the control group (F1, 24 = 14.38, p< 0.05), indicating

that the plasma glucose concentration of the shy groups rose

faster than that of the bold groups. At the beginning of the

recovery (i.e., at0 h), the plasma lactate concentration of fish in

the shy group was significantly higher than the control groups

(F1, 24 = 11.05, p< 0.05); at 24 h, there was no significant difference

compared to the control group, indicating that the plasma lactate

recovery ability of shy groups was greater than that of bold

groups (Table 3; Figures 7A, B).

For total protein concentrations in plasma, the interaction

between personality and time was not statistically significant

(F1.19, 10.68 = 1.390, p > 0.05). The main effect of personality on

total protein concentration was statistically significant, with the

mean total protein concentration in the shy group being higher

than that of the bold group (F1, 9 = 6.38,p<0.05). For themain effect

of time, the influence of time on total protein concentration was

statistically significant (F2, 18 = 61.86, p< 0.001). The results of the

one-way analysis of variance showed that at 0 h, the total protein

concentrationof the bold group and the shy groupwas significantly

higher than that of the control group (p< 0.05); at 24 h, therewasno

significant difference between the total protein concentration of the

two groups and the control group. Overall, the total protein

concentration of fish declined over time after the swimming

performance test, and it was always higher in the shy group than

that of the bold group (Table 3; Figure 7C).
TABLE 1 Summary statistics for swimming performance parameters and the results of general linear models (GLM) examining variation in
swimming performance parameters between bold and shy Siberian sturgeon.

Test Personality Fatigue time (min) Recovery time (min) Ucrit (cm/s)

First Bold sturgeon 44.52 ± 2.99 64.36 ± 18.56 31.93 ± 2.12

Shy sturgeon 53.54 ± 2.09 53.80 ± 11.74 43.58 ± 1.92

Second Bold sturgeon 37.31 ± 3.54 57.56 ± 21.39 28.45 ± 2.39

Shy sturgeon 57.43 ± 2.44 75.52 ± 21.90 45.17 ± 2.21

Time F, p 0.03, 0.87 0.004, 0.95 1.19, 0.29

Personality F, p 17.42, 0.001 0.33, 0.57 20.99, 0.001

Time*personality F, p 14.21, 0.001 1.59, 0.22 9.16, 0.006
f

Statistically significant outcomes are shown in bold.
This symbol of “*” represents the interaction between personality and test time.
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The effect of personality on
morphological characteristics of the
Siberian sturgeon

In the geometric analysis based on landmark points, the

regression coefficients were all greater than 0.99, emphasizing
Frontiers in Marine Science 08
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the validity of the landmark points selected. The relative warp

principal component analysis extracted a total of 24 principal

components, of which the eigenvalues of the first three principal

components were 0.331, 0.123, and 0.108, and the total

contribution rate was 66.89%, 9.22%, and 7.20%. A total of

83.31% of the intraspecific morphological differences were
A B

C

FIGURE 5

Swimming performance of different personalities. Blue and red represented bold sturgeon and shy sturgeon respectively; FS and SS represented
the first and second swimming performance test respectively. (A) was the critical swimming speed, (B) was the swimming fatigue time
(endurance), and (C) was the fatigue recovery time.
TABLE 2 Changes in the proportion of time spent in swimming state with individual differences and the tail beat frequency.

Personality Water velocity Countercurrent
Forward (%)

Countercurrent
Stationary (%)

Float
downstream (%)

Countercurrent
Backward (%)

Tail beat frequency (times/s)

Bold sturgeon 1BL/s 0.54 ± 0.19 0.24 ± 0.21 0.04 ± 0.06 0.17 ± 0.14 3.69 ± 0.83

2BL/s 0.49 ± 0.18 0.21 ± 0.12 0.01 ± 0.02 0.17 ± 0.11 4.15 ± 1.98

3BL/s 0.19 ± 0.31 0.11 ± 0.27 0.00 ± 0.01 0.08 ± 0.16 0.84 ± 1.75

Shy sturgeon 1BL/s 0.26 ± 0.15 0.47 ± 0.22 0.07 ± 0.05 0.18 ± 0.09 3.11 ± 1.35

2BL/s 0.29 ± 0.15 0.51 ± 0.16 0.06 ± 0.05 0.13 ± 0.05 4.64 ± 1.04

3BL/s 0.23 ± 0.19 0.44 ± 0.29 0.04 ± 0.05 0.13 ± 0.10 4.31 ± 2.18

df 61.12 78.96 78.04 61.86 2.76

p 0.009 0.001 0.001 0.76 0.39
Statistically significant outcomes are shown in bold.
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explained (Table 4). The contribution rate of 21 landmark points

in the relative distortion principal component analysis showed

that landmark points 12 (deepest part of the caudal fin) and 13

(lower lobe terminal caudal fin) have the largest contribution
Frontiers in Marine Science 09
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rate, followed by landmark points 9 (base end of the dorsal fin),

10 (dorsal origin of caudal fin), 14 (ventral origin of caudal fin),

18 (origin of pectoral fin), and 19 (lower head end). The total

contribution rate of these seven traits was 86.12%. There were
A

B

FIGURE 6

Changes in the proportion of time spent in swimming state and the tail beat frequency with different personalities. Blue, red and yellow
represented 1BL/s flow rate, 2BL/s flow rate and 3BL/s flow rate, respectively. (A) showed the time proportion of swimming state of sturgeon
with two personalities at different flow velocity. (B) showed the tail beat frequency of two personalities at different flow velocity.
TABLE 3 Blood of plasma glucose, lactic acid and total protein levels (Mean±SD) in individual differences test fish at each test stage, and the
results of general linear models (GLM) examining variation in different physiological indicators between bold and shy test Siberian sturgeon.

Test Test time Plasma Glucose
(mmol /L)

Lactic acid
(mmol/L)

Total Protein
(g/L)

Bold sturgeon 0h 3.29 ± 0.18 6.19 ± 0.51 29.52 ± 1.26

3h 3.40 ± 0.12 4.59 ± 0.28 25.50 ± 0.69

24h 3.88 ± 0.20 2.69 ± 0.32 20.12 ± 1.37

Shy sturgeon 0h 3.47 ± 0.15 8.04 ± 0.32 34.59 ± 1.47

3h 4.16 ± 0.23 5.28 ± 0.27 29.94 ± 1.44

24h 5.06 ± 0.28 2.80 ± 0.31 22.23 ± 2.17

Normal 0h 4.38 ± 1.07 2.50 ± 0.88 17.79 ± 9.04

3h 4.17 ± 1.19 2.08 ± 1.12 17.57 ± 6.33

24h 3.84 ± 1.68 2.61 ± 0.76 19.52 ± 4.26

Time F, p 15.36, 0.001 73.82, 0.001 61.86, 0.001

Personality F, p 17.08, 0.001 11.60, 0.002 6.38, 0.03

Time*personality F, p 3.27, 0.04 4.47, 0.02 1.39, 0.27
Statistically significant outcomes are shown in bold.
This symbol of “*” represents the interaction between personality and test time.
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significant differences in the caudal fin, caudal stalk, pectoral fin,

and head of fishes with different personalities. The Hotelling T2

test showed that the bold and shy groups had significant

differences in the former three relative distortions (F3,21 =

0.914, p< 0.05) and that the two personalities of sturgeons had

significant differences in RW1 (p< 0.05). When the first relative

warp was mapped on the thin plate spline, we could visualize its

shape (Figure 8). The caudate stalk length, upper caudal lobe and

the lower caudal lobe of the bold groups were significantly larger

than those of the shy groups, while the head height, snout

thickness, snout length, body height, and body length of the

bold groups were significantly smaller than those of the

shy groups.
Frontiers in Marine Science 10
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Discussion

Our research showed that there were indeed individuals with

different personalities in the Siberian sturgeon population.

Individuals with different personalities have evolved not only a

series of behavioral differences but also divergences in

physiological performance and morphology. First, we found

that shy groups had a significantly higher Ucrit than bold

groups. Other studies have shown that personality can affect

the swimming performance of fish. For instance, in Trinidadian

killifish (Rivulus hartii), individuals from high-predation sites

were faster sprinters but had reduced Ucrit (Oufiero et al., 2011).

Shy wild-type zebrafish (Danio rerio) were slower in movement
A B

C

FIGURE 7

Physiological changes in different personalities. 0h, 3h and 24h are the fatigue recovery time of the test Siberian sturgeon; Glu, LD, TP are the
concentration of glucose, lactic acid and total protein in the blood respectively.
TABLE 4 Eigenvalues and contribution rates of the first 5 principal components of relative warps scores of different morphological features of
the test Siberian sturgeon.

Principal component Eigen values Contribution rate Cumulative contribution rate

1 0.33145 66.89% 66.89%

2 0.12304 9.22% 76.11%

3 0.10874 7.20% 83.31%

4 0.06880 2.88% 86.19%

5 0.06127 2.29% 88.48%
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and exhibited higher stable swimming performance, while bold

fish were more agile and exhibited higher quick-start swimming

performance (Kern et al., 2016). Fish with different personalities

have evolved different swimming strategies depending on their

prey and habitat, often at the expense of another form of

locomotion (Webb, 1978; Webb, 1984). This phenomenon is

manifested as a trade-off between stable swimming performance

(aerobic swimming) and unstable swimming performance

(anaerobic swimming), and its ecological mechanism reflects a

trade-off between energy gain and cost (Webb, 1984;

Langerhans, 2007; Langerhans, 2008). In addition, we also

found that the proportion of time that bold groups swam

countercurrent forward during the experiment was higher

than that of shy groups, while the proportion of time that they

were countercurrent stationery and ‘float downstream’ was

lower than that of shy groups. This may be related to the fact

that bold animals are highly exploratory and aggressive, tend to

engage in active avoidance, or cope with stressful stimuli

through a “fight or flight” response. Conversely, shy animals

typically undertake a passive “freeze and hide” response

(Benhaïm et al., 2016). The higher tail beat frequency of the

shy group with higher flow rates may be related to swimming

fatigue in the bold group before reaching the Ucrit of the

shy group.

Our research revealed that the morphology of fish differed

based on their personality type (shy vs. bold). Shy groups had

smaller caudate stalk lengths, caudate stalk heights, superior

caudal lobes, and inferior caudal lobes compared with bold

groups, while the head height, body height, snout thickness,

snout length, and body length were larger in bold fish. Other
Frontiers in Marine Science 11
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studies have shown that strong selective pressure affects the

morphology of fish with different personalities and that

morphology further affects swimming performance. Western

mosquito fish (Gambusia affinis) from high predation risk

areas have smaller heads and larger tails and have a stronger

ability to start swimming quickly compared to those from low

predation risk areas that have larger heads, smaller tails, and

more streamlined, stable swimming (Langerhans, 2009). It has

long been suggested that the divergences in swimming

performance occurred, at least partially, via morphological

change, as morphology has a significant impact on swimming

transport costs (Peres-Neto and Magnan, 2004; Langerhans,

2008; Langerhans, 2009a). Changes in body shape would affect

fish hydrodynamics and, ultimately drag coefficients and Ucrit

(Ostenfeld, 1998; Lee et al., 2003). Morphological variations that

are poorly suited to produce maximum thrust and minimum

drag in GH-transgenic C. carpio may be responsible for their

lower swimming performance compared with non-transgenic

controls (Li et al., 2009). The morphology of the fins of juvenile

Atlantic salmon (Salmon salar) living in slow- and fast-flowing

environments differs significantly (Pa´ez et al., 2008). In this

study, we believe that the larger head and smaller caudal of shy

groups made the overall body shape more streamlined, which

may minimize recoil energy loss and enhance stable swimming

performance (Webb, 1984).

In addition to morphological performance, we also found

that the physiological performance of fish with different

personalities was different. The ability to recover following

swimming fatigue was greater in shy vs. bold groups following

the two swimming performance tests. With respect to
A

B

FIGURE 8

Grid deformation and variation visualization of morphological features of bold (A) and shy (B) test Siberian sturgeon.
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physiology, the blood glucose concentration of shy fish

increased faster than that of bold groups, and the ability to

recover from elevated blood lactate levels scavenging was

greater in shy fish. Further, their total protein concentrations

were consistently higher than that of bold fish. These findings

suggest that personality affects the physiological performance

of fish, which in turn affects the swimming performance of fish.

Prolonged exercise training on the swimming performance of

juvenile common carp (Cyprinus carpio) revealed that trained

fish exhibited higher lactate clearance and significantly

increased aerobic swimming performance (He et al., 2013).

Studies have shown that strenuous exercise led to

accumulations of total protein in blood serum, and the

increased levels of total protein resulted primarily from

lactate accumulation due to anaerobic metabolism in white

muscle tissue (Genz et al., 2013). Previous studies have shown

that physiological traits represent different adaptive strategies

to respond to environmental challenges (Kristiansen and Fern,

2007). Various degrees of physiological resilience may be

influenced mainly by genetics, environment, and the

interaction between genetic and environmental factors (Julia

et al., 2011; Careau and Garland, 2012). In this study,

individual differences were measured in the absence of social

interaction and with equal and predominantly constant

environmental conditions, suggesting that the stronger

physiological resilience of shy individuals may be influenced

primarily by a genetic basis. In addition, we believe that due to

the sufficient energy accumulation caused by the passive

“freeze and hide” response of shy groups, high-level energy

reserves could be prioritized for physiological recovery

(Magnhagen and Borcherding, 2008). Previous studies have

shown that individual differences in personality type and

energy utilization efficiency affect individual fitness (Biro and

Stamps, 2008; Biro and Dingemanse, 2009). For instance, it is

possible that bolder katydid spend more time gathering

information about all the available options but owing to the

limited time and attention, this leads to lower biomass

consumed (i.e. lower foraging efficiency) when compared to

shy katydids (Tan et al., 2018). We speculate that the bold

groups in this study may have spent more time gathering

information about potential food choices within the

environment and resulting in less time for food (Tan et al.,

2018). This condition allowed shy groups to benefit by having a

higher food intake, maximizing their growth (Tan et al., 2018).

In addition, because proactive individuals are usually

aggressive, dominant, and bold, they are more likely to

engage in energetically costly behavior, which leads to higher

daily energy expenditure (DEE) and resting standard

metabolism (Stamps, 2007). Therefore, it was possible that

because the metabolic intensity of bold groups was higher than

that of shy groups, the physiological indicators of bold groups

were always lower than those of shy groups in the process of

fatigue recovery (Huntingford et al., 2010).
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Conclusion

In the present study, different personality types affected the

swimming performance of Siberian sturgeon. In general, we

demonstrated that shy Siberian sturgeon had better swimming

performance from physiology and morphology. Morphology and

physiology also differed across personality types, which may have

contributed to the observed differences in swimming performance.

Our research results further validate the theoretical viewpoints

pertaining to the energetic trade-offs associated with an animal’s

life-history strategy.A lowerUcrit and slowerphysiological recovery

ratemay place bold groups at a disadvantagewhen competingwith

shy wild-type groups in their natural habitat, though further

research is needed to assess this hypothesis. Our results also

provide further knowledge on the links between personality and

swimming performance in sturgeon and theoretical support for

improving the conservation of sturgeon. For example, sturgeon

could be selectively cultivated with different risk coping styles so

that they evolve not only a range of behavioral differences but also

differences in morphological performance and physiological

performance, and selectively release sturgeon with different

personality traits for the actual conditions of the natural

environment. Future research could investigate other aspects of

personality and how these relate to physiology, morphology, and

swimming performance in sturgeon.
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Photoperiod-independent
diurnal feeding improved
the growth and feed
utilization of juvenile rainbow
trout (Oncorhynchus mykiss)
by inducing food
anticipatory activity

Hanying Xu1,2, Ce Shi1,2,3*, Yangfang Ye1,3, Changkao Mu1,3

and Chunlin Wang1,3*

1Key Laboratory of Aquacultural Biotechnology Ministry of Education, Ningbo University,
Ningbo, China, 2Marine Economic Research Center, Dong Hai Strategic Research Institute, Ningbo
University, Ningbo, China, 3Collaborative Innovation Center for Zhejiang Marine High-efficiency and
Healthy Aquaculture, Ningbo, China
A three-month culture experiment was designed to assess the effects of

photoperiod and feeding regime on growth, feed utilization, and food

anticipatory activity (FAA) of juvenile rainbow trout. The experiment included

two photoperiods: 24L:0D (LL) and 12L:12D (LD); three feeding regimes:

random feeding (R), mid-dark stage feeding (D), and mid-light stage feeding

(L). A total of six treatment groups (R-LL, D-LL, L-LL, R-LD, D-LD, L-LD) were

defined. The experimental results showed that the growth and feed utilization

of the scheduled feeding groups (D and L groups) were significantly higher than

those of the R group under both photoperiods, and there was no statistical

difference between the D and L groups. A typical FAA was observed in the L

group, independent of the photoperiod. Also, the digestive enzyme activity of

the L group was synchronized by the feeding time under both photoperiods.

There were rhythms in serum levels of glucose (GLU), triglyceride (TG), and

total-cholesterol (T-CHO) in the D and L groups. Serum GLU also had a rhythm

in the R group, but the peaks occurred at the feeding point (LL group) or after

the feeding point (LD group), reflecting a possible passive rise in GLU after

feeding. Serum cortisol was higher in the R group than in the scheduled feeding

group, indicating that random feeding caused stress to juvenile rainbow trout.

Serum insulin levels were found to increase before feeding in all three feeding

regimes, probably reflecting the anticipation of food induced by the last meal.

Serum melatonin levels were suppressed by the LL group. Serum 5-HT levels

were synchronized by meal time in the R and L groups. Finally, rhythms of

appetite-related genes were observed under all three feeding regimes, and

more genes were rhythmic under LL, suggesting that food can strongly

synchronize the feeding rhythm of juvenile rainbow trout when lacking light
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zeitgeber. In summary, this study concluded that diurnal feeding (L group)

independent of photoperiod induced typical FAA in juvenile rainbow trout and

that the LD (12L:12D) photoperiod and L (mid-light phase) feeding were

recommended in the juvenile rainbow trout aquaculture.
KEYWORDS

photoperiod, feeding regime, food anticipatory activity, rainbow trout oncorhynchus
mykiss, digestive enzyme
Introduction

Light (main characteristics include: spectrum, light intensity,

and photoperiod) is an important abiotic factor that plays a vital

role in the entire life cycle of fish, from embryonic development

to gonadal maturation (Villamizar et al., 2011; Imsland et al.,

2020). Photoperiod is the most primary zeitgeber of the fish

biological clock system, affecting its growth (Wei et al., 2019;

Singh and Zutshi, 2020), reproduction (Foss et al., 2020; Imsland

et al., 2020), locomotion (Almazán-Rueda et al., 2004),

metabolism (Paredes et al., 2014; Wei et al., 2019), and

immunity (Leonardi and Klempau, 2003; Esteban et al., 2006).

Aquaculture has widely used photoperiod manipulation to

improve productivity (Imsland et al., 2020; Ruchin, 2021). It

has been observed in most intensively farmed fish that extended

light periods promote somatic growth (Boeuf and Le Bail, 1999;

Aride et al., 2021; Li et al., 2022), while extended darkness

periods promote gonadal development and maturation

(Hermelink et al., 2017; Lundova et al., 2019). Constant light

(LL) has been implemented in commercial production in

freshwater recirculation aquaculture systems (RAS) of Atlantic

salmon smolts (Lorgen-Ritchie et al., 2022; Ytrestøyl et al., 2022).

Several studies have shown that LL does not negatively affect

behavior (Hamilton et al., 2022), survival (Nemova et al., 2020),

flesh quality (Imsland et al., 2019), and immune gene expression

(Ytrestøyl et al., 2022) in salmonids. However, LL exposure is

considered a stressor in some fish, such as black sea turbot

(Psetta maeotica) (Turker, 2005), Atlantic cod (Gadus morhua)

(Giannetto et al., 2014), and largemouth bass (Micropterus

salmoides) (Malinovskyi et al., 2022), etc. More importantly,

light, as the most important zeitgeber, plays a crucial role in the

regulation of biological circadian rhythms, and the absence of

photoperiod can cause metabolic disorders and further develop

into metabolic diseases (Bass, 2012; Coomans et al., 2015; Kopp

et al., 2016; Hillyer et al., 2021).

Like photoperiod, feeding is another crucial zeitgeber,

providing the organism with a temporal cue to its

environment (Stephan, 2002; López-Olmeda, 2017). Moreover,

feeding appears to be preferential to photoperiod in regulating

biological clock oscillations in peripheral tissues such as the liver
02
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and intestine (Stephan, 2002; Heyde and Oster, 2019). Feeding

has been shown to reset the peripheral biological clock and affect

metabolic processes (Bass, 2012). For fish, it is difficult to obtain

food continuously in the natural environment, thus exhibiting

different feeding rhythms such as diurnal and nocturnal

predators (López-Olmeda and Sánchez-Vázquez, 2010;

Kousoulaki et al., 2015). Further, feeding time preference was

influenced by the season in some fishes, e.g., European sea bass

(Dicentrarchus labrax L.) showed diurnal feeding in spring,

summer, and autumn nocturnal feeding in winter (Sánchez-

Vázquez et al., 1998). Matching feeding times to feeding rhythms

can significantly improve growth and feed utilization in many

fish species (López-Olmeda and Sánchez-Vázquez, 2010), such

as channel catfish (Ictalurus punctatus) (Noeske-Hallin et al.,

1985), rainbow trout (Oncorhynchus mykiss) (Boujard et al.,

1995), European sea bass (Azzaydi et al., 2000), African catfish

(Clarias gariepinus) (Hossain et al., 2001), and Senegalese sole

(Solea senegalensis) (Marinho et al., 2014). Conversely,

misaligned feeding (e.g., feeding during the resting phase) can

lead to the decoupling of the central and peripheral biological

clock oscillations of the organism, resulting in metabolic

disturbances (Opperhuizen et al., 2016; Oishi and Hashimoto,

2018; Challet, 2019).

The positive effects of scheduled feeding were mainly based

on food anticipatory activity (FAA), a behavior present in almost

all fish (López-Olmeda, 2017), manifested by an increase in

locomotion from a few minutes or hours before mealtime, as

well as an increase in feeding-related endocrine and digestive

and metabolic enzyme activity (Stephan, 2002; Vera et al., 2007).

In addition, FAA could persist for several days when deprived of

the food zeitgeber, suggesting the presence of endogenous

oscillators guiding the FAA, known as food entrainment

oscillators (FEOs, Davidson, 2006; López-Olmeda and

Sánchez-Vázquez, 2010; Patton and Mistlberger, 2013).

Despite numerous studies in model animals such as mice, the

exact organization or localization of FEOs remains unknown,

and many findings support that FEOs can work independently

of the traditional biological clock system (feedback loops)

(Davidson, 2006; Page et al., 2020). In fish, the understanding

and working pathways of FEOs are still very vague and
frontiersin.org
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fragmented, and some hormones are thought to play an

important role, such as ghrelin (Nisembaum et al., 2014a) and

orexin (Hoskins and Volkoff, 2012; Nisembaum et al., 2014b).

The effects of light and food on fish circadian rhythms have

been studied in several species. In zebrafish (Danio rerio)

(Paredes et al., 2015) and gilthead sea bream (Sparus aurata)

(Paredes et al., 2014), the rhythm of lipid metabolism genes in

the liver was found to be pulled by the photoperiod independent

of feeding time. In contrast, in rainbow trout (Hernández-Pérez

et al., 2015), food was found to affect the rhythm of hepatic

glucose and lipid metabolism gene expression more than light.

Vera et al. (2013) also observed liver biological clock gene

expression rhythms in the gilthead sea bream entrained by

food independent of light. In addition, the expression of

different biological clock genes in rainbow trout liver

(Hernández-Pérez et al., 2017) and goldfish (Carassius

auratus) gut (Nisembaum et al., 2012) was pulled by light and

food, respectively, suggesting an interaction between these two

zeitgebers. In zebrafish, neither regular feeding (diurnal feeding)

nor altered feeding (nocturnal feeding) affected the expression

rhythm of gut biological clock genes, but altered feeding shifted

the expression rhythm of gut melatonin synthase genes,

indicating that gut biological clock genes are entrained by

photoperiod and melatonin synthesis is synchronized by

feeding time (Mondal et al., 2022). On the other hand, food

and light also impacted the locomotor activity and FAA of the

fish. In zebrafish (Blanco-Vives and Sánchez-Vázquez, 2009),

feeding was found to be synchronized with locomotor activity

and independent of photoperiod. It was also observed in goldfish

that scheduled feeding under LL synchronized the rhythm of

biological clock genes in the optic tectum and hypothalamus and

elicited FAA, while rhythmic expression of biological clock genes

in the liver was also observed in the random feeding group,

suggesting that the biological clock in the liver is synchronized

by the last meal time, and FAA independent of the liver

biological clock system (Feliciano et al., 2011). However, in

tambaqui (Colossoma macropomum), mid-dark phase feeding

caused FAA, while mid-light phase feeding was futile (Fortes-

Silva et al., 2018). Notably, as a strictly nocturnal species, tench

(Tinca tinca) elicited FAA in the light phase feeding under a

constant dark but not LD (12L:12D) environment (Herrero

et al., 2005). Whether scheduled feeding can induce FAA in

fish seems closely related to feeding time and photoperiod.

Rainbow trout is a high-value economically farmed fish

widely farmed worldwide (especially in European countries)

(Öz, 2018). Global aquaculture production reached 848,051

tons, with a value of $3.88 billion in 2018 (FAO, 2020).

Rainbow trout is famous among consumers as a high-grade

aquatic product in China due to its bright color, delicious taste,

and rich nutrition. However, there is still a vast gap between

production and market demand due to the lack of cold-

freshwater resources. Previous studies found that rainbow

trout farming in seawater can achieve faster growth rates
Frontiers in Marine Science 03
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(Landless, 1976; Shepherd et al., 2005), higher feed conversion

efficiencies (Landless, 1976), and stronger immunity (Yada et al.,

2001). Based on this discovery, in recent years, some researchers

have attempted to aquaculture rainbow trout using offshore fish

cages (such as “Shenlan 1”) in the cold-water masses of the

Yellow Sea in China (Dong, 2019; Chu et al., 2020). Nowadays,

rainbow trout has emerged as a promising candidate fish for

deep-sea aquaculture (Dong, 2019; Huang et al., 2021).

Currently, the “mountain-sea transfer” culturing method

has been used to culture rainbow trout in seawater (Dong,

2019). In brief, rainbow trout larvae are hatched in low-

temperature freshwater nurseries. The fry (about 5 g) is

transferred to mountainous areas with abundant cold-

freshwater resources for large-size juvenile culture. After

growing to approximately 150 g, the juveniles are transported

to seawater domestication systems for one week and finally

transferred to the offshore fish cage for culture to commercial

fish (weight above 4 kg). During this process, cultivating fish

from fry to juveniles is a crucial step, which directly affects the

later mariculture success rate. Whether light and food can be

manipulated to promote rainbow trout growth during the

freshwater culture is vital to the success of the “mountain-sea

transfer” culturing method. Therefore, the objectives of this

study were 1) to investigate whether the photoperiod/feeding

regimes can induce FAA and promote growth in juvenile

rainbow trout and 2) the effects of different photoperiod/

feeding regimes on behavioral, digestive, metabolic,

endocrine, and appetite rhythms in juvenile rainbow trout.
Materials and methods

Ethical issues

This study was approved by the Animal Care and Use

Committee of Ningbo University.
Fish

This research was conducted in the Intelligent Aquaculture

Laboratory, School of Marine Sciences, Ningbo University. The

juvenile rainbow trout were obtained from a commercial nursery

(Shandong, China) and cultured in a recirculating aquaculture

system (RAS) (HISHING, Qingdao, China) from July to

November 2020. All fish were acclimatized in the RAS for one

month before the culture experiment. During the acclimation

period, the fish were randomly fed a commercial diet (Tech-

Bank, Ningbo, China, Supplementary Table 1) at about 2% of

body weight, with a photoperiod of 12L:12D (lights-on at 6:00,

the light intensity on the water surface is 100-200 lx), water

temperature controlled at 15.5-17.5°C, dissolved oxygen was

kept saturated, and ammonia nitrogen < 0.05mg/L.
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Experiment design

A total of 840 healthy rainbow trout were weighed and

randomly distributed to 42 tanks (1.0m× H 0.8m, Supplementary

Figure 1), with 20 fish per tank. The experiment included two

photoperiods: 24L:0D (LL, the light intensity on the water surface is

100-200 lx) and 12L:12D (LD, lights-on at 6:00, light-off at 18:00,

the light intensity on the water surface is 100-200 lx); three feeding

regimes: random feeding (R), mid-dark stage feeding (D), andmid-

light stage feeding (L). Briefly, a random feeding schedule for the R

group was obtained using a random number generator software

according to the method described by Nisembaum et al. (2012); In
Frontiers in Marine Science 04
58
group D, we fed at 24:00 daily; in group L, we fed at 12:00 daily. A

total of six experimental treatments were combined: R-LL, D-LL, L-

LL, R-LD, D-LD, and L-LD, and each treatment included seven

tanks. The growth experiment lasted three months, and the cultural

management and environmental conditions were consistent with

the acclimation.
Fish locomotion observation

In this experiment, an underwater infrared camera (SLD-

EX300Q, Hengdun Shunli Da electronic technology Co., Ltd.,
A B

D

E F

C

FIGURE 1

Growth performance, feed utilization, and locomotion of juvenile Oncorhynchus mykiss under different experimental treatment. (A). IBW, Initial
body weight, (B). FBW, Final body weight, (C). WG, Weight gain (%) = 100 × (final weight − initial weight)/initial weight, (D). SGR, Specific growth
rate (%/day) = 100 × (ln final weight − ln initial weight)/94 days, (E). FCR, Feed conversion ratio = dry feed consumed/wet weight gain, (F). EF,
Exercise frequency. Different lowercase letters and capital letters indicate significant difference among different feeding strategy at the LL
(constant light) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the
same feeding regime (*, P < 0.05; **, P < 0.01).
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Jinan, China) was used to observe the exercise frequency (EF) of

juvenile rainbow trout. The number of times the fish swam

through the observation area was recorded as EF. Fish

locomotion data were collected from October 2nd to 4th, 2020

(2 months after the growth experiment was conducted) for 72

hours. As Mistlberger (1994) described, a typical FAA is usually

defined as a rapid increase in activity from minutes to hours

before the feeding point, reaching more than twice the basal

activity and lasting at least 30 minutes.
Sample collection

Following the 3-month growth experiment, all fish were

starved for 24 hours, while samples were taken afterward. The

24th hour after food deprivation was ZT0 (feeding point), and

samples were taken every 4 hours for 24 hours, for a total of 7

sampling points (ZT0, ZT4, ZT8, ZT12, ZT16, ZT20, ZT24),

corresponding to 7 tanks in each treatment, to avoid the

stimulation of fish by sampling. Each sampling point was

operated as follows: first, the fish in the tank were anesthetized

using MS-222 (50mg/L, Shanghai Macklin Biochemical Co.,

Ltd., Shanghai, China), and then 12 fish were randomly taken

from the tank for weight and body length measurement (to

calculate the condition factor (CF)); the blood was immediately

collected from each fish by the tail vein method and stored

overnight at 4°C; then, the fish were dissected immediately after

blood collection, the brain, liver (weighing to calculate the

hepatosomatic index (HSI)), and digestive tract (scraping off

intestinal fat to calculate the intraperitoneal fat ratio (IPF)) were

isolated, quick frozen in liquid nitrogen and stored at -80°C.
Digestive enzymes

First, the digestive tract was homogenized in saline (0.9%

NaCl, 4°C) in a ratio of 1:9 (W: V). The homogenate was

centrifuged at 3000 rpm for 10 min at 4°C to obtain the

supernatant. Amylase (C016-1-1), lipase (A054-2-1), pepsin

(A080-1-1), and chymotrypsin (A080-3-1) activity in the

digestive tract were assayed using commercial kits (Nanjing

Jiancheng Bioengineering Institute, Nanjing, China) according

to the instructions.
Serum metabolites and hormones

Fish blood was left overnight at 4°C and then centrifuged at

4°C for 10 minutes at 2500 rpm, and the supernatant was taken as

serum. Serum glucose (Glu, A154-2-1), triglyceride (TG, A110-1-

1), and total-cholesterol (T-CHO, A111-1-1) were measured by

commercial kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, China) according to the instructions. Serum cortisol,
Frontiers in Marine Science 05
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insulin, melatonin, and serotonin (5-HT) levels were measured

using commercial enzyme linked immunosorbent assay (ELISA)

kits (Shanghai Qiaodu Biotechnology Co., Ltd., Shanghai, China)

according to the instructions.
Gene expression

The total RNA of the brain and digestive tract was extracted

with a commercial kit RNA isolator (R401-01, Vazyme, Nanjing,

China). The quality of total RNA was checked by ultramicro-

spectrophotometer (Nanodrop 2000, Thermo Scientific,

Waltham, USA) and 1% gel electrophoresis. The RNA was

reverse transcribed into cDNA using a HiFiScript cDNA

synthesis kit (CW2569M, CWBIO, Beijing, China).

The real-time PCR was used to analyze the relative

expression of appetite-related genes in the brain (agouti-

related peptide (agrp), cocaine- and amphetamine-related

transcript (cart), neuropeptide Y (npy), orexin, pro-opio

melanocortin (pomc)) and digestive tract (Ghrelin/Obestatin

prepropeptide (ghrl) and leptin). The total reaction volume

includes 10 ml of 2 × MagicSYBR Mixture (CW3008H,

CWBIO, Beijing, China), 2 ml of cDNA, 0.4 ml of each primer

(10 mM), and 7.2 ml of ddH2O. A Real-Time PCR System

(QuantStudio™ 6 Flex, Life Technologies, Carlsbad, USA) was

used with the program as follows: 95°C for 30 s; 45 cycles at 95°C

for 5 s, 60°C for 30 s; and 95°C for 15 s. The specific primers used

in this study are shown in Supplementary Table 2 and

synthesized by a commercial company (Youkang Biological

Technology Co., Ltd, Hangzhou, China). The relative

expression level of target genes is normalized by b-actin and

elongation factor-1a (ef1a) and calculated by the comparative

CT method (2-DDCT method) (Livak and Schmittgen, 2001).
Statistical analysis

All statistical analyses were performed on SPSS 22.0 and R

4.1.2 software. First, all data were checked for homogeneity and

normal distribution through Levene’s test and Kolmogorov-

Smirnov test, respectively. Then a two-way ANOVA was

performed with photoperiod and feeding regime. Meanwhile,

t-tests were performed for photoperiod, and one-way ANOVA

followed by Duncan’s multiple range test was performed for the

feeding regime to check the effect on IBW, FBW, WG, SGR,

FCR, EF, HSI, IPF, and CF. P < 0.05 and P < 0.01 were

considered significant differences and extremely significant

differences, respectively. In addition, cosinor analysis

[performed using the circacompare R package (Parsons et al.,

2020)] was performed to detect the circadian rhythms in

digestive enzyme activity, serum metabolite and hormone

levels, and appetite-related gene expression. P < 0.05 indicates

the presence of circadian rhythms.
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Results

Growth performance, feed utilization,
and morphology

In the present study, photoperiod did not affect the growth

and feed utilization of juvenile rainbow trout (Figures 1A–E and

Supplementary Table 3). Scheduled feeding (D and L groups)

significantly increased the final body weight (FBW) and

decreased the feed conversion ratio (FCR) of juvenile rainbow

trout (P<0.05). The scheduled feeding (D and L groups)

significantly increased specific growth rate (SGR) under LL

(P<0.05), although there was no statistical difference, and

higher weight gain (WG) and SGR were also observed with
Frontiers in Marine Science 06
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scheduled feeding (D and L groups) under LD (P>0.05). There

was no interaction between photoperiod and feeding regime on

growth and feed utilization of juvenile rainbow trout

(Supplementary Table 3). Feeding time (D or L groups) did

not affect the growth and feed utilization of juvenile rainbow

trout (Figures 1A–E). Morphological parameters (HSI, IPF, and

CF) were not affected by the experimental treatment

(Supplementary Table 3 and Supplementary Figure 2, P>0.05).
Locomotion

The EF of juvenile rainbow trout was significantly influenced

by photoperiod and feeding regime (Figures 1F, 2, and
FIGURE 2

Exercise frequency of juvenile Oncorhynchus mykiss under different experimental treatment. The bright bars indicate the light period and the
dark bars indicate the dark period.
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Supplementary Table 3). The EF of juvenile rainbow trout in the

LL group was higher than that of the LD group (P<0.05); the EF of

juvenile rainbow trout in the L group was significantly higher than

that of the other groups under both photoperiods (P<0.05). There

was an interaction between photoperiod and feeding regime on the

locomotion of juvenile rainbow trout (Supplementary Table 3).

Under LL, the EF of the L group was significantly higher than that

of the R and D groups; under LD, EF showed L>R>D.

Under both photoperiods, the EF of juvenile rainbow trout

in the L group was significantly higher before feeding and then

decreased, a typical FAA (Figure 2). However, no typical FAA

was observed in both R and D groups under both

photoperiods (Figure 2).
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Digestive enzyme

In this study, amylase activity showed a significant rhythm

under LL for all three feeding regimes, while no rhythm was

observed under LD (Figures 3A, 6). Under LL, the amylase

activity of the L and D groups increased before feeding and

peaked at ZT2 and ZT4, respectively. In comparison, the

amylase activity of the R group peaked before feeding (ZT18).

Lipase activity showed significant rhythms in R and L groups

under both photoperiods (Figures 3B, 6). In the L group, lipase

activity increased before the feeding point, peaked at the feeding

point (ZT0), and then decreased. However, lipase activity in the

R group increased after feeding and then decreased.
A B

DC

FIGURE 3

Digestive enzyme activity of juvenile Oncorhynchus mykiss under different experimental treatment. (A). Amylase, (B). Lipase, (C). Pepsin, (D)
Chymotrypsin. The cosine curve denotes the presence of rhythmic oscillations (P < 0.05).
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There was a significant rhythm of pepsin activity in the L

group under both photoperiods (Figures 3C, 6). Pepsin activity

increased before feeding, peaked at the feeding point (ZT0), and

then decreased.

The chymotrypsin activity was significantly rhythmic under

LL for all three feeding regimes (Figures 3D, Figure 6). The L and

D groups showed increased chymotrypsin activity before feeding,

peaking at the feeding point (ZT0) and then decreasing.

Chymotrypsin activity in the R group increased after feeding.

Under LD, chymotrypsin activity of L and R groups increased

before feeding, peaked after feeding (ZT7), and then decreased.
Serum metabolites and hormones

In the present study, the experimental treatments affected

serum levels of metabolites and hormones (Figures 4, 6). Serum

GLU levels increased before feeding and decreased after feeding in

the D (peaked at ZT20 under LD) and L (peaked at ZT0 under LL,

peaked at ZT23 under LD) groups. In the R group, serum GLU

levels peaked at the ZT0 (LL) and ZT3 (LD), respectively

(Figures 4A, 6). Serum TG levels were significantly higher in the

scheduled feeding group (D and L groups) than in the R group and

were found to peak after feeding (ZT4) under all three feeding

regimes (Figures 4A, 6). Serum T-CHO levels in the scheduled

feeding group also increased and peaked after feeding

(Figures 4A, 6).

Serum cortisol levels were not affected by photoperiod, but

random feeding caused a significant increase in serum cortisol

levels (Figure 4B). Serum insulin levels were significantly higher

in the R and D groups than in the L group, and peaked before

feeding (ZT20-ZT23) under all three feeding regimes

(Figures 4B, 6). Serum melatonin levels were significantly

lower in the LL group than in the LD group. There was no

circadian rhythm observed in serum melatonin levels under LD.

Serum melatonin levels showed R>D>L under both

photoperiods (Figure 4B). Serum serotonin levels were

significantly higher in the LL group than in the LD group.

Serum serotonin levels peaked before feeding (ZT23-ZT0) in

both the R and L groups and then decreased (Figures 4B, 6).
Appetite-related gene expression

Overall, more appetite-related genes showed circadian

rhythms under LL compared to LD. And all appetite-related

genes showed significant circadian rhythms under different

feeding regimes (Figure 5).

Under LL, all appetite-related genes showed circadian

rhythms in the R group, and the peaks were mostly

concentrated around ZT15-ZT18 (except leptin and npy); in

the L group, all genes except orexin showed significant circadian

rhythms with peaks around ZT10-ZT13; in the D group, only
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leptin and orexin genes showed circadian rhythms with peaks

around ZT11 and ZT14, respectively (Figures 5, 6).

Under LD, significant circadian rhythms were observed only

in the cart, ghrl, leptin, and npy genes. In the R group, circadian

rhythms were observed in ghrl (peak at ZT23) and leptin (peak at

ZT5) genes; in the L group, circadian rhythms were observed in

cart (peak at ZT0), ghrl (peak at ZT14), and leptin (peak at ZT13)

genes; in the D group, circadian rhythms were observed in cart

(peak at ZT22), ghrl (peak at ZT15), leptin (peak at ZT1), and

npy (peak at ZT3) genes (Figures 5, 6).
Discussion

Growth performance and food
anticipatory activity

Rainbow trout mortality was not observed in this study,

indicating that our aquaculture environment was suitable for the

survival of juvenile rainbow trout. In the present study,

photoperiod did not affect growth performance (FBW, WG,

SGR) and feed utilization (FCR) of juvenile rainbow trout.

Similar results have been reported in other fish species, such as

lenok (Brachymystax lenok) (Liu et al., 2015), pacamã catfish

(Lophiosilurus alexandri) (Kitagawa et al., 2015), Amazonian

ornamental (Heros severus) (Veras et al., 2016), zebrafish

(Abdollahpour et al., 2020), and largemouth bass (Malinovskyi

et al., 2022). However, in some fish, compared to LD, LL

promoted somatic growth and feed utilization, e.g., Caspian

roach (Rutilus rutilus caspicus) (Shahkar et al., 2015), gibel carp

(Carassius auratus) (Wei et al., 2019), winter flounder

(Pseudopleuronectes americanus) (Casey et al., 2020), Nile

tilapia (Oreochromis niloticus) (Martıńez-Chávez et al., 2021).

LL promotes somatic growth in fish mainly attributed to the

suppression of gonadal development (Doyle et al., 2021),

increased feed intake (Wei et al., 2019; Martıńez-Chávez et al.,

2021), enhanced digestive enzyme activity (Shan et al., 2008;

Ramzanzadeh et al., 2016), and upregulation of gene expression

of growth-related hormones (growth hormone (GH) and

insulin-like growth factor (IGF-1)) (Li et al., 2022).

Conversely, some studies have found that compared to LD, LL

inhibited the growth of some fish, such as anemonefish

(Amphiprion melanopus) (Arvedlund et al., 2000), wild carp

(Cyprinus carpio) (Ghomi et al., 2011), and European sea bass

(Li et al., 2021). Li et al. (2021) found that feed intake and

digestion were elevated in European sea bass under LL exposure.

However, antioxidant enzyme activity was elevated and

accompanied by more frequent locomotion leading to an

increase in non-growth energy consumption, which ultimately

inhibited fish growth (Li et al., 2021). Similarly, Valenzuela et al.

(2022) found that LL exposure caused stress in rainbow trout

and impacted immune system function. In this study, the growth

performance and feed utilization of juvenile rainbow trout did
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A

B

FIGURE 4

Serum metabolites (A) and hormones (B) of juvenile Oncorhynchus mykiss under different experimental treatment. The cosine curve denotes
the presence of rhythmic oscillations (P < 0.05).
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FIGURE 5

Expression of feeding-related genes of juvenile Oncorhynchus mykiss under different experimental treatment. Asterisks denote the presence of
diurnal oscillations (*, P < 0.05; **, P < 0.01). The cosine curve denotes the presence of rhythmic oscillations (P < 0.05).
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not show statistical differences between LL and LD groups. This

result may be attributed to several reasons: 1) fixed feeding rates

in both groups; 2) only amylase and lipase activity was increased

in the LL group; 3) more frequent activity in the LL group; 4) no

significant stress was observed in the LL group. In this study, fish

feeding was fixed at about 2% of body weight for the different

treatments. In addition, only significantly elevated amylase and

lipase activities were observed in the LL group, while pepsin and

chymotrypsin activities were not affected by photoperiod. On the

other hand, the EF of rainbow trout in the LL group was

significantly higher than that in the LD group. Also, although

the serum GLU levels were significantly higher in the LL group

than in the LD group, there was no significant difference in

serum cortisol levels between the photoperiods. In summary, it is

hypothesized that digestion and absorption of feeds were

improved in rainbow trout under LL. However, it may not

have caused significant stress, the more frequent locomotion

also increased energy expenditure under LL, so LL did not

promote growth and feed utilization in juvenile rainbow trout.

It is also noteworthy that compared to LD, LL significantly

increased the WG of largemouth bass for the first 8 weeks;

however, after 12 weeks, the WG difference disappeared between
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these two groups (Malinovskyi et al., 2022). The culture period

in this study was 3 months, so further studies are needed to

determine whether short-term LL exposure would promote the

growth of juvenile rainbow trout.

Scheduled feeding (D and L groups) significantly improved

juvenile rainbow trout’s growth and feed utilization independent of

photoperiod. Scheduled feeding induced FAAwithin almost all fish

species (López-Olmeda, 2017). Similarly, this study observed the

typical FAA behavior in the L group and was independent of

photoperiod. Under both photoperiods, the locomotion of rainbow

trout in the L group increased rapidly before the feeding point and

decreased after feeding. Surprisingly, the D group did not exhibit

FAA under both photoperiods, and rainbow trout are typically

diurnal fish (Iigo and Tabata, 1997; Sánchez-Vázquez and Tabata,

1998; Bolliet et al., 2001), suggesting that shift feeding does not

induce FAA in the rainbow trout. Similar results were reported in

tambaqui, as nocturnal fish (Fortes-Silva et al., 2016), where typical

FAA was found in the mid-dark feeding group rather than the

mid-light feeding group under an LD environment (Fortes-Silva

et al., 2018). Fortes-Silva et al. (2018) concluded that daytime

feeding generally does not alter the locomotion of nocturnal fish.

Another study in tench (Tinca tinca) (strictly nocturnal species)
FIGURE 6

The peak time of the indicator with diurnal oscillation in this study. The distance from the center of the clock indicates significance, with closer
to the edge of the clock indicating stronger rhythmic oscillations (smaller P values).
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also found that daytime feeding failed to elicit FAA under an LD

environment (Herrero et al., 2005). However, daytime feeding

elicited FAA in a constant dark environment (Herrero et al., 2005).

Herrero et al. (2005) concluded that mealtime became the

dominant zeitgeber for synchronous locomotion in the absence

of photoperiod. Similarly, an earlier study found that the demand-

feeding rhythm of rainbow trout under LL was synchronized by

dark period feeding (Bolliet et al., 2001). Unexpectedly, in this

study, under LL, the typical FAA was still not present in the D

group, although there was a higher EF at the feeding point. This

result may be related to the different observation methods, as

Bolliet et al. (2001) directly recorded the baiting behavior of fish

through electronic self-feeders connected to a computer, whereas

in the present study, the locomotion of fish was recorded through a

video camera. In fish, the exact location and mechanism of FEOs

that cause FAA are still poorly understood (Nisembaum et al.,

2014a), and the present study also cannot explain why the D group

did not cause typical FAA. However, the results of this study

showed that rainbow trout have strong diurnal behavior, which

could not be altered by shift feeding. The nocturnal feeding also

inhibited the locomotion of rainbow trout, which reduced energy

consumption and may partially explain the improved growth

performance of the D group.
Digestive enzyme rhythms

FAA is not only an increase in locomotion before feeding but

also accompanies the preparation of the digestive and endocrine

systems for the upcoming meal (Stephan, 2002; Vera et al., 2007).

First, in the L group, all four digestive enzymes showed significant

rhythms under both photoperiods (except for amylase in the L-LD

group), and in the L-LL group, the peak of all four digestive

enzyme activities was concentrated around the feeding point

(ZT0), while in the L-LD group, the peak of the three digestive

enzymes was moved to around ZT4. This result indicated that

scheduled diurnal feeding under LL could fully synchronize the

rhythm of digestive enzyme activity; however, under LD,

photoperiod affected the rhythm of digestive enzyme activity

(Lazado et al., 2017), delaying the peak of digestive enzyme

activity. In the D group, although only rhythms in amylase and

chymotrypsin activities were observed under LL, the trend for both

was consistent with the L group, with both rising before the feeding

point and peaking at ZT4. This result suggested that scheduled

nocturnal feeding can partially synchronize the rhythm of digestive

enzyme activity in rainbow trout in the absence of a photoperiod.

Noteworthy, significant rhythms were also observed for

amylase, lipase, and chymotrypsin in the R group. However,

these peaks in enzyme activity were not clustered but rather

scattered at different points in the day. In permit (Trachinotus

falcatus), Lazado et al. (2017) also found a rhythm in digestive

enzyme activity and diversity of peaks between different

digestive enzymes. This result indicated that there is a rhythm
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of digestive enzyme activity in the digestive tract of rainbow

trout, but random feeding could not synchronize the rhythm of

digestive enzymes. In other words, rainbow trout could not

anticipate the feeding point under random feeding and failed to

increase the digestive enzyme activity before the feeding point to

improve the digestion and utilization of feed. Similar results have

been widely reported in different fish species. Regardless of the

photoperiod, scheduled feeding induced a significant increase in

digestive enzyme activity before the feeding point, but this

phenomenon disappeared under random feeding (Vera et al.,

2007; Montoya et al., 2010; Lazado et al., 2017).
Serum metabolites and hormone rhythms

Further analysis of serum metabolite levels revealed

significant rhythms in serum GLU, TG, and T-CHO in the

scheduled feeding groups (D and L groups). First, the L group

serum GLU showed a rapid increase and peak before the feeding

point and a decrease after feeding under both photoperiods, a

trend consistent with locomotion. GLU is a substrate for energy

metabolism (Haman et al., 1997), which showed that an elevated

energy requirement accompanies FAA before the feeding point.

The D group observed a similar serum GLU rhythm under LD,

but the peak was advanced. In the R group, significant rhythms

in GLU were also present, but the peaks occurred at the feeding

point (LL group) and after feeding (LD group), respectively,

which may reflect a passive rise in GLU caused by feeding rather

than anticipation of food.

Wagner and Congleton (2004) suggested that serum TG and

T-CHO levels in salmonids represent lipid metabolism and

nutritional status, respectively. Overall, TG and T-CHO levels

were significantly lower in the R group than in the scheduled

feeding groups (D and L groups), reflecting a poor metabolic and

nutritional status. On the other hand, under LL, a TG peak was

observed around ZT4 for all three feeding strategies, which is

consistent with an increase in lipid metabolism levels after

feeding, and the same rhythmic trend was observed in the R

group, implying that the last meal also induced a rhythm in lipid

metabolism. Similarly, Feliciano et al. (2011) found in goldfish

that the biological clock gene expression rhythm of the liver, a

central metabolic organ, was synchronized by the last meal.

Daily metabolic oscillations were also driven by the last meal in

the randomly fed rat (Escobar et al., 2007). As a nutritional

indicator, the rhythm of serum T-CHO was only found in the

scheduled feeding group. The serum T-CHO levels peaked at

ZT4 (D group) and ZT8 (L group). This result revealed the

differential effect of feeding time on the rhythm of lipid

metabolism in rainbow trout.

Insulin is a peptide hormone that widely exists in vertebrates

and plays a fundamental role in growth, development, and

metabolic regulation (Hernández-Sánchez et al., 2006). The

best-known function of insulin is to regulate blood GLU levels
frontiersin.org

https://doi.org/10.3389/fmars.2022.1029483
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xu et al. 10.3389/fmars.2022.1029483
(Caruso and Sheridan, 2011). In general, serum insulin levels rise

after a meal to suppress the rise in blood glucose and then

quickly return to normal levels. Carnivorous fish are considered

non-insulin-dependent diabetes mellitus (Salgado et al., 2004),

and insulin and blood glucose levels take longer to recover after

meals (Navarro et al., 1993). In the present study, serum insulin

levels were significantly higher in the R and D groups compared

to the L group, reflecting the increased insulin resistance in

rainbow trout. Further analysis of insulin rhythms showed that

serum insulin levels increased and peaked before feeding and

decreased after feeding for all three feeding regimes. The

rainbow trout were starved for 24 h before sampling. They

were also starved during the sampling period, so the rise in

serum insulin levels in this study was not a passive rise caused by

feeding. The results of this study may suggest that rainbow trout

can release insulin into serum earlier to maintain blood GLU

homeostasis based on the timing of the last meal.

In fish, cortisol can increase the rate of energy metabolism in

response to the high energy demands of stress (Mommsen et al.,

1999). In the present study, high cortisol levels were detected in

the serum of the R group. Random feeding as a stressor has been

found to cause increased serum cortisol levels in other teleosts,

such as gilthead seabream (Sánchez et al., 2009) and goldfish

(Saiz et al., 2021). A recent study found that long-term treatment

with high cortisol resulted in atrophy of the digestive tissues of

rainbow trout, hindering nutrient assimilation and energy

absorption while increasing routine energy expenditure,

ultimately impeding growth (Pfalzgraff et al., 2021). Therefore,

the significantly poor growth performance and feed utilization of

the R group in this study were strongly associated with high

cortisol levels. On the other hand, LL appears to be an acceptable

light environment for rainbow trout and does not cause serum

cortisol rises. Similar results have been reported in juvenile red

sea bream (Biswas et al., 2006). Consistent with the results of this

study, Saiz et al. (2021) found that random feeding resulted in

higher cortisol levels compared to the absence of photoperiod in

goldfish, suggesting that food is a more critical zeitgeber for

fish welfare.

Melatonin is an important mediator for organisms to receive

environmental time cues (Mondal et al., 2022). In fish, the pineal

gland receives external light signals and converts time cues into

biological signals via melatonin, which regulates endogenous

biological clock rhythms (Yasmin et al., 2021). In the present

study, melatonin levels were significantly lower in the LL group

than in the LD group. The inhibition of melatonin synthesis and

secretion by light has been widely reported in fish (Masuda et al.,

2003; Ziv et al., 2007). The feeding regime also affected serum

melatonin levels. In the present study, serum melatonin levels

were found to show R>D>L. Studies in recent years have found

that many peripheral tissues are also critical sources of serum

melatonin, such as the intestine (Mukherjee and Maitra, 2015).

Moreover, melatonin production was found to be regulated by

feeding independent of photoperiod in the intestine of rainbow
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trout (Lepage et al., 2005), carp (Catla catla) (Mukherjee et al.,

2014a; Mukherjee et al., 2014b), and zebrafish (Mondal et al.,

2022). Surprisingly, no circadian rhythm of serum melatonin

levels was observed under LD in the present study, and it is

speculated that serum melatonin comes from different tissues,

including the pineal gland and intestine, regulated by light and

food, respectively, so that these two zeitgebers may mask the

rhythm of serum melatonin. In addition, no serum melatonin

rhythms were also observed in the R-LL group, and similar

results have been reported in Atlantic salmon (Salmo salar),

where Huang et al. (2010) suggested that LL treatment may mask

serum melatonin fluctuations.

Serotonin, also known as 5-hydroxytryptamine (5-HT), is an

essential neurotransmitter and a precursor of melatonin

distributed in the nervous system and many other peripheral

tissues (Lillesaar, 2011). Many physiological functions and

behaviors of animals are affected by 5-HT, including

locomotion, sleep, appetite, and reproduction (Lucki, 1998). In

zebrafish, 5-HT levels in the brainstem and spinal cord correlate

with locomotion, and 5-HT increased swimming in early

juvenile stages (Brustein et al., 2003). Similarly, the present

study observed higher locomotion and serum 5-HT levels

under LL. In vertebrates, tryptophan is synthesized into

serotonin by tryptophan hydroxylase-1 (Tph1) and

decarboxylation (Borjigin et al., 1999; Mondal et al., 2022). In

zebrafish, tph1 gene expression was guided by the feeding time,

independent of photoperiod, with the highest expression at the

point of feeding (Mondal et al., 2022). An increase in intestinal

5-HT levels after feeding was also found in Atlantic salmon

(Mardones et al., 2022). 5-HT promotes intestinal peristalsis and

secretion and thus regulates the digestive process (Kindt and

Tack, 2007; Hasler, 2009). In the present study, serum 5-HT

levels in the L group increased rapidly and peaked before

feeding, suggesting that rainbow trout in the L group were

able to prepare for the upcoming meal to improve digestibility.

Similar rhythms were also found in the R-LD group, suggesting

that the last meal can also synchronize the rhythm of serum 5-

HT. Surprisingly, no rhythm of serum 5-HT was observed in the

D group, implying that scheduled nocturnal feeding could not

synchronize the serum 5-HT rhythm of rainbow trout.
Appetite rhythms

The circadian system plays an important role in the

temporal regulation of metabolic processes and food intake to

ensure energy efficiency (Page et al., 2020). Many areas of the

brain are involved in the regulation of food intake, with the

hypothalamus being the central area (Page et al., 2020). The

arcuate nucleus (ARC) in the hypothalamus contains two

distinct opposing populations of nuclei (Delgado et al., 2017;

Page et al., 2020): neuropeptide Y (NPY) and agouti-related

peptide (AgRP) (Broberger et al., 1998) neurones are orexigenic
frontiersin.org

https://doi.org/10.3389/fmars.2022.1029483
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xu et al. 10.3389/fmars.2022.1029483
with their activation increasing food intake, while the pro-opio

melanocortin (POMC) (Joseph et al., 1985) and cocaine- and

amphetamine-related transcript (CART) (Kristensen et al.,

1998) neurones are considered anorexigenic with their

activation reducing food intake. NPY/AgRP can be stimulated

by ghrelin (ghrl) and inhibited by leptin (Hahn et al., 1998). In

contrast, POMC/CART can be stimulated by leptin and

inhibited by ghrl (Broberger, 2005). Therefore, we further

analyzed the effects of light and food on appetite-related gene

expression rhythms.

The rhythmic expression of ghrl and leptin genes was

observed in the L group under both photoperiods. The ghrl

gene expression peaked about 2 h later than leptin, and LD

delayed the peak expression of both genes by about 2 h,

suggesting that photoperiod affected the rhythm of appetite-

related hormones. Further, in the L-LL group, the expression of

both pomc and cart genes rose after feeding and reached a trough

around the next feeding point, consistent with the observation of

FAA. Similarly, previous studies have also observed an increase

in rainbow trout pomc gene expression after feeding (Gong and

Björnsson, 2014; Naderi et al., 2018). A significant increase in

cart gene expression was also observed in Siberian sturgeon

(Acipenser baerii) after 3 h of feeding (Zhang et al., 2018). In the

present study, significant rhythms were observed in the

expression of both npy and agrp genes in L-LL, and the trends

were consistent with pomc and cart genes. Further, npy gene

expression in the L-LL group peaked at ZT14 (10 h before

feeding) and reached a trough at ZT2 (2 h after feeding).

Similarly, a previous study on rainbow trout found that the

npy gene peaked at ZT16 (8 h before feeding) and reached a

trough at ZT4 (4 h after feeding) (Naderi et al., 2018). However,

the cart gene expression rhythm showed an opposite trend under

L-LD, peaking at the feeding point (ZT0). The same results were

reported in rainbow trout under LD photoperiod (Naderi et al.,

2018), and Mercer et al. (2003) also found that this gene

expression was regulated by photoperiod.

Although no typical FAA was observed in the D group under

both photoperiods in this study, some appetite-related genes

showed significant rhythms. Under LL, leptin and orexin gene

expression was observed to be rhythmic. The expression trend of

the leptin gene was similar to that of the L group, which may

indicate that leptin gene expression was synchronized by

scheduled feeding when lacking a photoperiod. Interestingly, in

the D group, the rhythms of leptin gene expression were reversed

between the LD and LL photoperiods, reflecting the complex effect

of shifting feeding on fish feeding rhythms, and further studies are

needed to explain this phenomenon. Significant cart, ghrl, and npy

gene expression rhythms were also observed under LD. The gene

expression trend of the ghrl gene was similar to that of the L group,

while the peak of cart and npy gene expression was before and

after feeding, respectively. As mentioned above, CART suppresses

appetite, and NPY enhances appetite in fish (Delgado et al., 2017),

and the disruption of the peak expression of both genes may
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suggest that shifting feeding disrupts the normal feeding rhythm

of rainbow trout.

In addition, rhythms in the expression of some appetite-

related genes were also observed in the R group. All genes

measured under LL exhibited significant rhythms, indicating

that feeding rhythms in rainbow trout can be elicited by just one

meal when lacking light zeitgeber. Similarly, last meal induced

metabolic rhythms has been reported in other species (Escobar

et al., 2007; Feliciano et al., 2011).

Orexin is also a feeding regulatory neuropeptide secreted by

the hypothalamus (Matsuda et al., 2012) but is not involved in

the integrative core described above (Delgado et al., 2017). Some

studies in mice have speculated that orexin could be involved in

regulating FAA (Page et al., 2020). However, different results

have been reported in some studies, Kaur et al. (2008) and Clark

et al. (2009) observed a decrease in FAA in orexin-deficient mice;

in contrast, Gunapala et al. (2011) found no change in FAA in

orexin knockout mice. In the present study, the rhythm of orexin

gene expression was observed only in R-LL and D-LL groups.

Therefore, the results of this study suggest that the expression of

the orexin gene in rainbow trout does not seem to be directly

associated with FAA.
Conclusion

In this study, growth and feed utilization of juvenile rainbow

trout were enhanced by scheduled feeding (D and L groups) and

were independent of photoperiod. Typically FAA was observed

in the L group, where locomotion rose before the feeding point,

accompanied by rhythmic synchronization of digestive enzyme

activity, serum metabolites and hormones, and appetite-related

gene expression. Although typical FAA behavior was not

observed in the D group, an increase in digestive enzyme

activity and serum GLU levels before feeding was detected,

suggesting the presence of food anticipation. Notably, although

FAA was not present in the R group, rhythms were observed in

digestive enzyme activity, serum metabolite and hormone levels,

and appetite-related gene expression. Overall, this study found

that only mid-light stage feeding induced typical FAA in

rainbow trout independent of photoperiod.
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F., Soengas, J. L., et al. (2015). Daily rhythms in activity and mRNA abundance of
enzymes involved in glucose and lipid metabolism in liver of rainbow trout,
Frontiers in Marine Science 16
70
Oncorhynchus mykiss. influence of light and food availability. Chronobiology. Int.
32 (10), 1391–1408. doi: 10.3109/07420528.2015.1100633
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Sánchez, J. A., López-Olmeda, J. F., Blanco-Vives, B., and Sánchez-Vázquez, F. J.
(2009). Effects of feeding schedule on locomotor activity rhythms and stress
response in sea bream. Physiol. Behav. 98 (1-2), 125–129. doi: 10.1016/
j.physbeh.2009.04.020

Sánchez-Vázquez, F. J., Azzaydi, M., Martinez, F. J., Zamora, S., and Madrid, J.
A. (1998). Annual rhythms of demand-feeding activity in seabass: evidence of a
seasonal phase inversion of the diel feeding pattern. Chronobiology. Int. 15, 607–
622. doi: 10.3109/07420529808993197

Sánchez-Vázquez, F. J., and Tabata, M. (1998). Circadian rhythms of demand-
feeding and locomotor activity in rainbow trout. J. Fish. Biol. 52 (2), 255–267.
doi: 10.1111/j.1095-8649.1998.tb00797.x

Shahkar, E., Kim, D., Mohseni, M., and Khara, H. (2015). Effects of photoperiod
manipulation on growth performance and hematological responses of juvenile
Caspian roach Rutilus rutilus caspicus. Fisheries. Aquat. Sci. 18 (1), 51–56.
doi: 10.5657/FAS.2015.0051

Shan, X. J., Xiao, Z. Z., Huang, W., and Dou, S. Z. (2008). Effects of photoperiod
on growth, mortality and digestive enzymes in miiuy croaker larvae and juveniles.
Aquaculture 281 (1-4), 70–76. doi: 10.1016/j.aquaculture.2008.05.034

Shepherd, B. S., Drennon, K., Johnson, J., Nichols, J. W., Playle, R. C., Singer, T.
D., et al. (2005). Salinity acclimation affects the somatotropic axis in rainbow trout.
Am. J. Physiology-Regulatory. Integr. Comp. Physiol. 288, R1385–R1395.
doi: 10.1152/ajpregu.00443.2004

Singh, A., and Zutshi, B. (2020). Photoperiodic effects on somatic growth and
gonadal maturation in mickey mouse platy, Xiphophorus maculatus (Gunther
1866). Fish. Physiol. Biochem. 46 (4), 1483–1495. doi: 10.1007/s10695-020-00806-8

Stephan, F. K. (2002). The "other" circadian system: food as zeitgeber. J. Biol.
Rhythms. 17 (4), 284–292. doi: 10.1177/074873002129002591
Frontiers in Marine Science 18
72
Turker, A. (2005). Effects of photoperiod on growth and feed utilization of
juvenile black Sea turbot (Psetta maeotica). Israeli. J. Aquaculture-Bamidgeh. 57 (3),
156–163. doi: 10.46989/001c.20413

Valenzuela, A., Rodriguez, I., Schulz, B., Cortes, R., Acosta, J., Campos, V., et al.
(2022). Effects of continuous light (LD24:0) modulate the expression of lysozyme,
mucin and peripheral blood cells in rainbow trout. Fishes 7 (1), 28. doi: 10.3390/
fishes7010028

Vera, L. M., De Pedro, N., Gomez-Milán, E., Delgado, M. J., Sánchez-Muros, M.
J., Madrid, J. A., et al. (2007). Feeding entrainment of locomotor activity rhythms,
digestive enzymes and neuroendocrine factors in goldfish. Physiol. Behav. 90 (2-3),
518–524. doi: 10.1016/j.physbeh.2006.10.017

Vera, L. M., Negrini, P., Zagatti, C., Frigato, E., Sanchez-Vazquez, F. J., and
Bertolucci, C. (2013). Light and feeding entrainment of the molecular circadian
clock in a marine teleost (Sparus aurata). Chronobiology. Int. 30 (5), 649–661.
doi: 10.3109/07420528.2013.775143

Veras, G. C., Paixão, D. J. D. R., Brabo, M. F., Soares, L. M. O., and Sales, A. D.
(2016). Influence of photoperiod on growth, uniformity, and survival of larvae of
the Amazonian ornamental Heros severus (Heckel 1840). Rev. Bras. Zootecnia-
Brazilian. J. Anim. Sci. 45 (7), 422–426. doi: 10.1590/S1806-92902016000700010

Villamizar, N., Blanco-Vives, B., Migaud, H., Davie, A., Carboni, S., and
Sánchez-Vázquez, F. J. (2011). Effects of light during early larval development of
some aquacultured teleosts: A review. Aquaculture 315 (1-2), 86–94. doi: 10.1016/
j.aquaculture.2010.10.036

Wagner, T., and Congleton, J. L. (2004). Blood chemistry correlates of
nutritional condition, tissue damage, and stress in migrating juvenile chinook
salmon (Oncorhynchus tshawytscha). Can. J. Fisheries. Aquat. Sci. 61 (7), 1066–
1074. doi: 10.1139/F04-050

Wei, H., Cai, W. J., Liu, H. K., Han, D., Zhu, X. M., Yang, Y. X., et al. (2019).
Effects of photoperiod on growth, lipid metabolism and oxidative stress of juvenile
gibel carp (Carassius auratus). J. Photochem. Photobiol. B-Biology. 198, 111552.
doi: 10.1016/j.jphotobiol.2019.111552

Yada, T., Azuma, T., and Takagi, Y. (2001). Stimulation of non-specific immune
functions in seawater-acclimated rainbow trout, Oncorhynchus mykiss, with
reference to the role of growth hormone. Comp. Biochem. Physiol. Part B.:
Biochem. Mol. Biol. 129, 695–701. doi: 10.1016/S1096-4959(01)00370-0

Yasmin, F., Sutradhar, S., Das, P., and Mukherjee, S. (2021). Gut melatonin: A
potent candidate in the diversified journey of melatonin research. Gen. Comp.
Endocrinol. 303, 113693. doi: 10.1016/j.ygcen.2020.113693

Ytrestøyl, T., Hjelle, E., Kolarevic, J., Takle, H., Rebl, A., Afanasyev, S., et al.
(2022). Photoperiod in recirculation aquaculture systems and timing of seawater
transfer affect seawater growth performance of Atlantic salmon (Salmo salar). J.
World Aquaculture. Soc. doi: 10.1111/jwas.12880

Zhang, X., Gao, Y. D., Tang, N., Qi, J. W., Wu, Y. B., Hao, J., et al. (2018). One
evidence of cocaine- and amphetamine-regulated transcript (CART) has the
bidirectional effects on appetite in Siberian sturgeon (Acipenser baerii). Fish.
Physiol. Biochem. 44 (1), 411–422. doi: 10.1007/s10695-017-0444-2

Ziv, L., Tovin, A., Strasser, D., and Gothilf, Y. (2007). Spectral sensitivity of
melatonin suppression in the zebrafish pineal Gland. Exp. Eye. Res. 84 (1), 92–99.
doi: 10.1016/j.exer.2006.09.004
frontiersin.org

https://doi.org/10.1093/bioinformatics/btz730
https://doi.org/10.3389/fnins.2013.00185
https://doi.org/10.3389/fnins.2013.00185
https://doi.org/10.1016/j.aquaculture.2021.736472
https://doi.org/10.1139/cjz-2015-0180
https://doi.org/10.1111/raq.12487
https://doi.org/10.3390/ani11030669
https://doi.org/10.1677/jme.1.01552
https://doi.org/10.1016/j.physbeh.2009.04.020
https://doi.org/10.1016/j.physbeh.2009.04.020
https://doi.org/10.3109/07420529808993197
https://doi.org/10.1111/j.1095-8649.1998.tb00797.x
https://doi.org/10.5657/FAS.2015.0051
https://doi.org/10.1016/j.aquaculture.2008.05.034
https://doi.org/10.1152/ajpregu.00443.2004
https://doi.org/10.1007/s10695-020-00806-8
https://doi.org/10.1177/074873002129002591
https://doi.org/10.46989/001c.20413
https://doi.org/10.3390/fishes7010028
https://doi.org/10.3390/fishes7010028
https://doi.org/10.1016/j.physbeh.2006.10.017
https://doi.org/10.3109/07420528.2013.775143
https://doi.org/10.1590/S1806-92902016000700010
https://doi.org/10.1016/j.aquaculture.2010.10.036
https://doi.org/10.1016/j.aquaculture.2010.10.036
https://doi.org/10.1139/F04-050
https://doi.org/10.1016/j.jphotobiol.2019.111552
https://doi.org/10.1016/S1096-4959(01)00370-0
https://doi.org/10.1016/j.ygcen.2020.113693
https://doi.org/10.1111/jwas.12880
https://doi.org/10.1007/s10695-017-0444-2
https://doi.org/10.1016/j.exer.2006.09.004
https://doi.org/10.3389/fmars.2022.1029483
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Ce Shi,
Ningbo University, China

REVIEWED BY

Guancang Dong,
Shandong Freshwater Fisheries
Research Institute, China
Biao Guo,
Tianjin Bohai Fisheries Research
Institute, China

*CORRESPONDENCE

He Ma
mahe@dlou.edu.cn

SPECIALTY SECTION

This article was submitted to
Marine Fisheries, Aquaculture and
Living Resources,
a section of the journal
Frontiers in Marine Science

RECEIVED 31 July 2022

ACCEPTED 11 October 2022
PUBLISHED 24 October 2022

CITATION

Liu S, Fang Y, Liu Y, Li X, Sun F, Wu Y,
Ma Z and Ma H (2022) Effects of
different LED spectra on growth and
expression of GH/IGF-I axis and
apoptosis related genes in juvenile
Takifugu rubripes.
Front. Mar. Sci. 9:1008068.
doi: 10.3389/fmars.2022.1008068

COPYRIGHT

© 2022 Liu, Fang, Liu, Li, Sun, Wu, Ma
and Ma. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 24 October 2022

DOI 10.3389/fmars.2022.1008068
Effects of different LED spectra
on growth and expression of
GH/IGF-I axis and apoptosis
related genes in juvenile
Takifugu rubripes

Songtao Liu1,2, Yingying Fang1,2, Ying Liu1,3, Xin Li1,2, Fei Sun1,2,
Yanling Wu1,2, Zhen Ma1,2 and He Ma1,2*

1Key Laboratory of Environment Controlled Aquaculture (Dalian Ocean University) Ministry of
Education, Dalian, China, 2College of Marine Technology and Environment, Dalian Ocean
University, Dalian, China, 3College of Biosystems Engineering and Food Science, Zhejiang
University, Hangzhou, China
Light has long been known to have a profound influence on the growth and

development of fish. The previous studies showed that different spectra had

different effects on the growth of juvenile Takifugu rubripes. Among them,

green light can promote the growth of Takifugu rubripes, but the influence

mechanism is unknown. In this study, how different LED spectrums affect fish

growth from the perspective of GH/IGF-I axis-related genes and apoptosis

genes were deeply explored. In the experiment, juvenile Takifugu rubripeswith

an initial body length of (9.01 ± 0.70) cm and an initial body weight of (18.05 ±

3.17) g were selected as the research objects. 525 Takifugu rubripes juveniles

were selected, cultured and monitored in five different LED spectrum

treatment groups: white light (WL, l 400-780nm), red light (RL, l 625-

630nm), yellow light (YL, l 590-595nm), green light (GL, l 525-530nm) and

blue light (BL, l 450-455nm). The photoperiod was 12L:12D, and the light

intensity was set to 250 mW/m2. The effects of light spectrum on growth,

melatonin synthesis, GH/IGF-I axis and relative expressions of apoptosis-

related genes in juvenile Takifugu rubripes were studied, including

arylalkylamine N-acetyltransferase (AANAT2), growth hormone (GH), growth

hormone receptor type 1 (GHR1), growth hormone releasing hormone (GHRH),

insulin-like growth factor type I (IGF-I), insulin-like growth factor type II (IGF-II),

insulin-like growth factor binding protein (IGFBP), Bcl-2 protein family (Bcl-2),

tumor suppressor (p53) and cysteine protease family (caspase 3, caspase 8,

caspase 10) genes. The results showed that the final weight was the highest in

the GL group (29.36 ± 3.78 g) and the lowest in the YL group (21.28 ± 2.56 g).

The GL indeed promote the growth of Takifugu rubripes. TheGHR1, IGF-I, IGF-

II and IGFBP of juvenile Takifugu rubripes cultured under GL were significantly

higher than those of WL (control group), BL and YL groups. The relative

expression levels of GH and GHRH genes had no difference from those in

the WL control group, and the relative expression levels of apoptosis genes in

the GL group were significantly lower than those in the BL and YL groups.
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Under RL, the relative expression levels of all growth genes on the GH/IGF-I

growth axis were relatively high. But at the same time, the relative expression of

caspase 10 gene in juvenile Takifugu rubripes was high, and the growth state

was inhibited. It is speculated that RL might disturb the endocrine system of the

juvenile Takifugu rubripes, thus impeded its growth and development.

Therefore, different LED spectra can affect the growth of juvenile Takifugu

rubripes by affecting the expressions of GH/IGF-I growth axis and apoptosis-

related genes: GL significantly promotes the growth of Takifugu rubripes,

which may be due to that GL promoted the expressions of growth factors

genes such as GHR1, IGF-I, and IGF-II, and decreased the expression of

apoptosis-related genes, while the situation in the YL, BL and WL groups was

on the contrary. RL significantly inhibited the growth of juvenile Takifugu

Rubripes, which may be due to the fact that juvenile Takifugu Rubripes under

RL were in a stressful state and the high expression of growth axis-related

genes was not sufficient to offset the negative effects of the stress response,

resulting in the inhibition of growth performance.
KEYWORDS

Takifugu rubripes, LED spectrum, growth, GH/IGF-I axis genes, apoptosis genes
1 Introduction

As an important and complex ecological environment factor,

light generally includes three elements, namely illuminance,

spectral composition and photoperiod. It can directly or

indirectly influence fish’s feeding, growth and development

and physiological activities. When light travels underwater, the

spectral components of the incident light will change to varying

degrees, and the wavelengths will rapidly decay as the depth

increases. The short wavelengths of the visible spectrum or blue

wavelengths dominate in deep water, while RL can only

penetrate shallow water. Therefore, fishes living in different

water layers also have great differences in their sensitivity to

light. It has been shown that different spectral environments can

affect the stress response, physiological state, and behavior of

fish, thus affecting growth performance, and have significant

species specificity (Karakatsouli et al., 2010). For example, BL is

not benefit to the growth of juvenile rainbow trout

(Oncorhynchus mykiss) and RL is conducive to the growth of

juvenile sea bream (Sparus aurata) (Wang et al., 2013). When

reared under WL, the total length of juvenile European sea bass

(Dicentrarchus labrax) increased significantly (Villamizar et al.,

2009). However, the spectrum has no effect on the growth of

juvenile Atlantic salmon (Salmo salar) and haddock

(Melanogrammus aeglefinus) (Stefansson and Hansen, 1989;

Downing, 2002).

The pineal gland of most fish has direct photosensitivity, and

the effect of light on fish will also affect a series of physiological
02
74
activities by affecting the secretion of melatonin (Mohamed

et al., 2007; Migaud et al., 2012). Melatonin (N-acetyl-5-

methoxytryptamine) is synthesized by tryptophan taken up by

pineal cells. Aralkylamine N-acetyltransferase (AANAT) is one

of the major synthases of melatonin, and its secretion level is

consistent with the level of melatonin. The light-induced

reduction of AANAT2 activity and melatonin secretion was a

dose-dependent process. Because this is the process of inhibiting

neurotransmitter release and depends on the spectral

composition (Migaud et al., 2006). The light environment and

melatonin will control the neuroendocrine axis, and the

melatonin in the pineal gland will target the pituitary gland

and surrounding tissues. It regulates the release of growth

hormone (GH) and the possibility of affecting other pituitary

hormones has not been ruled out (Sánchez-Vázquez et al., 2019).

One study found that the expression level of GH mRNA was

significantly higher after melatonin injection than in the control

group and that melatonin played a role in regulating the growth

of Amphiprion clarkii (Shin et al., 2012). It was also found that

melatonin directly promoted the secretion of pituitary growth

hormone (GH) in Oncorhynchus mykiss (Falcón et al., 2003).

Prolonged darkness induces melatonin secretion in Paralichthys

olivaceus, which increases GH mRNA expression and thus

promotes weight gain in this species (Kim et al., 2019).

Therefore, an increase in melatonin within a certain range can

promote fish growth.

Animal growth is mainly regulated by the animal

neuroendocrine system, and the growth axis (GH/IGF-I axis)
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is at the core of this system (Ayson and Takemura, 2006).

Current studies have shown that the endocrine regulation

pattern of teleost growth is similar to that of higher vertebrates

and is mainly regulated by the growth hormone/insulin-like

growth factor axis (GH/IGF-I axis) regulation. Studies have

shown that the relative expression levels of GH and IGF-I in

Megalobrama amblycephala increase with the increase of

lighting time (Tian et al., 2019). And the relative expression of

GH in the larvae and juveniles of Takifugu rubripes under GL is

the highest, which is conducive to their growth and development

(Wei et al., 2019). Another study found that the expression level

of GH mRNA in yellowtail clownfish (Amphiprion clarkii) was

higher in GL and BL conditions than in RL conditions, inducing

faster growth (Shin et al., 2012). It was also found that the

growth of juvenile turbot (Scophthalmus maximus) after

metamorphosis was promoted by BL and the juvenile turbot

exposed to BL had higher body weight and IGF-I mRNA levels

(Wu et al., 2020). And the expression level of GH gene in the

brain tissue of Takifugu rubripes under different photoperiods

was also significantly different (Wei et al., 2020). However,

scientific research on the effect of spectrum on the expressions

of GH/IGF-I axis-related genes in juvenile Takifugu rubripes is

not comprehensive enough, and the mechanism is unclear.

Apoptosis is a normal physiological process used to remove

excess, damaged, necrotic or potentially dangerous cells (Xian

et al., 2013). Apoptosis is regulated by a series of signal cascades

and is affected by environmental factors (Guo et al., 2017).

Studies have shown that different environmental temperatures

can cause different expression changes of Bcl-2 in the liver of

zebrafish (Danio rerio) (Ji et al., 2013). And the expression of

apoptosis-related genes in Penaeus vannamei may be up-

regulated under WL and RL, but they are not affected under

BL and GL (Fei et al., 2020a). It was also found that GL

effectively reduced oxidative stress and apoptosis in olive

flounder (Paralichthys olivaceus) induced by temperature,

while RL increased oxidative stress and apoptosis (Kim et al.,

2016a). And BL environment alleviated cold shock-induced

oxidative stress and apoptosis in zebrafish (Danio rerio),

significantly inhibited caspase 3, caspase 8 and caspase 9

activity levels (Peng et al., 2022). Thus, the spectrum would

have a regulatory effect on the expression of apoptotic genes. So

far, there have been few reports on the effects of spectrum

composition on cell apoptosis of juvenile Takifugu rubripes, and

the mechanism of spectrum on cell apoptosis is still unclear.

Therefore, it is necessary to study the changes in the expression

levels of apoptosis-related genes in juvenile Takifugu rubripes,

such as the Bcl-2 protein family (Bcl-2), tumor suppressor (p53)

and cysteine protease family (caspase 3, caspase 8, caspase

10) genes.

Takifugu rubripes belongs to Tetraodontiformers ,

Tetraodontoidei, Tetraodontidae, and Takifugu. They live near

the seabed and are warm-temperate, wide-salt, carnivorous
Frontiers in Marine Science 03
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benthic migratory fish, inhabiting reef areas, sandy mud

bottoms, estuaries, and offshore coasts. They are mainly

distributed along the coasts of China, the Korean Peninsula

and the east and west coasts of Japan (Ma et al., 2021). Takifugu

rubripes has delicious meat and high nutritional value, and it is

one of the important economic fish species in northern China,

especially in the northern sea area. There has been a saying in

China since ancient times that people would die to eat puffer fish.

This fish is very popular among Chinese, even Japanese and

Korean people. The total production of puffer fish mariculture in

2019 is 17,473t (Zhu et al., 2022). At present, the scale of indoor

closed breeding of puffer fish in China is increasing, which

requires the use of artificial light source for production, but the

corresponding light regulation technology is relatively blank,

and relevant research is also urgently needed. (Ma et al., 2014).

Studies on the effect of LED light on Takifugu rubripes have also

been partially carried out. Studies have shown that different light

environments affect many physiological characteristics of

Takifugu rubripes due to the light distribution in the water

column and the characteristics of the fish habitat. For example,

the effect of spectrum (white, blue and yellow light) and

photoperiod on the growth of Takifugu rubripes was studied.

The results showed that at 80 DPH, the growth performance of

WL and YL treatment was better than that of BL with the

photoperiod of 12L:12D (Wu et al., 2022). And the digestive

enzyme activities of juvenile Takifugu rubripes under GL were all

higher than other spectral treatment groups (Liu et al., 2021). It

was also found that light intensity environment of 250-500 mW/

m2 could protect cell structure and function of juvenile Takifugu

rubripes from oxidative stress (Li et al., 2022). And

photoperiodic environments of 8L:16D and 24L:0D at 30 DPH

may cause stress to Takifugu rubripes, resulting in elevated

alkaline phosphatase (Ma et al., 2021). Other studies have

shown that light conditions may affect the expression of

GHRH and lead to upregulation of GH gene in juvenile

Takifugu rubripes (Liu et al., 2019).

Preliminary studies have proved that different LED spectra

could affect the growth of somatic cells in the juvenile Takifugu

rubripes (Kim et al., 2016b; Liu et al., 2021). The results showed

that GL can promote the growth and development of juvenile

Takifugu rubripes. Compared with RL, the juvenile Takifugu

rubripes raised under GL has a higher survival rate, better

feeding performance and growth status. Current studies on the

effects of light environment on Takifugu rubripesmainly involve

morphological traits, growth and feeding, digestion and

metabolism, antioxidant and immunity, as well as the

expression of GH and IGF-I genes. However, the GH/IGF-I

growth axis contains multiple genes, and it is uncertain whether

GL promotes fish growth through the GH/IGF-I growth axis and

apoptosis. Therefore, the effects of different LED spectra (GL,

BL, YL, RL and WL) on GH/IGF-I axis related genes and

apoptosis related genes of juvenile Takifugu rubripes were
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investigated, in order to reveal the reasons for the effects of

different LED spectra on the growth and development of juvenile

Takifugu rubripes.
2 Material and methods

2.1 Fish breeding

The juvenile Takifugu rubripes used in the experiment

originated from Dalian Tianzheng Industrial Co., Ltd. After

the juveniles are transported to the laboratory, they are cultured

in aquarium barrels (diameter: 80 cm, inner height: 60 cm,

effective water volume: 250 L), and domesticated for a week.

During the domestication period, commercial buoyant feeds

were used for feeding, and they were fed twice a day at 08:30

in the morning and 15:30 in the afternoon. One week later, 525

well-balanced and healthy juvenile Takifugu rubripes were

selected for the experiment.
2.2 Experimental design

The light sources used in this experiment are LED lamps

(model: GK5A; designed by the Institute of Semiconductors,

Chinese Academy of Sciences, produced by Shenzhen

Overclocking Technology Co., Ltd.). There were 5 LED lights

in different colors, including GL (l525~530 nm), BL (l450~455
nm), YL (l590~595 nm), RL (l625~630 nm) and WL

(l400~780 nm). The light source is installed 1 m directly

above the water surface.

The experiments were carried out in a shaded compartment

with shading cloth to cover the different treatment groups to

avoid cross-contamination of the light source among the

treatment groups. Five spectral treatment groups were set up

in this experiment, which were green light (GL), blue light (BL),

yellow light (YL), red light (RL) and white light (WL) treatment

groups. There were 3 repetitions in each treatment group. The

breeding barrels are cylindrical barrels made of off-white PE

material with a diameter of 80 cm and an inner height of 60 cm.

At the beginning of the experiment, 35 domesticated Takifugu

rubripes juveniles were placed in each breeding bucket, with

body length of (9.01 ± 0.70) cm and body weight of (18.05 ±

3.17) g. The experiment period was 30 days. During the

experiment, each breeding bucket was continuously aerated

with an aeration pump. The experimental light intensity was

set at (250 ± 20) mW/m2. The light intensity of four points was

averaged and calibrated at 1 cm above the water surface of each

barrel using an SRI 2000 UV spectral illuminance meter

(Shangze Co., Ltd.) at 8:30 am daily. The photoperiod was set

to 12L:12D controlled by an electronic timer. The fish were feed

twice a day at 08:30 am and 15:30 pm. The daily feed weight was
Frontiers in Marine Science 04
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calculated based on 2% of the total mass of the fish in each

breeding barrel. The remaining bait collected 30 min after

feeding, dry it and weigh it. Replace 50% of the volume of

water every 2 days.
2.3 Sample collection

2.3.1 Growth experiment
Before the start of the experiment, 3 juvenile fish were

randomly taken from each breeding bucket for the initial

juvenile fish length and weight measurements. During the

experiment, fish body length and fish weight measurement

work was performed once every 10 d. At the end of the

experiment, 3 fish were randomly selected from each culture

bucket, and a total of 9 fish (whole fish) were selected from each

treatment for the determination of fish length and fish weight at

the end of the experiment.
2.3.1 Collection of visceral tissue samples
The fish were stopped feeding 24 hours at the end of the

experiment. Then 3 juveniles were randomly selected from each

repeated treatment group and anesthetized with anesthetic (MS-

222). The fish were placed on an ice tray, dissected, and their

liver, intestine, and brain tissues were taken out. After the tissue

was rapidly rinsed with precooled normal saline, the water was

sucked dry with absorbent paper and put into the refrigeration

tube. Later the tissues were first frozen in liquid nitrogen and

then stored in - 80 °C refrigerator for later determination of

related gene expressions.
2.4Measurement and analysis of samples

2.4.1 Growth performance measurement
The body length specific growth rate (SGRL) and body

weight specific growth rate (SGRW) were calculated according

to the formula listed below.

SGRL = 100� (1nL2 − 1nL1)=(T2 − T1)  ;

SGRw = 100� (1nW2 − 1nW1)=(T2 − T1) ;

In the formula, L1 andW1 are the fish body length (cm) and

fish weight (g) at the beginning of the experiment; L2 andW2 are

fish body length (cm) and fish weight (g) at the end of the

experiment; T1 is the start time of the experiment (d); T2 is the

end time of the experiment (d).
2.4.2 Total RNA extraction and cDNA reverse
Animal tissue total RNA extraction kit (SteadyPure Universal

RNA Extraction Kit), reverse transcription kit (Evo M-MLV RT
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Kit), qPCR kit (SYBR Green Premix Pro Taq HS qPCR Kit), GL

DNA Marker 2000 were purchased from Hunan Accurate

Biological Engineering Co., Ltd; 6×DNA Loading Buffer was

purchased from G-CLONE (Beijing) Biotechnology Co., Ltd.;

GoldView I type nucleic acid stain was purchased from Beijing

Solarbio Technology Co., Ltd.; fluorescent quantitative PCR

primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd.

According to the instructions of the Total RNA Extraction Kit

from Animal Tissues of Hunan Accurate Bioengineering Co., Ltd.,

the total RNA was extracted from the tissues of juvenile Takifugu

rubripes under different LED spectrum treatments. The integrity of

RNA was detected by taking 3 µL for 1.0% (W/V) agarose gel

electrophoresis; 1 µL was taken for micro spectrophotometer

(Shanghai Spectrometer Co., Ltd. 754) to determine the

concentration. OD260/OD280 ratio RNA within the range of 1.9~2.1

can done reverse transcription reaction. According to the instructions

of the Evo M-MLV RT Kit (Hunan Accurate Bioengineering Co.,

Ltd.), the first strand of cDNA was synthesized by reverse

transcription reaction of 1 mg total RNA with a 20 mL system, and

the conditions were 37°C, 15 mins, and 85°C, 5 s. After the reaction,

the cDNA was aliquoted and stored at −20°C.

2.4 Real-time quantitative PCR
Real-time quantitative PCR experiments were performed

using LightCycler® 96 (BBI, Roche, Germany) instrument and
Frontiers in Marine Science 05
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SYBR Green Premix Pro Taq HS qPCR Kit (Hunan Eco

Bioengineering Co., Ltd.). According to GenBank’s existing

redfin puffer GH, GHR1, GHRH, IGF-I, IGF-II, IGFBP, Bcl-2,

p53, caspase 3, caspase 8, caspase 10 and b-actin gene sequence,

the primer sequences were designed by Primer 5 software, and

the primers are shown in Table 1. After multiple determinations,

the expression of b-actin was relatively stable, so it was selected

as an internal reference gene. The PCR reaction conditions were

set as follows: 95°C pre-denaturation for 3 mins, 95°C

denaturation for 3s, 60 °C annealing/extension for 30 s, a total

of 45 cycles. At the end of the experiment, the melting curves

were analyzed. In all PCR processes, there were 3 biological

samples in parallel, and each RNA sample had 3 replicates. By

using b-actin as the internal reference, the Ct values of each

sample were normalized, and the gene expression level of the

WL group was used as the benchmark, and the relative gene

expressions were calculated by RT-PCR (2-DDCt) relative

fluorescence quantification method.
2.5 Data analysis

All statistical analyses were performed in SPSS 22.0 (SPSS

Inc., Chicago, IL, USA). In summary, data were expressed as

means ± standard deviations (SD) of the mean, with differences
TABLE 1 The sequences of primers for real-time PCR.

Genes Sequence (5’~3’) GenBank accession No.

AANAT2 F:CTGCAGTACCTGCGCTGTAT
R:GGGCCTCTCTCTTTGAAGCC

XM_011604114.2

GH F:CTCATCAAGGCCAGTCAGGAT
R:CTCCACCTTGTGCATGTCCT

XM_003968318

GHR1 F:TTGGGTCAACACGGACTTCT
R:CTTCAGGATCTTTTGCCTTCTT

XM_011615550.1

GHRH F:ACAGCGTCATCTGCTCACCT
R:CTGCGTGTCTTTCCGTTCTT

DQ65933

IGF-I F:GGCAAACAGCGTGAATGAG
R:TCAACACGGAAGCCAGGA

AB465576.1

IGF-II F:GACCGTGAAGCATTCCAAAT
R:GCTTTGATCTTCTCCGCTTG

XM_003967358.3

IGFBP F:TCCAGAGAGCGTTAGACCGA
R:ATGTGGAAGTCGCCGTTCTT

NM_001146062.1

Bcl-2 F:GAGGTTCGCGGAGGTGATAG
R:CAGCTGTTCAGGGACCCATT

XM_029830403.1

p53 F:ACGATCCCAACAACGAGCTT
R:TCTCCTGGGTAATCGGTGGT

XM_003966884.3

caspase 3 F:GAGGCATTGAAACCGACAGC
R:CGCGTCAAGATGTGCTGAAG

NM_001032699.1

caspase 8 F:TTCTACCGGGTGCAAACCTC
R:AGACCACCAAGGCATCTTCG

XM_011616711.2

caspase 10 F:TCACGCGCTGAAAACAACAG
R:TCGCTGCGGTCATGAGATAC

XM_011609433.2

b-actin F:AGAGGGAAATCGTGCGTGAC
R:GAGGAAGGAAGGCTGGAAAAG

XM_003964421.2
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among treatments tested using one-way analysis of variance

(ANOVA). Data with difference level at P< 0.05 were considered

statistically significant. Origin 2017 (Hampton, MA, USA) was

used to generate charts.
3 Results

3.1 Growth performance of juvenile
Takifugu rubripes under different LED
spectra

The growth-related indexes of juvenile Takifugu rubripes

under five LED spectrum conditions are shown in Table 2. The

juvenile Takifugu rubripes in the GL group was the longest,

which was (10.63 ± 0.46) cm. The body length of the juvenile

puffer fish in the RL group was the shortest, which was (9.32 ±

0.17) cm. The specific growth rates of body length in the YL

group and RL group were significantly lower than those in GL

group and WL group (P< 0.05). The body weight of juvenile

Takifugu rubripes in the GL group was the largest, which was

(29.36 ± 3.78) g, while that in the YL group was the smallest,

which was (21.28 ± 2.56) g. The specific growth rate of body

weight in YL group was significantly lower than those in other
Frontiers in Marine Science 06
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groups except RL group (P< 0.05), while that in the GL group

was significantly higher than those in other groups (P< 0.05).
3.2 Expression of GH/IGF-I axis-related
genes and AANAT2 in juvenile Takifugu
rubripes under different LED spectra

The expression levels of GH/IGF-I axis-related genes in the

brain tissue of Takifugu rubripes juvenile under five LED

spectrum conditions are shown in Figures 1, 2. From

Figure 1A, it can be seen that different spectra have a

significant impact on the relative expression of GH gene.

Under RL, the relative expression of GH gene was significantly

higher than those of the other groups (P<0.05). There was no

significant difference among the expressions of the GL, BL, YL

and WL groups (Figure 1A). For the GHRH gene, the relative

expression of GHRH gene in RL group was the highest and

significantly higher than those in other groups (P<0.05), but

there was no significant difference in the expression level among

the GL and WL group, BL and RL groups. The relative

expressions of GHRH genes in the GL and the WL groups

were significantly higher than those in BL and RL groups

(P<0.05) (Figure 1B).
A B

FIGURE 1

Effects of different LED spectra on relative expression of GH (A) and GHRH (B) genes in juvenile Takifugu rubripes. In the same column diagram,
values with same small letter superscripts mean no significant differences (P>0.05), different small letter superscripts mean significant
sdifferences (P<0.05).
TABLE 2 Growth indexes of juvenile Takifugu rubripes under different spectral conditions (Liu et al., 2021) n=9; ±SD.

Growth index Light spectrum treatment groups

GL BL YL RL WL

body length/cm L 10.63 ± 0.46a 9.88 ± 0.57ab 9.43 ± 0.15b 9.32 ± 0.17b 10.27 ± 0.80a

body weight/g W 29.36 ± 3.78a 25.42 ± 4.09b 21.28 ± 2.56c 22.33 ± 3.61bc 24.79 ± 3.05bc

body length specific growth rate/% SGRL 0.55 ± 0.14a 0.30 ± 0.19ab 0.15 ± 0.05b 0.12 ± 0.06b 0.43 ± 0.26a

body weight specific growth rate/% SGRW 1.60 ± 0.41a 1.10 ± 0.52b 0.53 ± 0.39c 0.67 ± 0.56bc 1.04 ± 0.40b
fr
In the same row, values with same small letter superscripts or no letter superscripts mean no significant differences (P>0.05), different small letter superscripts mean significant differences (P<0.05).
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Figure 2A showed that the different spectra have a greater

impact on the relative expression of the GHR1 gene. The relative

expression of GHR1 gene in the GL group was the highest, which

was significantly higher than those of the other treatment groups

(P<0.05). The relative expression of GHR1 gene in the WL group

was the lowest, which was not significantly different from that in

the YL group. But it was significantly lower than those in the GL,

BL and RL groups (P<0.05). As shown in Figure 2B, the relative

expression of IGF-I gene of juvenile Takifugu rubripes was not

significantly different under the GL and RL groups but was

significantly higher than under the other treatment groups

(P<0.05). The relative expression of IGF-I gene in the YL

group was the lowest and significantly lower than that in the

other treatment groups (P<0.05). As shown in Figure 2C, the

relative expression of IGF-II gene in the RL group was

significantly lower than that in the GL group (P<0.05), and

was significantly higher than those in the BL, YL and WL groups

(P<0.05). There was no significant difference in the relative

expression of IGF-II gene between the BL and YL groups. It

can be seen from Figure 2D that the relative expression of IGFBP

gene under different light treatments is in the order of RL >GL

>BL >YL >WL. There was no significant difference in the

expression levels of the GL and RL groups. The expression
Frontiers in Marine Science 07
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levels of IGFBP gene in BL and YL groups were significantly

higher than that in WL group (P<0.05).

The expression levels of melatonin-related AANAT2 gene in

the brain of juvenile Takifugu rubripes under five LED spectrum

conditions are shown in Figure 3. The result showed that

different spectra have significant effects on the relative

expression of AANAT2 gene. Under RL, the relative expression

of AANAT2 gene was the highest and significantly higher than

those under other groups (P<0.05). There was no significant

difference in the expressions of the BL, YL and WL groups. The

relative gene expression of AANAT2 in GL group was the lowest

and significantly lower than that in the other groups (P<0.05).
3.3 Expression of apoptosis-related
genes in juvenile Takifugu rubripes under
different LED spectra

The relative expression levels of apoptosis-related genes in

the liver tissue of juvenile Takifugu rubripes under the five LED

spectrum conditions are shown in Figures 4A–E. There are

significant differences in the relative expression of Bcl-2 gene

in the liver of juvenile Takifugu rubripes under different spectral
A B

DC

FIGURE 2

Effects of different LED spectra on relative expression of GHR1 (A), IGF-I (B), IGF-II (C) and IGFBP (D) genes in juvenile Takifugu rubripes. In the
same column diagram, values with same small letter superscripts mean no significant differences (P>0.05), different small letter superscripts
mean significant differences (P<0.05).
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conditions (as shown in Figure 4A). Under the RL group, the

relative expression of Bcl-2 gene was the lowest, which was not

significantly different from that under the GL group and

significantly lower than those under the BL and WL groups

(P<0.05). The relative expression of Bcl-2 gene in the YL group

was the highest and was significantly higher than those in the

other treatment groups (P<0.05). As shown in Figure 4B, the

relative expression of p53 gene between the RL and YL groups

have a little difference but no significant difference. The relative

expression level of p53 gene in juvenile Takifugu rubripes in the

BL group was the highest. And it was significantly higher than

the other treatment groups (P<0.05). The relative expression of

p53 gene in juvenile Takifugu rubripes in the WL group was the

lowest and significantly lower than the other treatment groups

(P<0.05). The relative expression of caspase 3 gene in the liver

tissue of juvenile Takifugu rubripes also has significant

differences under different spectral conditions (Figure 4C).

Among them, under the BL irradiation, the relative expression

of caspase 3 gene was the highest and significantly higher than

those under other light groups (P<0.05). There was no

significant difference in the relative expressions of caspase 3

gene among the GL, RL and WL groups. The relative expression

of caspase 3 gene in the WL group was the lowest and

significantly lower than those in other treatment groups

(P<0.05). Figure 4D showed that the relative expression of

caspase 8 gene of Takifugu rubripes in the BL group was

significantly higher than those in the other treatment groups.

Moreover, the relative expression of caspase 8 gene among the

three treatment groups of the GL, YL and WL were relatively

small, and there was no significant difference. The relative
Frontiers in Marine Science 08
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expression of caspase 8 gene in the RL group was not

significantly different from the WL group and significantly

higher than those in the GL and YL groups (P<0.05). The

influence of different LED spectra on the relative expression of

caspase 10 gene is shown in Figure 4E, in the order of YL >RL

>BL >GL >WL. There were significant differences between each

light groups (P<0.05). The relative expression of caspase 10 gene

of Takifugu rubripes in the YL group was the highest and

significantly higher than those in the other treatment groups

(P<0.05). The relative expression of caspase 10 gene in the WL

group was the lowest and significantly lower than those in the

other treatment groups (P<0.05).
4 Discussion

4.1 Effects of different LED spectra on
growth, AANAT2 and GH/IGF-I axis-
related genes in juvenile
Takifugu rubripes

The effect of spectra on the growth and development of fish

varies depending on the spectral composition and fish species.

For example, GL was found to have a stimulatory effect on

somatic cell growth in striped starry flounder (Verasper moseri),

while RL had an inhibitory effect (Ji et al., 2013); Senegalese sole

(Solea senegalensis) juveniles have better growth status under BL

conditions (Fei et al., 2020a); The juveniles of Dicentrarchus

labrax grew best in the RL group and worst in the BL group (Liu

et al., 2021). The results of our previous study showed that
FIGURE 3

Effects of different LED spectra on relative expression of AANAT2 genes in juvenile Takifugu rubripes. In the same column diagram, values with
same small letter superscripts mean no significant differences (P>0.05), different small letter superscripts mean significant differences (P<0.05).
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different LED spectra had different degrees of influence on the

growth and development of juvenile Takifugu rubripes. The

body weight and SGRw of the fish under GL were the highest

and significantly higher than all other treatment groups,

followed by BL, YL and WL, while the mean values of various

growth indicators of juvenile Takifugu rubripes under RL were

the lowest. This result is in general agreement with the finding of

Kim et al. (2016b) that the Takifugu rubripes grew well under GL

and slowly under RL. It has been shown that the reactive oxygen

species induced by the red spectrum can oxidatively damage the

cellular components of fish target organs such as muscles. For

example, RL can induce oxidative stress in the tissues of

Amphiprion clarkii, which in turn causes oxidative damage to
Frontiers in Marine Science 09
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the tissues and leads to the inhibition of growth performance

(Shin et al., 2011). Therefore, the juvenile Takifugu rubripes did

not grow well under the RL environment, which may also be

caused by the stress response of the fish under the RL.

The effect of light on fish also affects a range of physiological

activities by influencing the secretion of melatonin. Melatonin

has many physiological functions, including scavenging free

radicals, improving immunity, and inhibiting the oxidation of

biomolecules (Wu and Swaab, 2005). Melatonin can be

converted into many antioxidant compounds during the

oxidation process (Reiter et al., 1997). Therefore, melatonin is

considered a broad-spectrum antioxidant and is more effective

than other antioxidants in protecting cell membranes. Moreover,
A B

D

E

C

FIGURE 4

Effects of different LED spectra on the relative expression of Bcl-2 (A), p53 (B), caspase 3 (C), caspase 8 (D) and caspase 10 (E) genes in juvenile
Takifugu rubripes. In the same column diagram, values with same small letter superscripts mean no significant differences (P>0.05), different
small letter superscripts mean significant differences (P<0.05).
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arylalkylamine N-acetyltransferase 2 (AANAT2), a precursor of

melatonin, is the rate-limiting enzyme for melatonin synthesis,

and its secretion level is consistent with the level of melatonin

(Shin et al., 2011). In this study, the increase of AANAT2 gene

expression indicates the increase of melatonin secretion was

believed. The relative gene expression of AANAT2 in the GL

group was significantly lower than that in the other treatment

groups (P<0.05); there was no significant difference in the

relative gene expression of AANAT2 between the BL, YL and

WL groups, and all of them were significantly lower than that in

the RL group (P<0.05); the relative gene expression of AANAT2

in the RL group was significantly higher than those in the other

treatment groups (P<0.05) (Figure 3 and Table 3). This is similar

to the findings of Shin et al. (2011) that red LED spectroscopy

produced a stress response in Amphiprion clarkii, with more

melatonin production and significantly higher AANAT2 mRNA

expression than other spectra treatment groups. Therefore, the

higher expression of AANAT2 in the RL group in this

experiment may be due to the RL environment induced stress

response in juvenile Takifugu rubripes, which led to the elevated

expression of AANAT2 gene and then promoted the synthesis of

melatonin in response to oxidative stress. Further studies are

needed to confirm the exact cause.

The growth of fish is mainly regulated by the GH/IGF-I

growth axis (Li and Lin, 2010). The main factors in this axis

include: GH, GHRH, GHR1, IGF-I, IGF-II, IGFBP. It has been

shown that the light environment and melatonin affect the

neuroendocrine axis and that melatonin in the pineal gland

will act on the hypothalamus, pituitary and surrounding tissues

to regulate the synthesis and release of growth hormone-

releasing hormone (GHRH) and growth hormone (GH), either
Frontiers in Marine Science 10
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directly or indirectly (Max and Menaker, 1992). The

hypothalamus produces the neuroendocrine factor GHRH that

stimulates the synthesis and release of GH from the pituitary

gland (Sánchez-Vázquez et al., 2019). Thus, melatonin has an

important regulatory role for GHRH and GH. In the present

study, as shown in Table 3, the relative expression of GHRH

genes was significantly higher in the RL group than in the other

treatment groups (P<0.05), followed by the BL, YL, and WL

groups, and significantly lower in the GL group than in the other

treatment groups (P<0.05). Also, the relative expression of

pituitary GH gene was significantly higher in the RL group

than in the other light groups (P<0.05), and there was no

significant difference in the expression of GH among the

remaining four groups. This is similar to the findings of Zhang

et al. (2016) that melatonin plays a key role in the GL

environment to enhance GH secretion in chicks by increasing

GHRH expression in the hypothalamus. It has also been shown

that the pituitary gland of in vitro cultured rainbow trout releases

increasing amounts of GH when stimulated by certain

physiological concentrations of melatonin (Falcón et al., 2003).

And carp (Cyprinus carpio) GHRH stimulates the pituitary to

synthesize and release GH in a dose-dependent manner

(McRory et al., 1995). It was also found that the growth

hormone releasing hormone (fGHRH-28) of Paralichthys

olivaceus can induce the expression of GH mRNA in the

embryonic cell line HINAE (Nam et al., 2011). Therefore, each

treatment group may promote the expression of GHRH and GH

in the hypothalamus and pituitary by promoting the release

of melatonin.

After GH combines with GHR1 on the liver surface, it

stimulates liver cells to synthesize and secrete IGFs. Therefore,
TABLE 3 mRNA level of genes associated with GH/IGF-I axis and apoptosis in juvenile Takifugu rubripes exposed to different light spectra in
comparison with WL.

Genes Light spectrum treatment groups

GL BL YL RL WL

AANAT2 ↓↓(c) ↑(b) ↑(b) ↑↑(a) -(b)

GH ↓(b) ↓(b) ↓(b) ↑↑(a) -(b)

GHRH ↓(b) ↓↓(c) ↓↓(c) ↑↑(a) -(b)

GHR1 ↑↑(a) ↑↑(c) ↑(cd) ↑↑(b) -(d)

IGF-I ↑↑(a) ↑↑(b) ↓↓(d) ↑↑(a) -(c)

IGF-II ↑↑(a) ↑↑(c) ↑↑(c) ↑↑(b) -(d)

IGFBP ↑↑(a) ↑↑(b) ↑↑(c) ↑↑(a) -(d)

Bcl-2 ↓↓(cd) ↓(bc) ↑↑(a) ↓↓(d) -(b)

p53 ↑↑(c) ↑↑(a) ↑↑(b) ↑↑(b) -(d)

caspase 3 ↓(c) ↑↑(a) ↑↑(b) ↓(c) -(c)

caspase 8 ↓(c) ↑↑(a) ↓(c) ↑(b) -(bc)

caspase 10 ↑↑(d) ↑↑(c) ↑↑(a) ↑↑(b) -(e)
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GH has an important regulatory effect on IGFs, and its

expression level can reflect the growth status of animals to

some extent (Reinecke, 2010). IGF binds to IGFBP in the liver

and reaches the target cells via the endocrine pathway, and the

adducts act on the IGFR (insulin-like growth factor receptor) on

the surface of the target cells to promote the proliferation and

growth of the target cells, thereby promoting the growth of the

organism (Li et al., 2017). Studies have shown that IGFBPs not

only have an IGF-dependent effect but can also act as a carrier of

IGF or a regulator of the effectiveness and activity of IGF. During

the embryonic and gonadal development of carp (Cyprinus

carpio), IGFBP may play an important role in their growth

and development by regulating the role of IGF in reproduction

and embryonic growth (Chen et al., 2009). In the present study,

it can be seen from Table 3 that the relative expression of GHR1

and IGF-II genes was significantly higher in the GL group than

in the other treatment groups (P<0.05), and the relative

expression of IGF-I and IGFBP genes was significantly higher

in the GL and RL groups than in the other treatment groups

(P<0.05). Meanwhile, the relative expression of GHR1, IGF-I and

IGF-II genes in the RL group was significantly higher than those

in the BL, YL and WL groups (P<0.05). This is similar to the

findings of Chen et al. (2022) that the relative expression of

GHR, IGF-I and IGFBP genes was significantly higher in

Oncorhynchus mykiss than in each of the remaining treatment

groups under light conditions that mimic the light color changes

in the natural underwater environment. It has been shown that

GH promotes growth through the synergistic action of hepatic

GHR, IGF-I and IGFBP, which play a central link in the GH/

IGF-I axis (Zou et al., 2022). Therefore, we speculate that the GL

group may promote the synthesis and secretion of IGF in the

liver by promoting the binding of GH and GHR1 in the liver,

and promote cell mitosis and differentiation by promoting the

binding of IGF and IGFBP in the liver, thus promoting the

growth of juvenile Takifug rubripes.

Interestingly, the growth status of fish under normal

environmental conditions is usually positively correlated with

the expression levels of GH/IGF-I axis-related genes in vivo, and

GH/IGF-I axis-related genes can directly affect growth of fish by

stimulating cell differentiation. It has been shown that the

expressions of GHR1 mRNA, GHR2 mRNA and IGF mRNA

in the liver of juvenile ocellaris clownfish (Amphiprion ocellaris)

treated with different light photoperiods are similar to their

average body length and weight gains (Li et al., 2017). However,

the growth status of fish under certain stress conditions may also

be negatively correlated with plasma GH levels or GH gene

expression levels. For example, the body weight and specific

growth rate of Mozambique tilapia (Oreochromis mossambicus)

after 4 weeks of fasting were significantly reduced, but the

plasma GH level and pituitary GH mRNA were significantly

increased (Fox et al., 2006); Monocrotophos pesticide exposure
Frontiers in Marine Science 11
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to Nile tilapia (Oreochromis niloticus) for 3 weeks significantly

inhibited their growth. However, its GH level was significantly

increased, this is probably due to the negative feedback

regulation mechanism of liver IGF-I (Cheng et al., 2002). In

the present study, the relative expressions of GHRH and GH

genes were at low levels in the GL group, whereas the relative

expressions of IGF-I and IGF-II genes were at high levels.

Meanwhile, previous studies have shown that overexpression

of IGF-I gene can suppress GH gene expression in tilapia (Cheng

et al., 2002). It has also been shown that GH gene can promote

the expression of IGF-I and IGF-II genes, and that there is a

negative feedback regulation mechanism among GH, GHRH

and IGF-I (Chen et al., 2016). Therefore, we hypothesized that

the low expression of GHRH and GH genes in the GL group was

due to the activation of the negative feedback regulatory

mechanism of the GH/IGF-I axis by the overexpression of

IGF-I genes in the liver. In contrast, the relative expression of

each growth gene in the RL group was at a high level, but this

was not consistent with the trend of growth performance of

juvenile Takifugu rubripes in the RL group. We speculate that

this may be due to the fact that juvenile Takifugu rubripes under

RL are in a stressful state and the high expression of growth axis-

related genes is not sufficient to counteract the negative effects of

the stress response, which in turn affects their normal growth.

The above is just a speculation, and the true reason needs to be

confirmed by more research.
4.2 Effects of different LED spectra on
apoptosis-related genes in juvenile
Takifugu rubripes

Vertebrate cell apoptosis is the programmed cell death

controlled by a variety of genes. It is necessary to maintain the

body’s homeostasis, immune defense, and growth and

development. The Bcl-2 protein family is an important

regulator of cell apoptosis. The Bcl-2 gene is a gene that

inhibits cell apoptosis and is located in the endoplasmic

reticulum. Its expression directly or indirectly affects the

release of Ca2+ from the endoplasmic reticulum and inhibits

apoptosis, thereby protecting cells from apoptosis (Borghetti

et al., 2015). In this study, the relative expression of the Bcl-2

gene in the BL, YL and WL groups was significantly higher than

those in the GL and RL groups, and the relative gene expression

of Bcl-2 in the RL group was the lowest (Figure 4 and Table 3).

Studies have shown that different environmental temperatures

can cause different transcriptional changes of Bcl-2 in the liver of

zebrafish (Danio rerio) (Ji et al., 2013); the expression level of

Bcl-2 in the hepatopancreas of Litopenaeus vannamei in the full

spectrum + UVB (310 nm) group was significantly lower than

those in other spectral treatment groups, and the level of
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apoptosis inhibition was weaker, resulting in poorer growth

performance of shrimp in this spectral treatment group (Fei

et al., 2020b). Therefore, the level of apoptosis inhibition was

weakest in the RL group, resulting in the highest level of

apoptosis in juvenile fish in this group, which in turn led to

the inhibition of their growth and development.

p53 is a tumor suppressor, and its product has a regulatory

effect on a variety of downstream genes (Yuan et al., 2017). It

acts as a transcription factor in regulating the complex DNA

damage system. DNA damage will cause an increase in the

expression of p53, and its product will activate the downstream

inhibition of cyclin-dependent kinase activity, thereby

inhibiting the progress of the cell cycle (Huang et al., 2020).

In this study, it can be seen from Table 3 that when the juvenile

Takifugu rubripes is exposed to BL, YL and RL, the

transcription of the p53 gene in the liver is upregulated. The

expression level of p53 in the GL group was significantly lower

than the BL group, YL group and RL group (P<0.05). The study

showed that the transcript levels of p53 in the hepatopancreas

of Litopenaeus vannamei in the dark group were higher than

those in the other treatment groups, and the growth

performance of shrimp in this group was poorer (Fei et al.,

2020b); When Penaeus vannamei were exposed to WL and RL,

the p53 gene transcription was upregulated in the

hepatopancreas, while the expression level of p53 was lower

in the GL group than in the other groups. Shrimp in the GL

group grew well (Fei et al., 2020b). Therefore, the expression of

p53 is influenced by spectral composition and may trigger

apoptosis of hepatocytes in juvenile Takifugu rubripes,

resulting in impaired liver tissue function and reduced ability

to cope with stress responses in juvenile fish, which in turn

inhibits their growth and development.

Caspase is a cysteine protease involved in cell apoptosis. Its

family members directly or indirectly cause the appearance of

the structural features of cell apoptosis and are at the core of the

apoptosis pathway. It plays a key role in the entire process of cell

apoptosis by initiating the exogenous apoptosis pathway and

indirectly initiating the endogenous apoptosis pathway (Sakata

et al., 2007). The exogenous apoptosis pathway is regulated by

extracellular signals, and extracellular signals can recruit caspase

8 and caspase 10 related proteins. Among them, caspase 3 is an

apoptotic protease that is frequently activated and catalyzes the

specific cleavage of many key cellular proteins. The activation of

caspase 8 and caspase 10 may directly or indirectly activate

caspase 3. It was shown that under low temperature stress, the

liver of Epinephelus coioides activated its apoptotic pathway and

induced changes in the expression of the caspase family, Bcl-2,

bax and other apoptotic genes, which in turn inhibited the

growth and development of Epinephelus coioides (Sun et al.,

2019); expression of caspase 3 and caspase 8 in the

hepatopancreas of Penaeus vannamei was higher in the full-

spectrum and RL groups and lower in the BL and GL groups,
Frontiers in Marine Science 12
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and growth performance of Penaeus vannamei was inhibited in

the full-spectrum and RL groups (Fei et al., 2020a). Therefore,

the BL, YL and RL groups may put juvenile Takifugu rubripes in

an unfavorable environment, inducing upregulation of caspase

family-related gene expression, exacerbating apoptosis, and thus

inhibiting their growth. In contrast, juvenile Takifugu rubripes in

the GL group were in a favorable environment with down-

regulated expression of caspase family-related genes, which

alleviated apoptosis and thus promoted the growth and

development of juvenile fish.

Therefore, unfavorable light environmental conditions may

increase the expression of apoptotic genes, intensify apoptosis

and cause liver tissue damage, thus inhibiting the growth of

juvenile Takifugu rubripes. The relative expressions of the five

apoptotic genes were lower in the GL environment, indicating

that a favorable light environment can reduce the expression of

apoptotic genes and slow down the apoptotic process, which is

beneficial to the growth of juvenile Takifugu rubripes.

5 Conclusion

In summary, under an environment with a photoperiod of

12L:12D and an illuminance of (250 ± 20) mW/m2, five different

LED spectra have a certain degree of influence on growth and the

expressions of GH/IGF-I growth axis and apoptosis-related genes

in the juvenile stage of Takifugu rubripes. The better growth

performance of juvenile Takifugu rubripes cultured under GL was

related to the GH/IGF-I growth axis and apoptosis genes. GL

significantly promotes the growth of Takifugu rubripes, which

may be due to that GL promoted the expressions of growth factors

such asGHR1, IGF-I, and IGF-II, and decreased the expressions of

apoptosis-related genes, while the situation in the YL, BL and WL

groups was on the contrary. The RL group significantly inhibited

the growth of juvenile Takifugu rubripes, which may be due to the

fact that juvenile Takifugu rubripes under RL environment were in

a stressful state and the high expression of growth axis-related

genes was not sufficient to offset the negative effects of stress

response, resulting in the inhibition of growth performance.

Further studies are needed to confirm.
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Patiño, M. A., and Mıǵuez, J. M. (2019). Environmental cycles, melatonin, and
circadian control of stress response in fish. Front. Endocrinol. (Lausanne) 10.
doi: 10.3389/fendo.2019.00279

Shin, H. S., Lee, J., and Choi, C. Y. (2011). Effects of LED light spectra on
oxidative stress and the protective role of melatonin inrelation to the daily rhythm
Frontiers in Marine Science 14
86
of the yellowtail clownfish, Amphiprion clarkii. Comp. Biochem. Physiol. - A Mol.
Integr. Physiol. 160, 221–228. doi: 10.1016/j.cbpa.2011.06.002

Shin, H. S., Lee, J., and Choi, C. Y. (2012). Effects of LED light spectra on the
growth of the yellowtail clownfish Amphiprion clarkii. Fisheries Science. 78, 549–
556. doi: 10.1007/s12562-012-0482-8

Stefansson, S. O., and Hansen, T. J. (1989). The effect of spectral composition on
growth and smolting in Atlantic salmon (Salmo salar) and subsequent growth in
sea cages. Aquaculture 82, 155–162. doi: 10.1016/0044-8486(89)90404-3

Sun, Z., Tan, X., Liu, Q., Ye, H., Zou, C., Xu, M., et al. (2019). Physiological,
immune responses and liver lipid metabolism of orange-spotted grouper
(Epinephelus coioides) under cold stress. Aquaculture 498, 545–555. doi: 10.1016/
j.aquaculture.2018.08.051

Tian, H., Zhang, D., Li, X., Jiang, G., and Liu, W. (2019). Photoperiod affects
blunt snout bream (Megalobrama amblycephala) growth, diel rhythm of cortisol,
activities of antioxidant enzymes and mRNA expression of GH/IGF-I. Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 233, 4–10. doi: 10.1016/j.cbpb.2019.03.007
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Investigation of the inlet layout
effect on the solid waste
removal in an octagonal
aquaculture tank

Jiajun Hu1, Hanwen Zhang1, Lianhui Wu2, Fang Zhu3,
Xuefen Zhang1, Fukun Gui1, Xiaoyu Qu4* and Dejun Feng1*

1National Engineering Research Center for Marine Aquaculture, Zhejiang Ocean University,
Zhoushan, China, 2Department of Marine Resources and Energy, Tokyo University of Marine
Science and Technology, Tokyo, Japan, 3School of Naval Architecture and Maritime, Zhejiang
Ocean University, Zhoushan, China, 4School of Fisheries, Zhejiang Ocean University,
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The optimization of the inlet layout in aquaculture systems is essential to

ensure minimal solid waste discharge into the environment and improve fish

production efficiency. In the present study, laboratory experiments were

carried out to investigate the effects of the jetting position d/a (where d is

the distance from the pipe axis to the tank side and a is the side length of the

tank wall) and the jetting angle q (the acute angle between the jetting direction

and the nearest tank wall) on the solid waste removal efficiency in single-inlet

and dual-inlet octagonal Recirculating Aquaculture System (RAS) tanks. To this

end, three jetting positions (d/a) of 1/50, 1/8, and 1/4 and ten jetting angles (q) of
0° to 80° were considered in the experiments. The Particle Image Velocimetry

(PIV) technique was applied to measure the flow characteristics in the tank and

analyze the solid waste removal under different working conditions. Residual

mass of the solid waste, time of complete removal of solid waste, average

velocity (vavg), and uniformity coefficient of velocity distribution (DU50) were

analyzed to evaluate the solid waste removal efficiency. The obtained results

indicate that adjustments of the inlet layout significantly affect the solid waste

removal efficiency. It was found that a single-inlet tank with a d/a of 1/8 and q in
the range 10° to 40° has a good solid wastes removal performance, and the

optimal efficiency occurs at a jetting angle of 30°. Moreover, the optimal solid

waste removal efficiency in a dual-inlet tank can be achieved with a d/a ratio of

1/8 and a q of 20°. The performed analyses reveal that from the aspect of solid

waste removal efficiency, a tank with a d/a ratio of 1/8 outperforms a tank with

a d/a ratio of 1/4 or 1/50. The results of this article offer novel insights in the

layout of octagonal RAS tanks and provide a guideline to improve self-cleaning

features of aquaculture tanks.
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1 Introduction
Studies show that China’s aquaculture industry has increased

steadily in the past few decades. In 2021, China’s aquatic and

aquaculture products exceeded 67 million and 54 million,

respectively (Fisheries and Fishery Administration Bureau of the

Ministry of Agriculture and Rural Zones et al., 2022). Despite

these promising data, the traditional aquaculture development

model is a challenge for the stringent environmental

requirements, the safety of aquatic food, and the development

of aquaculture (Zhang et al., 2017). Recently, Recirculating

Aquaculture System (RAS) has been proposed as an advanced

aquaculture method with remarkable advantages to optimize the

water consumption in the aquaculture industry and improve the

efficiency of aquaculture and land utilization. Studies show that

RAS has made great progress in water disinfection, water

purification, and the physiological and biochemical metrics in

the aquaculture industry (Timmons et al., 1998). The performed

analyses revealed that rapid solid waste flushing out of RAS tanks

is an essential prerequisite to achieve an appropriate

hydrodynamic performance and fish welfare (Gorle et al., 2020).

In this scheme, different inlet layouts affect the solid waste removal

efficiencies. However, considering the current shortcomings of a

rational-based design on inlet layout on the solid waste removal

efficiency of octagonal RAS tanks, conventional systems in the

aquaculture industry is largely relying on previous experience.

Therefore, it is necessary to systematically optimize the inlet

layout to form an appropriate aquaculture flow field

environment while improving the removal efficiency.

Duarte et al. (2011) showed that the tank geometry

significantly affects the overall flow pattern. Generally,

aquaculture tanks are fabricated in five geometries, including

rectangular, circular, octagonal, rectangular round chamfering,

and runway. Among these geometries, octagonal tanks are easier

to handle and construct than other tanks so that octagonal tanks

have been more common in operational production (Zhao et al.,

2022). Davidson and Summerfelt (2004) studied the effects of the

inlet structure on the self-cleaning features of large circular

aquaculture tanks and found that the appropriate direction of

the inlet structure increases the rotation velocity in the tank.

Moreover, Zhu et al. (2022) conducted experiments and studied

the removal of solid wastes, and analyzed the flow field in a

circular aquaculture tank with different inlet layouts. It was found

that adjusting the inlet layout would affect the flow field

characteristics and the solid waste removal efficiency. Venegaset

et al. (2014) systematically evaluated the effect of different water

injection devices on the tangential velocity of flow in octagonal

RAS tank. Benoit (2007) showed that the structure of the water

inlet and outlet systems significantly affects the hydraulic mixing

performance and the flushing ability of precipitated particles in

the tank. In addition to experiments, numerical techniques have

been widely applied to analyze the flow field and improve solid
Frontiers in Marine Science 02
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waste removal efficiency (Xue et al., 2020; Ren et al., 2021). Gorle

et al. (2018a) studied the use of wall drain to control flow patterns

in the tank. It was found that flow features such as pressure,

velocity, uniformity, and turbulence affect the flow pattern so

these features should be further investigated. The octagonal RAS

tank is a common culture tank with good space management,

shared side walkways, and homogeneous fluid mixing, which is

widely used in aquaculture farms. Considering the production and

welfare of animals in intensive aquaculture, the design and

application of octagonal tanks should be given more attention

in future research (Xue et al., 2021; Zhao et al., 2022). However,

there is no in-depth investigation of the effects of inlet layout on

the performance of octagonal RAS tanks.

Based on the performed literature survey, the main objective of

the present study is to investigate the influence of inlet layout on the

solid waste removal efficiency of octagonal tanks and measure the

flow field distribution to explore the hydrodynamic feature of the

tank. In this respect, the effects of numerous parameters, including

the inlet mode, inlet angle, and inlet position on the efficiency of

solid waste removal are investigated comprehensively to maximize

the water conservancy conditions. This article is organized in five

sections. After introducing the problem and a review of the

literature, materials and methods and the experimental setup are

discussed in Section 2. The Influence of the inlet layout on the solid

waste removal efficiency, hydrodynamic characteristics, and flow

patterns are presented in Section 3. Then the obtained results are

analyzed to achieve an insight into the mixing phenomenon and the

discussions are presented in Section 4. Finally, the main conclusions

are summarized in Section 5.
2 Material and methods

2.1 Tank configuration

In the present study, experiments were carried out using a

RAS system consisting of an octagonal aquaculture tank model,

a recirculating system, and a measurement system. During the

experiments, solid waste removal (Figure 1A) and PIV flow field

(Figure 1B) were studied. The tank model is made of transparent

acrylic sheets and the dimensions of the test setup are presented

in Figure 2. The tank model has a total side length of a = 100 cm

and a height of 60 cm. Lekang (2013) demonstrated that optimal

performance in an octagonal tank is achieved with a ratio of total

side length to the corner side length of 5. Accordingly, four

rectangular acrylic baffles with a height of 60 cm and a width of

28.28 cm were installed in four corners to form the octagonal

aquaculture tank. The tank bottom was flat and a drain hole with

a diameter of 4 cm was set in the tank center. The inlet pipe had a

closed lower end and delivered water into the tank through 3

nozzles with a diameter of 2 cm. The diameter of nozzles were

0.6 cm and the distance of each nozzle from the end of the pipe

was 2, 16.5, and 31 cm, respectively.
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Figure 3 shows that the recirculation system mainly consists

of a reservoir (Figure 3A), pipes, and a 55 W water pump

(Sensen HQB-2500, China) (Figure 3B). The tank water runs

into the reservoir through the connecting tube and then returns

to the tank using the water pump, creating a water recirculation

system. The measurement system is schematically presented in

Figure 3C. A flowmeter (Keyence FD-Q20C, Japan) and a valve

are installed vertically on the water inlet pipe to monitor and

adjust the real-time input flow rate (L/min) into the aquaculture

tank to guarantee the hydraulic residence time (HRT) of 30 min

approximately (the water exchange rate is 2 times/h). Note that
Frontiers in Marine Science 03
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the input flow rate was set constant during the experiments so as

to isolate its coupled effects with jetting configuration. Thus, the

effect of jetting configuration on solid waste removal can be

comprehensively figured out. An inlet assembly (Figure 3D) was

designed to adjust the inlet layout and the jetting angle was

measured by a dial (Figure 3E). Moreover, a digital camera

(Nikon P7100, Japan) was installed over the tank to capture the

distribution of solid wastes in the tank bottom. To this end, the

surface of the bottom layer was covered with a white

architectural film to increase the contrast between solid wastes

and the background layer and improve the accuracy of the
A B

FIGURE 2

Configuration of the octagonal aquaculture tank: (A) Top view; (B) Front view (Unite: cm).
FIGURE 1

Configuration of the experiment setup: (A) Solid waste removal system; (B) PIV flow field measurement system.
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analysis. Based on related previous studies (Patterson et al., 1999;

Du et al., 2020; Davidson and Summerfelt, 2004; Sin et al., 2021;

Xue et al., 2022), cylindrical-shaped feed with a diameter of

1.4 mm, a length of 2.0 to 2.5 mm and a density of 1.3 g/cm3

were used to study the motions of settable solid waste such as

uneaten feed and fish feces in the tank. The flow velocity was

measured using the PIV system, which consists of a CCD

camera, a laser device, and some particle tracers. In order to

improve the quality of PIV images, black paint was sprayed on

the bottom surface to eliminate undesired background light. In

all experiments, tap water was used and the tank was filled to a

depth of 33 cm to achieve a diameter-to-depth ratio of 1:3 and

meet the design requirement for water depth (Lekang, 2013;

Summerfelt et al., 2016).

In the present study, the influence of inlet mode, inlet jetting

angle, and inlet jetting position on the octagonal aquaculture

tank were analyzed comprehensively. It should be indicated that

the inlet mode refers to the number of inlet pipes. In this regard,

an inlet system with one pipe and two pipes is hereafter called

single inlet mode and dual inlet mode, respectively. Moreover,

the jetting angle refers to the acute angle between the jetting

direction and the nearest tank wall. Therefore, the jetting angles

of 0° and 90° are parallel and perpendicular to the nearest wall of

the tank, respectively. Ten jetting angles of 0°, 10°, 20°, 30°, 40°,

45°, 50°, 60°, 70° and 80° were analyzed in the experiments.

Particularly, the angle of 45° is also included for it is widely used

in aquaculture practices (An et al,. 2018; Gorle et al., 2018b;
Frontiers in Marine Science 04
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Dauda et al., 2019). The jetting position refers to the position of

the inlet pipe which is deployed in the tank. This parameter is

reflected by d/a, where d is the distance from the pipe axis to the

tank side. Based on the inlet pipe deployments that are

commonly used in aquaculture practices, three jetting

positions of d/a= 1/50, 1/8, and 1/4 were considered in the

experiments. It should be indicated that when d/a= 1/50, the

inlet pipe is just next to the tank wall. Further details of the

experiment will be discussed in the following section.
2.2 Experimental procedure

Experiments were carried out in a laboratory-scale octagonal

aquaculture tank in National Engineering Research Center for

Marine Aquaculture, Zhoushan, China. The experimental

procedures can be summarized as follows:

2.2.1 Solid waste removal experiment
The experimental cases can be categorized into single-inlet

and dual-inlet cases. In each mode, three jetting positions (d/a)

of 1/50, 1/8, and 1/4 and ten jetting angles of 0°, 10°, 20°, 30°, 40°,

45°, 50°, 60°, 70°, and 80° were considered. In total, 60 cases were

analyzed in this section and each case was tested triple. A four-

step framework was established to perform the experiments.

(1) Adjust the inlet layout of the jetting mode, jetting

position, and jetting angle for each case. (2) Adjust the water
FIGURE 3

Main components of the experiment: (A) Reservoir; (B) Water pump; (C) Flowmeter; (D) Inlet assembly; (E) Dial.
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level in the tank and turn on the water pump to circulate water.

After 30 minutes and achieving a steady-state condition,

switched on the camera and settable feed (10 g) was evenly

sprinkled into the tank as quickly as possible. Moreover, run the

stopwatch to measure time. (3) Monitor the removal process of

solid wastes by manual visual inspection. Based on previous

studies (Summerfelt et al., 2016; Xue et al., 2022), the maximum

monitoring time is set to 30 minutes. If the solid wastes are not

drained completely after 30 minutes, the experimental system

will be stopped and the residual solid waste will be collected by

siphon, and the solid waste will be dried in the oven and

weighted. On the other hand, if the solid waste removal

process is completed in less than 30 minutes, the experiment

will be stopped whenever the solid waste removal is completed.

(4) Analyze the solid waste removal process using the captured

images and compare the weight of the residual solid

waste (Figure 4).

2.2.2 PIV flow field measurement experiment
In the experiment, the PIV technique was applied to

measure the flow characteristics in the tank and investigate the

solid waste removal mechanism under different working

conditions. It is worth noting that the PIV technique gives

quantitative information about the transient flow and is the

most widely used flow velocity measurement technology in the

field of experimental fluid mechanics (Robinson, 1991).

Compared with single-point measuring instruments, the PIV

technique can be applied to measure instantaneous flow fields

without interference.

The measurements were carried out in a dark room in the

Marine Measurement Laboratory of Qingdao Optical Flow

Software Technology Co., Ltd, China. The main procedures

of the PIV flow field experiment are consistent with those of the

solid waste removal experiment (Figure 5). However, no solid

waste was sprinkled into the aquaculture tank during the

experiment due to the following facts: (1) Solid waste in the

tank for a long time will affect the water clarity, thereby

weakening the penetration degree of the laser and affecting

the PIV results; (2) Solid waste has very little effect on the flow
Frontiers in Marine Science 05
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field. Since the removal of solid wastes is closely related to the

bottom flow field, a CCD camera (5120 × 3800 pixels, 16 fps

max) was deployed just above the tank to capture the tracer

particles on the horizontal bottom layer. Accordingly, flow

velocity contours and streamline patterns were obtained to

analyze hydrodynamic parameters and flow field distributions.

The captured images were preliminary processed using Flow

pattern tracking master V50 software (Qingdao Optical Flow

Software Technology Co., Ltd.) and then they were refined in

the MATLAB (R2020b) platform to thoroughly analyze flow

velocity and visualize the captured data. Figure 6 shows the

obtained results in this respect.
2.3 Hydrodynamic analysis of a RAS
aquaculture tank

A review of the literature indicates that different optimal

velocities have been proposed to maximize the health and

growth of fish in the aquaculture industry (Oca et al., 2007;

Masaló et al., 2016; Wang, 2019). Generally, fish incline to swim

in water with high dissolved oxygen. Accordingly, heterogeneous

distribution of dissolved oxygen promotes fish aggregation due

to higher spontaneous activity, which increased the risk of

wound infection. Therefore, rapid solid waste flushing out of

the culture tanks is an important prerequisite to increase fish

welfare and aquaculture yield.

Average velocity (vavg) and uniformity coefficient of velocity

distribution (DU50) were comprehensively analyzed to evaluate

the solid waste removal efficiency. To this end, the effects of the

inlet layout on the homogeneity of water velocity were

determined using Eq. (1) (Masaló and Oca, 2007; Masaló and

Oca, 2010; Masaló and Oca, 2014). In this equation, DU50 is a

parameter to adjust the average velocity of a specific tank to meet

the self-cleaning requirements and reach the desired distribution

of the dissolved oxygen. The average velocity (vavg) was

measured using the PIV technique. It should be indicated that

DU50 and vavg can be mathematically expressed in the form

below (Venegas et al., 2014):
FIGURE 4

Flowchart of solid waste removal experiment.
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DU50 =
v50
vavg
�100 (1)

vavg = o
n
i=1viri

on
i=1ri

(2)

where v50 is the average velocity of the first 50% measured values

at each point and vavg is the average weighted velocity of 9240

points of a depth section, which can be measured by the PIV

technique. Meanwhile, vi is the velocity of the monitoring point,

ri denotes the distance from the monitoring point to the tank

center, and i is the number of cross-sectional monitoring points

at a certain depth.

3 Results

3.1 Influence of the inlet layout on the
solid waste removal efficiency

Figure 7 shows that in some cases, the solid wastes can be

discharged completely within 30 minutes, while the complete

discharge does not occur in other cases. Obviously, the cases

with complete discharge have higher performance in self-

cleaning. In the present study, a systematic comparison was
Frontiers in Marine Science 06
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carried out between all the experimental cases, the incomplete

removal cases were also analyzed based on the residual mass in

the aquaculture tank.

Figure 8 shows the time taken for complete solid removal. It

is reminded that complete removal of solid waste does not occur

in all cases. The horizontal and vertical axis represent the jetting

angle and the corresponding time for complete solid removal.

This figure does not cover the cases in which the solid waste

removal does not complete in 30 minutes. It is observed that in

the tank with a single inlet and d/a of 1/50 and 1/8, the time

taken for the complete removal of solid waste increases with an

increase in the jetting angle. The minimum evacuation time

occurs at the jetting angles of 10° and 40°. Figure 8A indicates

that when d/a is set to 1/4 and q increases from 10° to 45°, all

solid wastes are discharged from the aquaculture tank, and the

optimal solid waste removal efficiency occurs at the jetting angle

of 10°. Figure 8B reveals that in a tank with dual inlets and d/a of

1/50, the lowest solid waste removal time can be achieved at a

jetting angle of 10°. When d/a is set to 1/8, the time taken for

complete solid waste removal increases monotonically from 10°

to 60°. When the jetting angle exceeds 60°, solid waste could not

be completely discharged from the aquaculture tank. When d/a

is set to 1/4, the complete removal of solid waste can be achieved

only for jetting angles less than 30°.
A B C

FIGURE 6

Image processing of PIV data: (A) Raw PIV image; (B) Preliminary treatment; (C) Refined treatment.
FIGURE 5

Flowchart of the flow field measurement experiment.
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Figure 9 shows the residual mass of solid waste in cases

where the solid waste removal does not complete in 30 minutes.

It should be reminded that this figure does not cover the cases in

which the complete removal time is larger than 30 minutes.

Figure 9A presents the mass of the residual solid waste in a tank

with a single inlet. It is observed that when q is set to 80°, the

aquaculture tank existed residual solid waste by different degrees

in each working condition. When d/a=1/4 and q=80°, the
residual mass of solid waste was higher than that at q=0°, 70°,
and 60°. Figure 9B shows the distribution of the residual mass of

solid waste in the tank with dual inlets and a jetting angle of 60°

to 80°. It is found that this configuration has low performance in

solid waste removal.
Frontiers in Marine Science 07
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Compared with other working conditions, the tank with a

single inlet and a d/a of 1/8 has a relatively low solid waste removal

time regardless of the jetting angle. When d/a is set to 1/50, not all

of the solid waste is discharged from the tank within 30 minutes,

but the residual mass of solid waste is minimum at d/a=1/4. In this

section, the tank performance with a dual inlet system and four

different jetting angles were analyzed. It was found that the lowest

time of complete solid removal can be achieved for d/a=1/8.

When q was increased from 60° to 80°, the solid waste could not

be completely discharged regardless of the jetting position. At a

given flow rate in a single-inlet aquaculture tank, a reasonable

solid waste removal efficiency can be achieved when d/a is set to 1/

8 and the jetting angle q increases from 30° to 40°.
A B

FIGURE 8

The time taken for solid waste removal under different conditions: (A) Single-inlet mode; (B) Dual-inlet mode.
A

B

FIGURE 7

Samples of (A) complete and (B) incomplete solid waste removal processes within 30 minutes.
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3.2 Influence of the inlet layout on the
hydrodynamic characteristics of the tank

Masaló and Oca (2016) showed that the removal of solid

waste is closely related to the flow field and hydrodynamic

characteristics of the aquaculture tank. In this regard,

parameter DU50 was introduced as a powerful tool to evaluate

different configurations in a RAS tank.

The results of the average velocity and uniformity coefficient

of velocity distribution under different conditions are shown in

Figures 10 and 11, respectively. It is observed that in a single-

inlet tank with a d/a of 1/50, as the jetting angle q increases from
10° to 80°, the average velocity vavg decreases, thereby decreasing

DU50. When d/a=1/8, the highest vavg, and DU50 can be obtained

at a jetting angle of 30° and 20°, respectively. When d/a=1/4, the

highest vavg, andDU50 occur at q=20°. Figures 10B and 11B show

that in a dual-inlet tank with a d/a of 1/50, as the jetting angle

increases, vavg decreases continuously, while DU50 decreases first

and then increases. It is found that the maximum and minimum
Frontiers in Marine Science 08
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values ofDU50 occur at jetting angles of 10° and 80°, respectively.

When d/a=1/8, both vavg and DU50 decrease with the increase in

the jetting angle, and the maximum values of vavg and DU50

occur at q=20°. When d/a=1/4, the average velocity vavg
increases first and then decreases with the increase in the

jetting angle, and the maximum value occurs at q=40°.
3.3 Influence of the inlet layout on the
flow field pattern

In a RAS tank, an effective solid waste collection strategy

ensures clean and stable water quality. Meanwhile, the

distribution of the flow velocity highly depends on solid waste

removal efficiency. In this regard, the PIV technique was used

and image processing was carried out on the MATLAB platform

to visualize the measurements.

In the present study, sixty tests were carried out to analyze the

flow field. Effects of the inlet layout in terms of the flow field on the
A B

FIGURE 10

Distribution of the average velocity under different conditions: (A) Single-inlet mode; (B) Dual-inlet mode.
A B

FIGURE 9

Residual mass of solid waste under different conditions: (A) Single-inlet mode; (B) Dual-inlet mode.
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horizontal bottom plane were explained using velocity contours. In

order to analyze the tank performance in removing solid wastes, the

flow field characteristics are discussed in this section. Figures 12 and

13 show the flow fields of the best and worst cases in a single-inlet
Frontiers in Marine Science 09
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and a dual-inlet tank, respectively. The long black arrow represents

the jetting angle of inlet, the color denotes the information of

velocity magnitudes, the blue represents the lower velocity zone,

and the red represents the higher velocity zone.
A B

DC

FIGURE 12

Flow field contours in a single-inlet aquaculture tank: (A) d/a=1/8; q=30°; (B) d/a=1/8; q=40°; (C) d/a=1/4; q=70°; (D) d/a=1/4; q=80°.
A B

FIGURE 11

Distribution of the uniformity coefficient under different conditions: (A) Single-inlet mode; (B) Dual-inlet mode.
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Figures 12A, B show that a single-inlet tank with a d/a of 1/8

and a jetting angle of 30°-40° has a reasonable performance in

removing solid wastes. It is observed that the solid waste removal

efficiency with d/a=1/8 is higher than those with d/a=1/4 or 0.

Accordingly, it is concluded that there is a high-intensity

circulation near the outlet and only in a small zone of the low-

velocity zone, which forms near the tank wall. Since high

velocities in the central zone promote solid waste settling, this

phenomenon has consequences on the self-cleaning features of

the tank. When d/a =1/4, the solid waste removal efficiency is

low for q=70° and 80°. Figures 12C, D show that the jetting

position and the center of the tank could be regarded as the

radius of circular motion and there is a high-velocity region near

the jetting where the water flow is driven by the vortex in the

tank center. It is worth noting that the jetting position is a major

contributor to the motion of the solid waste in the tank. The

water flow makes a circular motion around the tank and the flow

velocity gradually decreases from the tank center to the tank

periphery. There is no circulation without a high-velocity zone

around the tank.

Figures 13A, B show that in the dual-inlet tank with d/a=1/8,

the highest solid waste removal efficiency, highest overall flow
Frontiers in Marine Science 10
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velocity, and good hydrodynamic characteristics can be achieved

with jetting angles q of 10° and 20°. The water flow rapidly

contacts the tangent angle of the tank and brings sufficient

orientation function, thereby forming a vortex in the center of

the tank. Consequently, the energy loss caused by refraction and

reflection reduces significantly. Obviously, the inlet angle is close

to the center of the tank, and only a small circulation zone forms

in the center of the tank, while Figures 13C, D reveal that there is

a large zone of low-velocity flow around the tank wall at the

jetting angle of 80°.
4 Discussion

Reaching a uniform flow distribution is a great challenge in

the design and operation of culture tanks to improve feed

efficiency, achieve good mixing, and improve water quality

(Gorle et al., 2018a). The average velocity of the flow is

proportional to the uniformity coefficient of the velocity

distribution in experiments caused by the circulation vortex.

The performed analyses demonstrate that when the flow velocity

reaches a certain value, a vortex would appear. The variation of
A B

DC

FIGURE 13

Flow field contours in a dual-inlet aquaculture tank: (A) d/a=1/8; q=10°; (B) d/a=1/8; q=20°; (C) d/a=1/8; q=80°; (D) d/a=1/4; q=80°.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1035794
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hu et al. 10.3389/fmars.2022.1035794
vortex velocity is that the velocity diffuses and attenuates

outward from the center, and the attenuation process is

gradual, thus the evolution of the velocity in the tank is

reflected in gradient descent. On the contrary, there is often

no vortex and the kinetic energy tank is completely driven by the

jetting port. Therefore, the energy attenuation is easier to occur

and the velocity difference is more obvious. What’s more, rapid

removal of residual uneaten feed and fish feces in tanks is

necessary for adequate fish welfare and performance. Xue et al.

(2022) used the CFD-assisted design to investigate the

hydrodynamics and self-cleaning property. The results showed

that hydrodynamics is the direct-acting factor in the self-

cleaning property of the aquaculture tank system and the

existing culture tank could be improved by adjusting the inlet

pipe layout position appropriately.

The configuration of experimental setups was consistent

with those reported in (Oca and Masaló, 2007; Oca and

Masaló, 2013), in which the effect of the straight cut angle on

the inlet flow rate was studied in the rectangular aquaculture

tank with a length/width (L/W) ratio of 0.95. When d/a=1/50,

the straight cut angle brings the diversion effect sufficiently.

Moreover, the energy loss greatly increases by the friction

between the water flow and the tank wall. In this case, the

solid waste around the tank hardly approaches the center. When

d/a=1/8, a closed triangular zone does not form anymore so

there is no backflip around the hypotenuse wall. These results

are consistent with those reported by Wu and Gao (2005) . Xue

et al. (2020) showed that small-scale turbulence forms between

the inlet port and the tank wall, and the inlet structure promotes

the creation of local jets and vortices behind them, which will

adversely affect the solid waste removal efficiency. When d/a=1/

4, more low-velocity zones appear at jetting angles of 70° and

80°, and the solid waste removal efficiency is lower than that of

other cases (Gorle et al., 2020).

With a constant flow supplied in a confined domain, the

velocity gradient mainly appears near the tank center, where the

flow velocity is much higher than that of experiments with a

dual-inlet tank. These results are consistent with those reported

by Labatut et al. (2007). In a single-inlet tank, Zhang et al. (2022)

showed that there is an optimal solid waste removal efficiency in

a tank with a jetting angle of 15°. Compared with experimental

results, the calculated results have small deviations, which may

be attributed to the difference in hydraulic retention times. Gorle

et al. (2019) revealed that radial orientation of lower inlet nozzles

in a dual-inlet tank improves the overall hydrodynamic

performance of the tank. However, these investigations were

mainly focused on the effect of single factors on the tank

performance and did not consider the possible effect of

turbulence generated by the interaction between the jetting

position and the jetting angle. Significantly, Zhao et al. (2022)

pointed out that flow velocity in culture tanks can be adjusted to

provide much higher swimming speeds and thus effectively
Frontiers in Marine Science 11
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exercise fish. Therefore, the design of the velocity must meet

the self-cleaning ability and speed requirements of the fish

growth jointly in actual aquaculture engineering.
5 Conclusion

In the present study, the effect of the inlet layout on the solid

waste removal efficiency of the octagonal RAS tank is analyzed.

To this end, the flow pattern in an octagonal RAS tank was

investigated using the PIV technique. It was found that the inlet

layout has a considerable impact on the solid waste removal

efficiency of the aquaculture tank. The main conclusions can be

summarized as follows:

1. A single-inlet tank with a d/a ratio of 1/8 has higher solid

waste removal efficiency than a similar tank with a d/a ratio of 1/

4 or 1/50. When the jetting angle q varies in the range of 10 ~

40°, the tank has reasonable self-cleaning features, and optimal

solid waste removal efficiency can be achieved with d/a=1/8 and

q =30°.

2. A dual-inlet tank with a d/a ratio of 1/8 has higher solid

waste removal efficiency than a similar tank with a d/a ratio of 1/

4 or 1/50. When d/a=1/8, the optimal solid waste removal

efficiency can be achieved for q=10° or 20°.
3. For a given flow rate and a large jetting angle, the water

flow in a dual-inlet tank is easily affected by resistance, and the

energy consumption increases, which is not conducive to the

removal of solid waste. Accordingly, the single-inlet tank

outperforms the dual-inlet tank from the aspect of

velocity performance.
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University of Granada, Spain

REVIEWED BY

Ishtiyaq Ahmad,
University of Kashmir, India
Cristina Trenzado,
University of Granada, Spain
Patricia Diaz-Rosales,
Centro de Investigación en Sanidad
Animal, CISA (INIA-CSIC), Spain

*CORRESPONDENCE

Ce Shi
shice3210@126.com

SPECIALTY SECTION

This article was submitted to
Marine Fisheries, Aquaculture and
Living Resources,
a section of the journal
Frontiers in Marine Science

RECEIVED 04 September 2022

ACCEPTED 27 October 2022
PUBLISHED 10 November 2022

CITATION

Xu H, Shi C, Ye Y, Mu C and Wang C
(2022) Effects of different
photoperiods and feeding regimes on
immune response, oxidative status,
and tissue damage in juvenile rainbow
trout (Oncorhynchus mykiss).
Front. Mar. Sci. 9:1036289.
doi: 10.3389/fmars.2022.1036289

COPYRIGHT

© 2022 Xu, Shi, Ye, Mu and Wang. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction
in other forums is permitted, provided
the original author(s) and the
copyright owner(s) are credited and
that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 10 November 2022

DOI 10.3389/fmars.2022.1036289
Effects of different photoperiods
and feeding regimes on
immune response, oxidative
status, and tissue damage in
juvenile rainbow trout
(Oncorhynchus mykiss)

Hanying Xu1,2, Ce Shi1,2,3*, Yangfang Ye1,3, Changkao Mu1,3

and Chunlin Wang1,3

1Key Laboratory of Aquacultural Biotechnology Ministry of Education, School of Marine Sciences,
Ningbo University, Ningbo, China, 2Marine Economic Research Center, Dong Hai Strategic
Research Institute, Ningbo University, Ningbo, China, 3Collaborative Innovation Center for Zhejiang
Marine High-efficiency and Healthy Aquaculture, School of Marine Science, Ningbo University,
Ningbo, China
A three-month culture experiment was conducted to investigate the effects of

the feeding regime on liver health, non-specific immunity, and apoptosis of

juvenile rainbow trout under constant light conditions. A total of six

experimental groups contained two photoperiods [LL (24L:0D) and LD

(12L:12D)] and three feeding regimes [R (random feeding), D (mid-dark stage

feeding), L (mid-light stage feeding)], defined as R-LL, D-LL, L-LL, R-LD, D-LD,

L-LD. The experiment results revealed a significantly higher alanine

aminotransferase (ALT) level in the nocturnal feeding group (D-LD) and

significantly higher aspartate aminotransferase (AST) in the R-LL and D-LL

groups, indicating possible liver damage in these groups. In addition, high

serum levels of immunoglobulins M (IgM), complement 3 (C3), and

complement 4 (C4) were observed in the LL (compared to LD), R (LL

conditions), and D (LD conditions) groups, suggesting that stress may be

present in these groups. Meanwhile, under LL, high cytokine genes (tnf-a, il-
1b, il-6, and il-8) expression were observed in the liver and intestine of the L

group, possibly reflecting a stronger immune response. In the liver, high

malondialdehyde (MDA) content was observed in the LL (compared to LD), R

(LD conditions), and D (LL conditions) groups, suggesting that these groups

were subjected to oxidative damage. Further, higher apoptosis genes (cytc and

bcl-2) expression in the liver was detected in the R and D-LD groups. The

highest level of hepatic apoptotic cells was also observed in the D-LD group.

Taken together, long-term exposure to LL, random feeding, and nocturnal

feeding can cause oxidative damage to juvenile rainbow trout, leading to
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hepatocyte apoptosis, while scheduled diurnal feeding can alleviate the

oxidative damage caused by LL.
KEYWORDS

photoperiod, diurnal feeding, oxidative damage, apoptosis, rainbow trout
Introduction

Rainbow trout (Oncorhynchus mykiss Walbaum, 1792) is

an economically important fish and occupies an essential

position in global aquaculture. According to the latest Food

and Agriculture Organization of the United Nations (FAO,

2022) statistics, global rainbow trout aquaculture production

reached 959,600 tons in 2020 (including inland aquaculture of

739,500 tons, marine and coastal aquaculture of 220,100 tons).

Rainbow trout has a wide consumer market in China as a high-

grade aquatic product and has been farmed since the 1960s.

However, as a cold-water fish, the suitable growth temperature

for rainbow trout is 12-18°C. Due to the lack of cold-water

resources, land-based rainbow trout culture development in

China has reached a bottleneck (Huang et al., 2021). In recent

years, some scholars tried to aquaculture rainbow trout in the

cold-water masses of the Yellow Sea in China (Dong, 2019; Chu

et al., 2020). Rainbow trout’s seawater culture is viable and has

faster growth rates and higher disease resistance than

freshwater (Landless, 1976; Yada et al., 2001; Shepherd et al.,

2005). Currently, farming rainbow trout in the cold-water

masses of the Yellow Sea is still preliminary, and there are

still many problems to be improved.

The first challenge of farming rainbow trout in the Yellow

Sea cold-water mass is the water temperature fluctuation,

especially in the summer high-temperature period. Currently,

submerged offshore fish cages (such as “Shenlan 1”) are used to

escape the summer heat, and the fish cages are sunk to the

suitable water temperature layer to meet the demand for

cultured fish during the hot period (Dong, 2019; Chu et al.,

2020). However, the photoperiod is deprived underwater and, as

an important zeitgeber, is closely linked to immune function in

fish (Esteban et al., 2006). Many studies have reported the

impact on the immune system and health status of fish in the

absence of photoperiodic environments, affecting the welfare of

farmed fish. For example, in largemouth bass (Micropterus

salmoides), continuous light (LL) was found to cause a

significant increase in thiobarbituric acid reactive substances

(TBARS) in the liver, brain, and gills compared to LD (12L:12D),

indicating the presence of oxidative damage (Malinovskyi et al.,

2022). In Atlantic salmon (Salmo salar L.), LL inhibits vertebral

mineralization, leading to elevated deformities (Fjelldal et al.,
02
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2005; Wargelius et al., 2009; Fjelldal et al., 2012). Studies in

rainbow trout have also found that LL has a stressful impact on

the non-specific immune system (Valenzuela et al., 2022). The

immune system responds rapidly to stress in fish, as reflected by

a rapid increase in blood levels of IgM, C3, and C4 (Demers and

Bayne, 2020; Abdollahpour et al., 2021). In European Sea Bass

(Dicentrachus labrax L.), both LL and DD (continuous darkness)

inhibited growth and caused oxidative stress (Li et al., 2021). In

Nile tilapia (Oreochromis niloticus) and African catfish (Clarias

gariepinus), both LL and DD were found to cause damage to

both fish species, affecting swimming activity, behavior,

coloration, and growth, which is a challenge to fish welfare

(Mustapha et al., 2014). On the other hand, the liver is the

central organ of metabolism, and metabolic disorders caused by

the absence of photoperiod are often accompanied by liver

damage. Under the healthy condition, there is abundant acid

phosphatase (ACP), alkaline phosphatase (AKP), alanine

aminotransferase (ALT), aspartate aminotransferase (AST),

and lactate dehydrogenase (LDH) in the liver, and once the

liver is injured, these enzymes will be released into the blood, so

the activity of these enzymes in the serum are widely used as

indicators of liver damage (Molayemraftar et al., 2022; Rahman

et al., 2022).

Besides photoperiod, food is another important

environmental cue able to synchronize organisms’ circadian

rhythms (Stephan, 2002; López-Olmeda, 2017). Immune

function in many fish exhibits significant circadian rhythms.

For example, in zebrafish (Danio rerio), the inflammatory

response is regulated by the core biological clock genes

period1b and period 2 (Ren et al., 2018). In rainbow trout,

significant circadian rhythms were also found for serum

bactericidal activity and immune defense factors (Lazado et al.,

2018) and in the number of leukocytes and myeloid cells

(Montero et al., 2020). Further, the effect of feeding time on

fish immune function was also reported in a zebrafish study

where fish in the scheduled feeding group exhibited higher levels

of lysozyme, b-defensin, and hepcidin transcripts (Lazado et al.,

2019). Notably, some studies in mammals have shown that

scheduled feeding alleviates biological clock dysregulation

caused by photoperiod deficiency (Yamamuro et al., 2020) and

prevents the development of metabolic diseases in models of

biological clock deficiency (Chaix et al., 2019).
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Thus, is it possible to mitigate the impact of photoperiod

deficiency on fish immune function by scheduled feeding? This

study aimed to investigate the effects of feeding regimes on

oxidative stress, liver health, and non-specific immunity in

juvenile rainbow trout (Oncorhynchus mykiss) in the absence

of a photoperiod. It is expected to provide theoretical support for

managing rainbow trout culture in offshore fish cages.
Materials and methods

Ethical issues

All experimental operations involving animals in this study

were performed under the approval and supervision of the

Animal Care and Use Committee of Ningbo University.
Experimental animals

The juvenile rainbow trout used in the experiments were

purchased from a commercial nursery in Shandong province

and delivered to the School of Marine Sciences, Ningbo

University by live fish transporting vehicle. All juvenile fish

were rapidly transferred to a recirculating aquaculture system

(RAS, HISHING, Qingdao, China) for one month to acclimatize

to the laboratory environment. During the acclimation period,

commercial feed (crude protein ≥ 42.0% and crude lipid ≥ 10%,

Tech-Bank, Ningbo, China) was randomly provided at about 2%

of body weight per day; photoperiod was 12L:12D (lights-on at

6:00, the light intensity on the water surface is 100-200 lx);

dissolved oxygen in the culture water was kept saturated; water

temperature was at 16.5 ± 1°C; ammonia nitrogen was below

0.05 mg/L; the water circulation rate about 600L/h.
Experimental treatments

This study was a two-factor experiment including two

independent variables of photoperiod: 24L:0D (LL) and

12L:12D (LD) and feeding regime: random feeding (R, The

feeding schedule was provided by random number generator

software [RAND function of Microsoft Excel) according to

Nisembaum et al. (2012)], mid-dark stage feeding (D, feeding

at 24:00 daily), and mid-light stage feeding (L, feeding at 12:00

daily), for a total of 6 experimental groups (R-LL, D-LL, L-LL, R-

LD, D-LD, L-LD), each including 7 culture tanks. At the end of

acclimation, a total of 840 juvenile rainbow trout of uniform size

(18.98 ± 1.69 g/fish) were randomly placed in 42 culture tanks

with 20 fish per tank. The formal culture experiment lasted 3

months, and the culture environment was consistent with the

acclimation phase.
Frontiers in Marine Science 03
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Sample collection and treatment

At the end of the culture experiment, fish in all treatment

groups were deprived of food for 24 h. Subsequently, 12 fish were

randomly retrieved from each tank (there was no fish mortality

during the experiment, and a total of 20 fish remained in each

tank), anesthetized with MS-222, and immediately weighed and

measured body length (growth performance was placed in a

separate unpublished manuscript). Afterward, about 2 ml of

blood was drawn from the tail vein of each fish using a

disposable syringe and stored in two 1.5 mL eppendorf (EP)

tubes (4°C) of 1 mL each. One of the EP tubes contained EDTA-

K2 to prevent clotting and was used for total blood cell count.

Another tube of blood was left overnight at 4°C and then

centrifuged in a high-speed freezing centrifuge (3-18K, Sigma,

Landkreis Osterode, Germany) at 2500 rpm for 10 min at 4°C.

The supernatant (serum) was immediately stored at -80°C until

analysis. The fish were dissected immediately after blood

sampling, and the liver (one part was fixed directly in 10%

neutral formalin), intestine, and dorsal muscle were isolated,

quickly frozen in liquid nitrogen, and stored at -80°C

until analysis.

The tissue homogenate was prepared according to the

following steps: liver, intestine, and muscle tissues were

homogenized using pre-cooled saline (4°C, 0.9% NaCl) at a

ratio of 1:9 (V: W), and the homogenate was centrifuged at 2500

rpm for 10 min at 4°C in a high-speed freezing centrifuge

(Fresco17, Thermo Scientific, Waltham, USA) to obtain

the supernatant.
Serum immunological indicators

The serum acid phosphatase (ACP, A060-1-1), alkaline

phosphatase (AKP, A059-1-1), alanine aminotransferase (ALT,

C009-1-1), aspartate aminotransferase (AST, C010-1-1), albumin

(ALB, A028-1-1), and lactate dehydrogenase (LDH, A020-1-2)

were measured by commercial kits (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China) according to the

instructions and the absorbance values were read at 532 nm

(ACP, U/100 mL, 100 mL serum interacting with the substrate at

37°C for 15 minutes produced 1 mg of phenol is one unit; AKP,

King unit/100 mL, 100 mL serum interacting with the substrate at

37°C for 15 minutes produced 1 mg of phenol is one King unit),

505 nm (ALT, U/L, the pyruvate produced within 1 min of 1 ml

serum causes the oxidation of NADH to NAD+ and causes a

decrease in absorbance of 0.001 is one unit; AST, U/L, same as

ALT), 628 nm (ALB, g/L), and 440 nm (LDH, U/L, 1 L of serum

interacting with the substrate at 37°C for 15 minutes produced 1

µmol of pyruvate is one unit) in a microplate reader (Multiskan

Go, Thermo Scientific, Waltham, USA), respectively, and the
frontiersin.org

https://doi.org/10.3389/fmars.2022.1036289
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Xu et al. 10.3389/fmars.2022.1036289
results were calculated according to the formula provided in

the instructions.

The serum complement 3 (C3, mg/mL), complement 4 (C4,

mg/mL), and immunoglobulins M (IgM, mg/mL) were measured

using commercial enzyme-linked immunosorbent assay (ELISA)

kits (Shanghai Qiaodu Biotechnology Co., Ltd., Shanghai,

China) according to the instructions and the absorbance

values were read at 450 nm in a microplate reader (Multiskan

Go, Thermo Scientific, Waltham, USA), and the results were

calculated according to the formula provided in the instructions.
Total blood cell counts

Total blood cell counts (TBC) were performed using a

hemocytometer plate under a light microscope (DN-800M,

NOVEL, Nanjing, China), according to Pan et al. (2010).
Antioxidant indicators

The serum, liver, intestine, and dorsal muscle malondialdehyde

(MDA, A003-1-2), total antioxidant capacity (T-AOC, A015-1-2),

total superoxide dismutase (SOD, A001-1-2), and catalase (CAT,

A007-1-1) were measured by commercial kits (Nanjing Jiancheng

Bioengineering Institute). Serum and tissue homogenates were

analyzed according to the kit instructions, and the absorbance

values were read at 532 nm (MDA, nmol/mL for serum; nmol/

mgprot for tissue), 520 nm (T-AOC, U/mL for serum; U/mgprot

for tissue, each 0.01 increase in absorbance value of the reaction

system per minute per milliliter of serum (or per milligram of tissue

protein) is one unit), 550 nm (SOD, U/mL for serum; U/mgprot for

tissue, the amount of enzyme corresponding to 50% inhibition of

SOD in this reaction system is one unit), and 405 nm (CAT, U/mL

for serum; U/mgprot for tissue, decomposition of 1 µmol of H2O2

per second per milliliter of serum (or per milligram of tissue

protein) is one unit) in a microplate reader (Multiskan Go,

Thermo Scientific, Waltham, USA), respectively, and the results

were calculated according to the formula provided in the

instructions. Meanwhile, the total protein (TP, A045-2-2, g/L)

content in the tissue homogenates was measured by the

Coomassie brilliant blue method at 595 nm to normalize the

antioxidant index in the tissues.
Non-specific immunity-related
gene expression

The reagents and methods used to extract total RNA from

the liver and intestine were consistent with Xu et al. (2022).

A real-time PCR system (QuantStudio™ 6 Flex, Life

Technologies, Carlsbad, USA) was used to analyze the relative
Frontiers in Marine Science
 04
103
expression of non-specific immunity-related genes [Cytochrome

c(cytc), Caspases 3 (casp3), Caspases 6 (casp6), Caspases 8

(casp8), Bcl2-associated X (bax), B-cell lymphoma-2 (bcl-2),

Tumor suppressor p53 (p53), Interleukin-1b (il-1b),
Interleukin-6 (il-6), Interleukin-8 (il-8), Tumor necrosis factor-

a (tnf-a), Glutathione peroxidase (gpx), Cytosolic Cu/Zn

superoxide dismutase (sod1), Mitochondrial Mn superoxide

dismutase (sod2), Catalase (cat)] in the liver and intestine. The

reaction system and program were consistent with Xu et al.

(2022). The specific primers used in this study are shown in

Table 1 and synthesized by a commercial company (Youkang

Biological Technology Co., Ltd, Hangzhou, China). The relative

expression level of target genes is normalized by elongation

factor-1a (ef1a) and calculated by the comparative CT method

(2-DDCT method) (Livak and Schmittgen, 2001).
Histology and apoptosis analysis

The fixed liver tissue (for 24 h) was flushed with running

water overnight, followed by dehydration in gradient alcohol,

transparency in alcohol, and xylene solution, and finally liver

tissues were embedded in paraffin wax. The liver tissue was

subsequently sectioned on a microtome (thickness 5 mm,

HM325, Thermo Scientific, Waltham, USA). Liver sections

were spread in warm water at 48°C and later dried at 45°C,

followed by dewaxing and rehydration in xylene and gradient

alcohol, and finally stained using a hematoxylin and eosin

(H&E) staining kit (G1120, Solarbio, Beijing, China) following

the steps of the instructions. Observations were performed under

a light microscope (magnification 200×, CKX53, OLYMPUS,

Tokyo, Japan).

The above obtained liver sections were stained with TUNEL

using Colorimetric TUNEL Apoptosis Assay Kit (C1098,

Beyotime, Shanghai, China) according to the steps of the

instructions and then observed under a light microscope

(magnification 200×, CKX53, OLYMPUS, Tokyo, Japan).
Statistical analysis

First, all data were checked for homogeneity and normal

distribution through Levene’s and Kolmogorov-Smirnov tests,

respectively. Then a two-way ANOVA was performed with

photoperiod and feeding regime. Meanwhile, t-tests were

performed for photoperiod, and one-way ANOVA followed by

Duncan’s multiple range test was performed for the feeding

regime. P < 0.05 and P < 0.01 were considered significant

differences and extremely significant differences, respectively.

All statistical analyses were performed on SPSS 22.0 and R 4.1.2

software. Data are presented as box plots (minimum, median,

maximum, outliers) or heatmaps (mean).
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Results

Liver health indicators

Serum ACP, AKP, and LDH activities were not affected by

experimental treatments. In group D, ALT activity was

significantly higher in group LD than in group LL. AST

activity was lower in group L than in groups R and D. The

ALB was significantly lower in group R than in D and L

groups (Figure 1).
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Serum immunological indicators

The scheduled feeding group had higher TBC (Figure 2).

Under LL, the R group had higher C3 levels than the D

group; under LD, the D group had higher C3 and IgM levels than

R and L groups. In the R and L groups, the LL group had

significantly higher C3, C4, and IgM (Figure 2).
Antioxidant indicators

Overall, MDA in the liver was significantly higher in the LL

group than in the LD group, independent of the feeding regime

(Table 2 and Figure 3). Specifically, under LL, the D group was

significantly higher than the R group; under LD, the R group

was significantly higher than the D and L groups. In group D,

LL was significantly higher than that LD. In contrast, SOD

activity was significantly lower in the D group than in the R

group under LL; in the D group, the LD group was significantly

higher than in the LL group; CAT activity was significantly

higher in the LD group than in the LL group under all three

feeding regimes.

Overall, the MDA in the intestine was significantly lower in

the L group than R and D groups, independent of the

photoperiod (Table 2 and Figure 4). In contrast, T-AOC was

significantly higher in the L group than R and D groups.

The experimental treatments did not affect MDA levels in

muscles (Figure 5).

In serum, MDA levels were significantly lower in the R

group than in the D and L groups, independent of photoperiod

(Table 2 and Figure 6). Similarly, T-AOC and SOD activities

were significantly lower in the R group than in the D and

L groups.
Liver and intestinal gene expression

Apoptosis, cytokine, and antioxidant gene expression in the

liver and intestine were detected in this experiment (Figure 7 and

Supplementary Figure 1).

In the liver, cytc gene expression was significantly higher

in the R group under both photoperiods; in the D group, the

LD was significantly higher than the LL. The p53 gene was

significantly lower in the R group under LL. In the R group,

the LD was significantly higher than LL. The bax gene was

significantly higher in the L group under LL. The bcl-2 gene

was significantly higher in the D group under LD; in the D

group, the LD was significantly higher than the LL. The tnf-a
gene was significantly lower in the R group under LL. In the D

and L groups, the LL was significantly higher than LD. The il-

1b gene was significantly higher in the L group under LL and

significantly lower in the R group under LD. In the R and L
TABLE 1 The specific primers used for real-time PCR in this study.

Gene Sequence (5’ to 3’) Reference or Access
number

cytc F: TGGGAAACCGATACCCTCAT Zhou et al. (2019)

R: GCTCGCCCTTCTTCTTGATG

casp3 F: CTCCGTTGCTGATGACTC Zeng et al. (2021)

R: GCCTTTCTGGGTGTTCCT

casp6 F: TGAGCCACGGAGAGAACGA

R: ACGGCACGCCTGTAGTATG

casp8 F: GCAGCATAGAGAAGCAAGG

R: GTCTTACAGGATTGCGTCG

bax F: TTCGTGACGGTCATGGTTTA Iturriaga et al. (2017)

R: CCCGTTCCCAGAGAAATGTA

bal-2 F: TGCATCCTGAAACTCTGTGTC

R: CCGAGTCCCCAGGTTGTG

p53 F: GACAACCCTGGAGACCAAGA Ferain et al. (2021)

R: TCTCATCGTCACTCACAGCA

il-1b F: ACATTGCCAACCTCATCATCG Ren et al. (2022)

R: TTGAGCAGGTCCTTGTCCTTG

il-6 F:
CAGCTTCTTCTTCAGCACGTTAA

Zante et al. (2015)

R:
CGTAGACACCTCACCCAGAAC

il-8 F: AGAATGTCAGCCAGCCTTGT Ren et al. (2022)

R: TCTCAGACTCATCCCCTCAGT

tnf-a F:
CAAGAGTTTGAACCTCATTCAG

R: GCTGCTGCCGCACATAAAG

gpx F: AATGTGGCGTCACTCTGAGG Fontagné-Dicharry et al. (2020)

R: CAATTCTCCTGATGGCCAAA

sod1 F: TGGTCCTGTGAAGCTGATTG

R: TTGTCAGCTCCTGCAGTCAC

sod2 F: TCCCTGACCTGACCTACGAC

R: GGCCTCCTCCATTAAACCTC

cat F: TGATGTCACACAGGTGCGTA

R: GTGGGCTCAGTGTTGTTGAG

ef1a F: TCCTCTTGGTCGTTTCGCTG Panserat et al. (2020)

R: ACCCGAGGGACATCCTGTG
cytc, Cytochrome c; casp3, Caspases 3; casp6, Caspases 6; casp8, Caspases 8; bax, Bcl2-
associated X; bcl-2, B-cell lymphoma-2; p53, Tumor suppressor p53; il-1b, Interleukin-1b;
il-6, Interleukin-6; il-8, Interleukin-8; tnf-a, Tumor necrosis factor-a; gpx, Glutathione
peroxidase; sod1, Cytosolic Cu/Zn superoxide dismutase; sod2, Mitochondrial Mn
superoxide dismutase; cat, Catalase; ef1a, Elongation factor-1a.
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groups, LL was significantly higher than LD. in the D group,

LD was significantly higher than LL. The il-6 gene was

significantly higher in group D under LL; the D group was

significantly higher than the R and L groups under LD.

The gpx gene was significantly higher in the L group under

LL. The LL was significantly lower than LD in the R and D

groups. The sod1 and sod2 genes were significantly lower in

the R group under LL. In the R group, LL was significantly

lower than LD. The cat genes were significantly lower in the R

group under LL; under LD, the L group was significantly

higher than the R and D groups. In the R group, LL was

significantly lower than LD.
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In the R group, the cytc gene in the intestine was significantly

lower in LL than in LD. The p53 and bax genes were significantly

higher in the L group under LL and significantly lower in the L

group under LD. In the R group, LL was significantly lower than

LD; in the L group, LL was significantly higher than LD. The

casp6 and casp8 genes were significantly higher in the R group

under LD. The tnf-a, il-1b, il-6, and il-8 genes exhibited

significantly higher in the L group under LL. The L group was

lower than the R and D groups under LD. In the R and D groups,

LL was significantly lower than LD. The expression trends of

antioxidant enzyme genes were also consistent, with the

expression of sod1, sod2, and cat genes significantly higher in
FIGURE 1

Liver health indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). ACP, Acid phosphatase; AKP, Alkaline
phosphatase; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; ALB, Albumin; LDH, Lactate dehydrogenase; R, random feeding;
D, mid-dark stage feeding; L, mid-light stage feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant
difference among different feeding regimes at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote
significant differences between photoperiods at the same feeding regime (*P < 0.05). Points outside the box plot are outliers.
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FIGURE 2

Serum immunological indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). TBC: Total blood cell counts,
IgM: Immunoglobulins M, C3, Complement 3; C4, Complement 4; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding; LL:
24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL
(24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same
feeding regime (**P < 0.01). Points outside the box plot are outliers.
TABLE 2 Summary of two-way ANOVA: Immunity index and gene expression of juvenile Oncorhynchus mykiss under different experimental treatment.

Item Photoperiod Feeding regime Photoperiod * Feeding regime

Serum

TBC NS P < 0.01 NS

ACP NS NS NS

AKP NS NS NS

ALT NS NS NS

AST NS P < 0.01 NS

C3 P < 0.01 NS P < 0.01

C4 P < 0.01 NS NS

IgM P < 0.01 NS P < 0.01

ALB NS P < 0.01 NS

LDH NS NS NS

T-AOC NS P < 0.01 NS

SOD NS P < 0.01 NS

CAT NS NS P < 0.01

MDA NS P < 0.01 NS

Liver

T-AOC NS NS NS

SOD NS NS P < 0.05

CAT P < 0.01 NS NS

(Continued)
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TABLE 2 Continued

Item Photoperiod Feeding regime Photoperiod * Feeding regime

MDA P < 0.05 NS P < 0.01

Intestine

T-AOC NS P < 0.01 NS

SOD P < 0.05 NS NS

CAT NS NS P < 0.01

MDA NS P < 0.01 NS

Muscle

T-AOC P < 0.05 NS P < 0.01

SOD P < 0.01 P < 0.01 P < 0.01

CAT NS NS NS

MDA P < 0.05 NS NS

Gene expression

Liver Apoptosis cytc NS P < 0.01 NS

casp3 NS P < 0.05 NS

casp6 P < 0.05 NS NS

casp8 NS NS P < 0.05

bax P < 0.05 NS NS

bcl-2 P < 0.01 P < 0.01 P < 0.01

p53 P < 0.05 P < 0.01 NS

Cytokines il-1b P < 0.01 P < 0.01 P < 0.01

il-6 NS P < 0.01 NS

il-8 P < 0.05 NS NS

tnf-a P < 0.01 P < 0.01 P < 0.01

Antioxidase gpx P < 0.01 NS NS

sod1 NS NS P < 0.05

sod2 NS NS P < 0.05

cat NS P < 0.01 NS

Intestine Apoptosis cytc P < 0.05 NS NS

casp3 P < 0.05 NS NS

casp6 P < 0.05 NS P < 0.05

casp8 NS NS P < 0.01

bax NS NS P < 0.01

p53 NS NS P < 0.01

Cytokines il-1b P < 0.01 P < 0.01 P < 0.01

il-6 P < 0.01 P < 0.01 P < 0.01

il-8 P < 0.01 NS P < 0.01

tnf-a P < 0.01 P < 0.01 P < 0.01

Antioxidase gpx NS NS NS

sod1 P < 0.05 NS P < 0.01

sod2 P < 0.01 P < 0.05 NS

cat P < 0.01 P < 0.01 NS
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TBC, Total blood cell counts; ACP, Acid phosphatase; AKP, Alkaline phosphatase; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; C3, Complement 3; C4, Complement
4; IgM, Immunoglobulins M; ALB, Albumin; LDH, Lactate dehydrogenase; T-AOC, Total antioxidant capacity; SOD, Superoxide dismutase; CAT, Catalase; MDA, Malondialdehyde; cytc,
Cytochrome c; casp3, Caspase3; casp6, Caspase6; casp8, Caspase8; bax, Bcl-2 associated X; bcl-2, B-cell lymphoma-2; p53, tumor protein 53; il-1b, Interleukin-1b; il-6, Interleukin-6; il-8,
Interleukin-8; tnf-a, Tumor necrosis factor-a; gpx, Glutathione peroxidase; sod1, Cytosolic Cu/Zn superoxide dismutase; sod2, Mitochondrial Mn superoxide dismutase. NS, non-significant
differences.
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the R group under LD. The sod1 and sod2 genes were higher in

LL than in LD under both D and L groups. The cat gene

expression was highest in the R group under LL; in the R and

L groups, LL was higher than LD.
Liver histology and apoptosis

The observation of liver paraffin sections with H&E staining

revealed pathological changes between the six treatment groups

(Figure 8). The liver parenchyma was looser in the R group, and

some cellular vacuolation (black triangles) was present between

the different treatment groups. The R and D groups observed

significant capillary dilatation (black circles). Erythrocyte sludge

in the blood sinusoids (black circles and green arrows) was

observed in the R-LL, D-LL, R-LD, and D-LD groups.

TUNEL staining of liver tissue sections revealed that there were

almost no apoptotic cells in the L group under both photoperiods,

and apoptosis was most severe in the D-LD group (Figure 9).
Discussion

Blood indicators closely relate to fish’s physiological,

metabolic, and health status. When external environmental
Frontiers in Marine Science 09
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factors impact fish, they are usually reflected in blood

indicators (Casanovas et al., 2021; Witeska et al., 2022). Some

serum enzymes and metabolites are widely used as a reflection of

liver functional statuses in fish, such as alkaline phosphatase

(AKP, Casillas and Ames, 1985), acid phosphatase (ACP,

Molayemraftar et al., 2022), alanine aminotransferase (ALT,

Kim and Kang, 2016; Zhang et al., 2016), aspartate

aminotransferase (AST, Kim and Kang, 2016; Zhang et al.,

2016), lactate dehydrogenase (LDH, Rahman et al., 2022) and

albumin (ALB, Mukherjee et al., 2022). In the present study,

ALT was only significantly higher in the D-LD group than in the

L-LD group. High levels of ALT in serum are considered a

marker of fish liver damage (Hong et al., 2022). Therefore, this

study showed that nocturnal feeding led to liver damage in

juvenile rainbow trout under an LD environment. In addition,

under LL, significantly low levels of AST were observed in the L

group. Like ALT, high levels of AST in serum also reflect liver

damage (Hong et al., 2022). This suggests that under LL

conditions, scheduled diurnal feeding can alleviate liver

damage in juvenile rainbow trout. In addition, significantly

low ALB was detected in the random feeding group,

suggesting that random feeding may cause stress to juvenile

rainbow trout. Similarly, under chronic high salt stress, African

catfish (Clarias gariepinus) serum levels of ALT and AST were

increased, and ALB levels were decreased (Dawood et al., 2022).
FIGURE 3

Liver antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA: Malondialdehyde, T-AOC:
Total antioxidant capacity, SOD: Superoxide dismutase, CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding;
LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL
(24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same
feeding regime (*P < 0.05; **P < 0.01). Points outside the box plot are outliers.
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Like mammals, fish’s immune system includes both cellular

and humoral immunity. A significantly higher total blood cell

count (TBC) was observed in the scheduled feeding group,

especially in the LL environment. Blood cells are an important

component of the immune system in fish, and they play an

irreplaceable role in innate and adaptive immunity (Kordon

et al., 2018; Zhu and Su, 2022). High levels of TBC respond to a

stronger immune function. Fish humoral immunity consists

mainly of immunoglobulin and complements (Abdollahpour

et al., 2021). Immunoglobulin M (IgM) is the dominant

immunoglobulin in fish serum and is the first line of defense

in the adaptive immune response (Xia et al., 2014; Mashoof and

Criscitiello, 2016). The complement system is an important

component of innate immunity in teleost and plays a role in

adaptive immunity as a bridge between innate and adaptive

immunity (Bavia et al., 2022). IgM triggers the classical pathway

of complement activation, and the immune complex of antigen,

IgM, and activated complement 3 (C3) significantly enhances

the B-cell antibody response (Boes, 2000). In the complement

system, C3 is the central component that plays an important role

(Meng et al., 2019). Also, complement 4 (C4) plays an important

role in complement activation and humoral defense (Holland

and Lambris, 2002). Previous studies have shown a

rapid increase in serum C3 in rainbow trout exposed to

acute stress (Demers and Bayne, 2020). When grass carp
Frontiers in Marine Science 10
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(Ctenopharyngodon idella) are infested with Aeromonas

hydrophila, the level of C3 increases to help repair damaged

tissues (Meng et al., 2019). On the other hand, chronic stress also

resulted in increased IgM and C3 levels in northern snakehead

(Channa argus) serum (Li et al., 2019a; Li et al., 2019b) and

common carp (Cyprinus carpio) liver (Qiu et al., 2018).

Similarly, chronic high concentrations of thyroxine treatment

induced stress in the sterlet sturgeon (Acipenser ruthenus)

(significant high levels of serum cortisol, glucose, and lactate)

while causing an increase in serum IgM, C3, and C4 levels

(Abdollahpour et al., 2021). The present study observed high

serum IgM, C3, and C4 levels in the LL, R, and D groups. The

above results suggested that long-term exposure to LL and

random/nocturnal feeding may be a stressor for juvenile

rainbow trout and affect the immune system.

Cytokines are small molecular glycoproteins secreted by

immune cells and play an important role in the innate

immune response (Sakai et al., 2021). In northern snakehead

(Channa argus), long-term exposure to selenium resulted in the

upregulation of il-1b, il-8, and tnf-a genes expression (Li et al.,

2019a; Li et al., 2019b). When pufferfish (Takifugu rubripes)

were treated with lipopolysaccharide or polyinosinic-

polycytidylic acid, the expression of il-1b, il-6, and tnf-a genes

showed a significant increase (Sakai et al., 2021). Similarly,

Chronic exposure to the ionic liquid [C8mim] Br resulted in
FIGURE 4

Intestine antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA: Malondialdehyde, T-AOC:
Total antioxidant capacity, SOD: Superoxide dismutase, CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding;
LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL
(24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same
feeding regime (*P < 0.05; **P < 0.01). Points outside the box plot are outliers.
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increased levels of il-1b, il-6, and tnf-a in silver carp

(Hypophthalmichthys molitrix) spleen (Ma et al., 2019). The

above results suggest that the cytokine gene expression would be

upregulated in some fish under stress. In this study, LL

upregulated the expression of cytokine genes in the liver of

juvenile rainbow trout. In addition, cytokine gene expression in

the liver and intestine was significantly upregulated in the D-LD

group. This result further indicated that LL and nocturnal

feeding might cause stress to juvenile rainbow trout.

Photoperiodic changes are considered a chronic stressor in

fish (Valenzuela et al., 2022). In the present study, the

malondialdehyde (MDA) content in the liver of the LL group

was significantly higher than that of the LD, while the catalase

(CAT) activity was significantly lower than that of the LD.

Similar results were reported for European Sea Bass

(Dicentrachus labrax L.) (Li et al., 2021) and largemouth bass

(Micropterus salmoides) (Malinovskyi et al., 2022). In addition,

the feeding regime also affected the liver MDA content. Under

LL, the D group obtained significantly higher MDA and lowest

superoxide dismutase (SOD) activity, while under LD, the R

group obtained significantly higher MDA. A significantly lower

MDA was observed in the intestine under both photoperiods in

the L group. Feeding that does not match its feeding rhythm has

been found to negatively impact animal health and welfare
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(Oishi and Hashimoto, 2018), and rainbow trout are typically

diurnal feeders (Iigo and Tabata, 1997; Bolliet et al., 2001). In

addition, random feeding has been widely reported as a stressor

in fish (Sánchez et al., 2009; Saiz et al., 2021). An unsuitable

environment is a challenge and a stressor for fish. Anti-stress is a

highly energy-consuming process (Chen et al., 2021), and fish

need to satisfy additional energy requirements by increasing

their energy metabolic rate (De Boeck et al., 2000; Lu et al.,

2018). As a natural sub-product of cellular respiration, reactive

oxygen species (ROS) production in mitochondria is also

elevated under stress conditions (Luo et al., 2006; Mailloux,

2020). ROS is a highly reactive molecule; under normal

conditions, organisms have a complete antioxidant system,

including SOD and CAT, that can effectively scavenge ROS

(Hoseinifar et al., 2020). MDA is a product of lipid peroxidation

and is widely used to reflect the degree of oxidative damage in

fish (Mendes et al., 2009; Sun et al., 2022). The above results

suggest that long-term exposure to LL and random/nocturnal

feeding can cause oxidative damage to juvenile rainbow trout.

However, the opposite result was observed in the serum,

with significantly lower MDA levels in the random feeding

group than in the scheduled feeding group (D and L). One

possible reason relates to the unsaturation of fatty acids in the

serum, with more unsaturated fatty acids being more susceptible
FIGURE 5

Dorsal muscle antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA, Malondialdehyde; T-
AOC, Total antioxidant capacity; SOD, Superoxide dismutase; CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage
feeding; LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes
at the LL (24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at
the same feeding regime (*P < 0.05; **P < 0.01). Points outside the box plot are outliers.
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to oxidation (Lynn and Brown, 1959; Zhang et al., 2007), and we

detected a higher ratio of monounsaturated and polyunsaturated

fatty acids in the serum of the scheduled feeding group (data in a

separate unpublished article). Additional evidence was found for

significantly higher serum total antioxidant capacity (T-AOC)

and SOD activities in the scheduled feeding group, suggesting

that the antioxidant capacity was not limited in the scheduled

feeding group.

Severe oxidative stress often causes cellular damage and

apoptosis (Chandra et al., 2000). Two main pathways initiate

apoptosis, the endogenous pathway (mitochondrial pathway)

and the exogenous pathway (death receptor pathway). The

endogenous apoptotic process begins with the release of

cytochrome C (Cytc) from the mitochondria into the

cytoplasm induced by cell death signals, which activates

caspase and initiates the apoptotic program (Cheng et al.,

2015). The exogenous pathway is activated by tumor necrosis

factor (TNF) family receptors, which receive extracellular death

signals and activate downstream caspase to initiate apoptosis

(Gao et al., 2013). In addition, BCL-2 and BAX regulate

apoptosis by affecting the release of mitochondrial Cytc during

apoptosis (Cory and Adams, 2002). BAX is regulated by

upstream p53 (Liu et al., 2005). p53 repairs cell DNA damage
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or induces cancer cell apoptosis (Polyak et al., 1997; Fridman

and Lowe, 2003). In addition, p53 affects the transcription of gpx

and mnsod genes in response to oxidative stress (Hussain et al.,

2004). In this study, liver cytc gene expression was upregulated in

the R group, and bcl2 gene expression was upregulated in the D-

LD group. Under LL, the expression of p53 and bax genes was

significantly higher in the L group than in the R group. This

result indicated that the livers of the R and D-LD groups were

subjected to oxidative stress and initiated the process of

apoptosis. And the higher expression of the p53 gene may

reflect the repair of damaged cells. A similar expression trend

to p53 was also reflected in the expression of antioxidant enzyme

genes gpx, sod1, sod2, and cat, which further supported that the

scheduled feeding (especially the L group) mitigated oxidative

damage by increasing the expression of antioxidant enzyme

genes, thereby reducing apoptosis.

Under LL, p53 and bax gene expression in the intestine was

significantly higher in the L group than in the R group. However,

the opposite phenomenon appeared under LD, with the lowest

p53 expression level in the L group. The antioxidant genes sod1

and sod2 showed a similar trend under LD. The lowest MDA

levels were detected in the L-LD group, which indicated that the

rainbow trout in this group were subjected to minimal oxidative
FIGURE 6

Serum antioxidant indicators of juvenile Oncorhynchus mykiss under different experimental treatments (n=6). MDA, Malondialdehyde; T-AOC,
Total antioxidant capacity; SOD, Superoxide dismutase; CAT, Catalase; R, random feeding; D, mid-dark stage feeding; L, mid-light stage feeding;
LL: 24L: 0D, LD: 12L: 12D. Different lowercase letters and capital letters indicate significant difference among different feeding regimes at the LL
(24L: 0D) and LD (12L: 12D, lights-on at 6:00), respectively (P < 0.05). Asterisks denote significant differences between photoperiods at the same
feeding regime (**P < 0.01). Points outside the box plot are outliers.
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FIGURE 7

Liver and intestinal apoptosis, cytokine, and antioxidant-related gene expression of juvenile Oncorhynchus mykiss under different experimental
treatments (n=6). R: random feeding, D: mid-dark stage feeding, L: mid-light stage feeding, LL: 24L: 0D, LD: 12L: 12D. cytc: Cytochrome c,
casp3: Caspases 3, casp6: Caspases 6, casp8: Caspases 8, bax: Bcl2-associated X, bcl-2: B-cell lymphoma-2, p53: Tumor suppressor p53, il-1b:
Interleukin-1b, il-6: Interleukin-6, il-8: Interleukin-8, tnf-a: Tumor necrosis factor-a, gpx: Glutathione peroxidase, sod1: Cytosolic Cu/Zn
superoxide dismutase, sod2: Mitochondrial Mn superoxide dismutase, cat: Catalase.
FIGURE 8

The histology of the liver in juvenile Oncorhynchus mykiss under different experimental treatments (200 × magnification, scale bars = 100 mm,
slice thickness = 7 mm). R: random feeding, D: mid-dark stage feeding, L: mid-light stage feeding, LL: 24L: 0D, LD: 12L: 12D. The black arrow
points to hepatocyte; the green arrow points to blood sinusoid including erythrocyte; the black triangle points to cavitation; the black circle
points to vein including erythrocyte.
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stress and therefore, low levels of p53, sod1, and sod2 gene

expression also indicated that the fish were in a low-stress state.

Similarly, the expression levels of casp6 and casp8 genes were

significantly lower in the L-LD group.

Further H&E staining of liver paraffin sections revealed the

presence of different degrees of pathological changes between the

different groups. The R and D groups had significant capillary

dilatation and erythrocyte sludge. This result suggested that random

and nocturnal feeding could damage the liver of juvenile rainbow

trout. On the other hand, TUNEL staining was used to detect

apoptosis in liver cells (Liu et al., 2022), and it was found that a large

number of apoptotic cells were observed in the D-LD group, and

almost no apoptotic cells were observed in L-LL and L-LD. Overall,

the histological observations of liver sections demonstrated that

random and nocturnal feeding caused damage to the liver of

rainbow trout, resulting in apoptosis. In contrast, there was no

liver damage or apoptosis in the diurnal feeding group.
Conclusions

In this study, chronic exposure to LL caused oxidative stress

in juvenile rainbow trout and affected liver health and immune

system function. On the other hand, random and nocturnal

feeding was also a stressor for juvenile rainbow trout, causing

oxidative damage and apoptosis. The oxidative damage of LL

was mitigated by scheduled diurnal feeding. Therefore,

scheduled diurnal feeding could mitigate oxidative damage to

rainbow trout from the lack of a photoperiodic environment.
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Further studies are needed to elucidate the biological clock

mechanisms underlying the effects of photoperiod and feeding

time on the health and welfare of juvenile rainbow trout.
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Modified kinetic energy feature-
based graph convolutional
network for fish appetite
grading using time-limited data
in aquaculture

Dan Wei1, Baimin Ji1, Haijun Li1, Songming Zhu1,2,
Zhangying Ye1,2* and Jian Zhao1*

1College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou, China,
2Ocean Academy, Zhejiang University, Zhoushan, China
Feed has the greatest impact on the carbon footprint of the aquaculture, and

also determines the water quality in aquaculture to a great extent. Making

appropriate feeding control strategies is one of the most effective ways to

promote cleaner production as well as fish welfare in aquaculture. Reliable and

accurate fish appetite grading especially based on time-limited data is a

prerequisite for achieving high-precision and reasonable feeding control in

practical production. To date, however, few efforts have been done on this

challenge. For these, regardingMicropterus salmoides as the experimental fish,

a novel and practical method, based on a modified kinetic energy feature-

based graph convolutional network (GCN), was developed in this study. First,

graphs were constructed based on the extracted modified kinetic energy

features and their temporal correlation. Then, with the help of a series of the

convolution and global pooling operations, a GCN model was customized

based on the constructed graphs. Following this, the customized GCN model

was enriched by the self-attention pooling mechanism and customized

network structure. Results show that the proposed GCN-based approach

outperforms other typical state-of-the-art methods in fish appetite grading,

and the grading accuracy obtained here could be 98.60% using only the first

4.2 seconds as well as the first 8.3 seconds of input data, which is not much

different from that (98.89%) using full-length (25 second-long) input data.

What’s more, compared to the recurrent neural network (RNN)-based method

which performance is closest to our method, the space complexity of the

proposed approach here can better satisfy the requirements of real

aquaculture, in which the quantity of the trainable parameters here is only

6.4% ~ 31.8% of the RNN-based method. In summary, the proposed modified

kinetic energy feature-based GCN approach is favorable for the appetite

grading of fish like Micropterus salmoides with time-limited data, which is a
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promising approach in dealing with feeding control tasks and alleviating the

water environmental burden in aquaculture.
KEYWORDS

aquaculture, fish appetite grading, time-limited data, kinetic energy feature,
customized graph convolutional network
Introduction

Aquaculture production has grown rapidly in the past few

decades, thereinto, 52% consumption of the aquatic products

worldwide in 2018 was provided by aquaculture (FAO, 2020). In

the meantime, the concept of cleaner production and fish welfare

is being emphasized due to its indispensable role in quality and

yield of the aquatic products (Luna et al., 2019). Feeding is of

great importance in managing aquaculture tasks, where the cost

of feed is around 30%~70% of the total production costs (Føre

et al., 2011; Atoum et al., 2015; Zhou et al., 2018). Underfeeding

impedes fish growth, thus the strategy of overfeeding is

commonly adopted in practical production to satisfy the

nutritional needs of fish. However, overfeeding leads to left-

over feed, which results in not only the extra cost, but also the

poor water quality (Barraza-Guardado et al., 2014; Jescovitch

et al., 2018; Zhao et al., 2019) and an extra load on water

treatment equipment (Chang et al., 2005). Moreover, previous

research has shown that feed has the greatest impact on the

carbon footprint of the aquaculture (Luna et al., 2019). As a

consequence, optimization of the feeding control is a prime

consideration to realize cleaner production and promote fish

welfare in aquaculture, especially in intensive modes.

Precise representation offish appetite is the guarantee for the

accurate feeding control. Relevant studies have shown that fish

feeding behavior has significant advantages in fish appetite

representation (Parra et al., 2018; Li et al., 2020; An et al.,

2021), compared with many other mediums such as residual

feed (Atoum et al., 2015; Wang et al., 2022) and water quality

(Zhao et al., 2019; Zhao et al., 2020a). Until now, many works

have been done to optimize the feeding based on fish school

behavior. For example, the infrared photoelectric senor was used

to capture the gathering behaviors of eels for the feeding control

in indoor intensive aquaculture systems (Chang et al., 2005). Liu

et al. (2014) proposed a computer vision-based feeding activity

index for the automatic feeding of Atlantic salmon in

recirculating aquaculture system (RAS) by analyzing

differences in two consecutive frames. Ye et al. (2016) made

use of the Lucas-Kanade optical flow and information entropy to
02
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assess and optimize the feeding of tilapia in RAS, and this

method was then further improved by the quantification of

fish spontaneous collective behaviors (Zhao et al., 2017). These

methods, however, were based on human-made features (i.e.,

low-level features), which made them task-specific and weak in

generalization capability. With the rapid development of deep

learning, convolutional neural network (CNN) was gradually

applied to fish appetite evaluation (Zhou et al., 2019). Profiting

from the utilization of the high-level features of feeding behavior,

fish appetite could be represented more precisely and robustly

(Zhou et al., 2019; Ubina et al., 2021). From this, Wei et al.

(2021) developed a method based on the modified kinetic energy

model and customized recurrent neural network (RNN) to

comprehensively utilize the spatial-temporal characteristics of

fish feeding behavior, which therefore made fish appetite

evaluation more accurate and practical. Similarly, by exploiting

the spatial-temporal characteristics of fish feeding behavior,

Feng et al. (2022) also realized the precise quantification of

fish appetite resorted to a lightweight 3D ResNet-GloRe

network, although a feeding strategy not commonly used in

real production was adopted.

Methods mentioned above mainly rely on the characteristics

of feeding behavior over time and have high requirement on the

time-duration of data (i.e., data integrity). Generally speaking,

the longer the time duration of data is, the better the data

integrity and the better performance of the method would be.

However, longer the time-duration of data normally means the

more time taken in fish appetite assessment; what’s more, the

collection of data with long time-duration is a time-consuming

process itself. In real production, in order to leave enough

reaction time for the follow-up feeding control (including

feeding strategy adjustment), the sooner of fish appetite

assessment, the better. For this, increasing hardware

investment seems to be a simplest and most direct solution,

nevertheless, this will undoubtedly increase the production costs

and affect the economic benefits (Feng et al., 2022). A promising

alternative to the above solution is decreasing the time-duration

of input data, namely, grading fish appetite using time-limited

data particularly the beginning of time series data. But how to
frontiersin.org
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construct an efficient fish appetite grading model with strong

learning ability on this time-limited feeding behavior data is still

a challenge. Few efforts on this challenge have been reported

so far.

Given all that, regarding Micropterus salmoides as the

experimental fish, a modified kinetic energy feature-based

graph convolutional network (GCN), which could address the

challenge mentioned above and grade fish appetite precisely with

low space complexity, was developed in this study. In this

network, each video frame was presented as a node. It’s time

information and the corresponding quantitative spatial

information of fish feeding behavior were utilized as node

features in the graph. In the meantime, the temporal

connections between nodes were abstracted as edges in the

graph. Benefiting by the specific graph constructed above and

the customized network structure, the grading accuracy obtained

by the proposed method here could be 98.60% using only the

first 4.2 (one-sixth of the full-length data) seconds as well as the

first 8.3 seconds (one-third of the full-length data) of input data,

which is not much different from that on full-length (25 second-

long) input data.
Materials and methods

Our experimental protocol was approved by the committee

of the Care and Use of animals of the Zhejiang University. In

addition, the experiments carried out on fish were conducted in

strict accordance with the guidelines of the Association for the

Study of Animal Behavior Use of Zhejiang University

(ZJU20190074) in this study. Note that due to the

indispensable role and rapid growth trend of industrial RAS in

aquaculture, our experiment was conducted in RAS.
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Fish

In this experiment, Micropterus salmoides were used. All

experimental fish (quantity: 150) were first acclimated in the

experimental RAS for one month. The average size of fish was

37.5 ± 5 g. During the entire experiment, the fish were placed

under a 12h: 12h light-dark cycle (08:00-20:00 light, 20:00-08:00

dark) and fed 2 times a day (10:00 and 16:00) using commercial

floating pellets. The feeding amount per day was set to 5% of the

total mass of the fish.
Experimental system

The experimental aquaculture system (Figure 1) mainly

consisted of a rearing tank (75 cm radius and 40 cm water

depth), a feeding machine, and a computer vision system.

During the entire acclimation and experiment, the following

conditions were maintained: temperature at 26 ± 2°C, dissolved

oxygen (DO) at (5.5 ± 0.5) mg/L, pH at 7.2 ± 0.5, nitrate ≤ 0.5

mg/L, and total ammonia nitrogen (TAN) ≤ 0.8 mg/L. The

computer vision system possessed a Hikvision DS-2CD6233F-

SDI camera, a Hikvision DS-7808NB-K2 Digital Video Recorder

and a Server (GPU: NVIDIA 1080ti 11GB, CPU Intel Core i5-

9400, 2.9 GHz, 8 GB memory). The camera was fixed 120 cm

above the water surface of the rearing tank, with a 25fps frame

rate and a 1080×1920 pixel.

To obtain sufficient fish feeding video data to verify the

performance of the method proposed in this study, the overfed

regime was adopted in this study. Food pellets were delivered

with the same dose at intervals of ~25 s in each feeding event.

Feeding wouldn’t stop until fish showed no response to the

delivered food. The residual pellets remaining on the water
FIGURE 1

The overview of the fish appetite grading pipeline.
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surface after feeding were then removed to prevent affecting the

water quality.
Overview of the proposed approach

Accurate fish appetite grading is a prerequisite for intelligent

feeding control and cleaner production in aquaculture.

Therefore, we proposed a GCN-based fish appetite grading

method, as shown in Figure 1. The method consists of two

major steps: (1) feature extraction and graph construction: the

improved kinetic energy model is used to extract the spatial

characteristics of fish feeding behavior from feeding videos, and

then a graph G = (V, E) is constructed based on the modified

kinetic energy features and their temporal correlation. (2) GCN-

based classification model: the GCN-based model combines the

graph structures and vertex features in the convolution, and

propagated over the graph through multiple layers. Through the

graph convolution layer by layer, the node features are extracted

and updated. In addition, the GCN structure adopts the global

graph pooling method based on self-attention mechanism,

which fully considers the topology of nodes and graphs, and

has significant advantages in graph classification tasks. In this

study, the proposed method was developed using python3.7, and

the customized neural networks grading model was trained

on Pytorch1.10.0.
Feature extraction and graph construction
Graph, as a data structure that could simultaneously store

target’s feature information and its associated information, has

been widely applied to efficient task classification (Lazer et al.,

2009; Lee et al., 2019). This technique, however, is rarely used in

aquaculture yet. For fish appetite grading, if it could be

transformed into a simple graph classification task, the

efficiency of this grading would be maximized. But how to

extract efficient features as the graph features and construct

the graph are the key to achieving this graph classification task.

The spatial-temporal characteristics of fish feeding behavior

shows great potential in fish appetite assessment (Wei et al.,

2021; Feng et al., 2022), therefore, the feature extraction and

graph construction in this study are carried out for the

representation of these spatial-temporal characteristics.

First, the modified kinetic energy model (Eq. (1)) was used to

extract spatial characteristics of fish behavior due to their strong

motion feature extraction ability (Zhao et al., 2017).

EK = CE � v2E (1)

Where CE and vE denote the disorder degree and velocity of

the change in target areas, respectively.

The Gunner Farneback optical flow algorithm was used to

calculate the vE (Eq. (2)) of the changes in target areas in this

study. Then, the scope of velocity was divided into a number of
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sections. As shown in Eq. (3), vE was classified into the

corresponding sections. In addition, to avoid the influence of

the fish body length change on the motion feature extraction

during the experiment, the vE was calculated by the

normalization method.

vE = ox,y Fn x, yð Þj j
N  

(2)

p jð Þ = k jð Þ=N)� 100%,   1 ≤ j ≤ mð gf (3)

Where Fn is the normalized optical flow between two

consecutive frames of images, (x, y) represents the coordinates

of the reflective region in the current frame. m is the number of

sections of vE, N is the number of motion vectors in the current

frame. k and p are the set of statistical numbers and statistical

probability in each section, respectively. In this section, vE was

counted at intervals of 0.04 bl (bl is the average body length of

Micropterus salmoides), and m was set to 25.

Then, CE was calculated as:

CE = −o
m

j=1
p jð Þlog2 p jð Þð Þ (4)

Combined with Eq. (4), the normalized kinetic energy of the

whole areas was defined as:

Ek = − o
m

j=1
p jð Þlog2 p jð Þð Þ

 !
� ox,y Fn x, yð Þj j

N

� �2

(5)

Figure 2 shows the modified kinetic energy over time within

a single round feeding event. As shown below, fish appetite,

graded following the criterion of Øverli et al. (2006) and Eriksen

et al. (2011), can be described well by the modified kinetic

energy here.

Finally, graph G was constructed by the following two

elements: (1) adjacency matrix A (A ∈ RN×N). This element is

used to represent the connection between video frames (i.e., time

correlation). The adjacency matrix contains only elements of 0

and 1. The element is 0 if there is no link between two video

frames and 1 denotes there is a link. (2) feature matrix X. We

regard the spatial-temporal characteristics of fish behavior (i.e.,

the normalized kinetic energy features and their temporal

correlation) extracted from video frames as the attribute

features of the node in the networks, expressed as X ∈ R N×P,

where P represents the number of node attribute features.

To express the above algorithm more intuitively, the feature

extraction and graph construction process are outlined in

Algorithm 1.
Input: video frames; modified kinetic energy

model (MKEM); normalization strategy N;

adjacency matrix A (A ϵ RNxN); feature

matrix X (X ϵ RNxP);
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Fron
Output: G = (V , E)

1: function feature extraction (video

frames, MKEM, N)

2: CE video frames

3: Fn(x,y) video frames & N

4: vE Fn(x , y)

5: for x, y in video frames do
6: EK = CE � v2E
7: return EK
8: function graph construction (EK, A, X)

9: A video frames

10: X  video frames & EK
11: G = (V , E)  A & X

12: return G
ALGORITHM 1

Feature extraction and graph construction.
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GCN-based fish appetite grading model
Advanced methods of applying deep learning to structured

data such as graphs have been proposed in recent years. In

particular, the method of generalizing the convolution operation

to graphs has been proven to improve performance and has been

widely used (Lee et al., 2019; Zhao et al., 2020b).

Given this, a customized GCN (Figure 3) following the

constructed graph above was proposed in this study to achieve

accurate fish appetite grading using time-limited data. This

model consists of seven graph convolutional layers, and

outputs of each layer are concatenated. Node and graph

feature are updated and aggregated in the pooling layer with

self-attention mechanism, and then transmitted to the MLP

layer through the readout layer. Finally, the fish appetite level is

determined with the help of softmax layer. The propagation rule

of GCN can be summarized by the following expression:
FIGURE 3

Schematic diagram of the proposed fish appetite grading model.
FIGURE 2

Diagram of the modified kinetic energy over time within a single round feeding event (None: fish do not respond to food; Weak: fish eat only
pellets that fall directly in front of them but do not move to take food; Medium: fish move to take food, but return to their original positions;
Strong: fish move freely between food items and consume all the available food. Noted that, the heat maps generated by the optical flow of the
points with the maximum kinetic energy are used to better visualized fish appetite here).
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h l+1ð Þ = s ~D−1
2 ~A~D−1

2h lð ÞQ
� �

(6)

Where h(l) represents the node representation of l-th layer

and Q ∈ RF×F′ represents the convolution weight with input

feature dimension F and output feature dimension F′, ~A =

A + IN represents the matrix with added self-attentions, IN
represents the identity matrix, ~D =o

j

~Aij, and s is the

activation function. The Rectified Linear Unit (Relu) function

was used as an activation function in this study.

The attention mechanism has been widely used in recent

deep learning studies (Cheng et al., 2016; Lee et al., 2019). Such a

mechanism enables the model to focus more on important

features and less on noncritical features (Lee et al., 2019),

especially the self-attention mechanism. Thus, the self-

attention pooling mechanism was used in this study. The self-

attention score Z ∈ RN×1 was calculated as follow.

Z = s ~D−1
2 ~A~D−1

2XQatt

� �
(7)

Where X ∈ RN×F is the input feature of the graph with N

nodes and F-dimensional features, and Qatt ∈ RF×1 is the

parameter of the self-attention pooling layer.

In the GCN-based classification model, the readout layer was

used to aggregates node features to make a fixed size

representation. The summarized output feature of the readout

layer was as follows:

s =
1
No

N

i=1
xi ∥max

i=1
xi (8)

Where N is the number of nodes, xi is the feature vector i-th

node, and || denotes concatenation.

Data collection and training set production
In this study, the video frames of fish school behavior under

four feeding intensities were intercepted at equal intervals (12

frames per second). After data augmentation (referring

to Wei et al., 2021), the total number of samples in the

training set increased to 24300 (see https://github.com/

Doubleblindpeerreview/fish-appetite-grading for details of

dataset and codes). Of those data, 80% were used as the

training set, 10% were used as the validation set, and 10%

were used as the test set.

Setting appropriate parameters is the key step to training a

robust model. In this study, Adam optimizer, early stopping

criterion and hyperparameter selection strategy were used as the

model architecture. If the validation loss did not improve for 60

epochs in an epoch termination condition with a maximum of

100k epochs, the training would be stopped. After many trials,

the initial parameters and training strategies of the GCN-based

method were set to the values shown in Table 1.
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Performance evaluation
The results of testing for all approaches were arranged in

confusion matrices, including true positive (TP), true negative

(TN), false positive (FP), and false negative (FN). In this context,

TP and TN respectively denote the numbers of the same samples

with the current feeding appetite pertaining to the other fish

appetite recognition results and actual results; FP and FN are the

numbers of different videos with the current fish appetite

pertaining to the other fish appetite recognition results and

actual results, respectively.

To evaluate model performance, five widely used measures

were calculated: accuracy, precision, recall, specificity and F1

score. Accuracy is the ratio of the number of correctly graded

samples to the total number of samples; precision is the ratio of

the number of samples for a specific level of fish appetite in the

test set to the number of samples for that fish appetite in the

recognition results, which shows the ability of the model to

accurately grade the fish appetite; recall is the proportion of

correctly classified items among all items to be classified;

specificity is the ratio of the number of samples with wrong

recognition to the number of samples with other fish appetite in

the test set; F1 score is a harmonic means of the precision and

recall (Jiang et al., 2020). All the above five measures are ranged

from 0 to 1, high value means the good predictive ability of the

model, their definitions are as follows:

accuracy =
TP + TN

FP + FN + TP + TN
(9)

precision =
TP

TP + FP
(10)

recall =
TP

TP + FN
(11)

specificity =
TN

FP + FN
(12)

F1 = 2� precision� recall
precision + recall

(13)
TABLE 1 The main parameters of GCN model.

Parameter Value

Learning rate 5×10-4

Batch size 128

Dropout rate 0.5

Pooling rate 0.8

Hidden size 256

Weight decay 1×10-4
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Results and discussion

Performance of the proposed method

As shown in Table 2, the average accuracy of the method

under four fish appetite levels reached 98.89% (Precision:

98.92%, Recall: 98.90%, F1 score: 98.90%), which indicates the

effectiveness of the proposed fish appetite grading method.

To verify the performance of the method, we compared it

with the three most widely used GNNs including ChebNet,

GraphSAGE, and GAT. In addition, to better reveal the

performance of our method in fish appetite grading, the

hierarchical pooling architecture and global pooling

architecture were used in the same GNN-based method as a

comparison. The hierarchical pooling architecture consists of

three blocks, each consisting of a graph convolution layer and a

graph pooling layer. The outputs of each block are summarized

in the readout layer. The sum output of each readout layer is

input to the linear layer for classification. For a fair comparison,

we performed the same self-attention graph pooling strategy,

training strategy, and hyperparameter optimization strategy for

each method, and use the same dataset (full-length data).
Frontiers in Marine Science 07
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Figure 4 and Figure 5 (see Table S1 in supplementary

materials for details) show the grading results of fish feeding

behavior datasets using different GNN-based models, where the

suffix h indicates that the model adopts the hierarchical pooling

mechanism, and g indicates that the model adopts the global

pooling mechanism. Pleased node that based on the same global

pooling or hierarchical pooling architecture, our GCN-based

method dramatically outperforms other GNN-based methods.

In addition, for the data structure used in this paper, the global

pooling method is better than the hierarchical pooling method.

The global pooling architecture minimizes the loss of

information and outperforms hierarchical pooling on datasets

with fewer nodes. Due to the limited number of nodes in the

constructed graph dataset, the global pooling method shows

better performance in this study.

Graph attention network (GAT), as a novel convolution-

style neural networks that operate on graph-structured data,

leveraging masked self-attentional layers. The network allows for

assigning operations, and is parallelizable across all nodes within

a neighborhood while deal ing with different sized

neighborhoods, and does not depend on knowing the entire

graph structure upfront. As opposed to GCN, the GAT model
FIGURE 4

Fish appetite grading results of different GNN-based methods.
TABLE 2 Grading results for each fish appetite level.

Fish appetite Grading result Precision (%) Recall (%) Specificity (%) Accuracy (%)

none weak medium strong

none 537 1 0 0 99.44 99.81 99.84 98.89

weak 3 669 0 0 98.82 99.55 99.54

medium 0 7 611 3 97.92 98.39 92.28

strong 0 0 13 586 99.49 97.83 99.84
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can dynamically learn neighbor weights, but ignores the

relationship between nodes (Xiang et al., 2021), which makes

it not as effective as GCN under some conditions. As shown in

Figure 4, although the accuracy of the GAT-based method under

the two pooling mechanisms is similar, their accuracy is slightly

lower than that of the GCN-based method. The GraphSAGE-

based method uses an inductive method to calculate the node

representation (Hamilton et al., 2017). Specifically, the method

first extracts a fixed number of nodes from the adjacent nodes of

each node, and then integrates the information of these neighbor

nodes. This method has achieved good results in many large-

scale inclusive learning problems. However, compared with the

GraphSAGE-based method, the GCN-based method can capture

the global information of the graph so as to better represent the

characteristics of nodes, which is suitable for small-scale graphs.

The dataset graph used in this study has a simple structure and

few nodes. For this type of dataset, the GCN-based method has

more advantages. The ChebNet-based method has strong

expression ability. Its K-order convolution operator can cover

the K-order neighbor nodes of nodes, but its complexity and

parameter quantity are higher than GCN (Kipf and Welling,

2016). By stacking multiple GCN layers or expanding the

empirical domain of graph convolution, the expressivity of the

GCN- based method can be greatly improved. Therefore, under

the dataset used in this study, the training accuracy of the

ChebNet-based method is lower than that of the GCN-

based method.
Feasibility demonstration

For the feeding control in real production, the most

important is how to accurately assess fish appetite as soon as
Frontiers in Marine Science 08
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possible, and then leave enough reaction time for the next feeding

operation. Therefore, it is crucial to evaluate the feasibility of the

method proposed in this study whether the fish appetite can be

accurately and effectively evaluated with time-limited data. In

view of this, we divided the dataset into four subsets (as illustrated

in Figure 6) to meet the needs of feasibility verification, which

includes 1) the first 4.2 seconds of data (Dataset 1, one-sixth of

the full-length data), 2) the first 8.3 seconds of data (Dataset 2,

one-third of the full-length data), 3) the first 12.5 seconds of data

(Dataset 3, one-half of the full-length data), and the first 25

seconds of data (Dataset 4, full-length data).

To verify the performance of the proposed method here, we

compared it with two typical and state-of-the-art fish appetite

grading methods, namely, the RNN-based method (Wei et al.,

2021) and the CNN-based method (Zhou et al., 2019). Note that

to make comparison more comprehensive, not only the RNN-

based method but its normalized version (i.e., RNN’-based

method) was used for the comparison here, allowing for the

fact that the normalized motion features was adopted in our

method. In particular, for the CNN-based method above, its

image dataset in this study was obtained by extracting video

frames owning the most obvious feeding behavior characteristic

from the original video. Specifically, five consecutive frames of

images with the strongest fish appetite were extracted from each

feeding videos as the original image samples. And then, the

original image samples were augmented to 24300 samples using

rotation, flip, and translation image expansion techniques.

Following this, the dataset was divided into a training set, a

validation set, and a test set in a ratio of 8:1:1. It should be noted

that, to obtain the optimal performance of the adopted methods

above, the corresponding optimum hyperparameters were

adopted here (details in Table S2 and Table S3 in the

supplementary material).
FIGURE 5

The accuracy of different GNN-based methods under different fish appetite levels.
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The grading accuracy of fish appetite based on our method

(i.e., GCN-based method) and RNN-based method under

different datasets were analyzed in this study, as well as the

grading accuracy of CNN-based method (see Table S4 in

supplementary materials for details). The average accuracy,

precision, recall and F1-score of the CNN-based method were

83.54%, 83.90%, 84.15%, and 83.97%, respectively. Because the

CNN-based method only uses the behavioral spatial

characteristics of fish school to grade fish appetite, its

performance is far from that of the other two fish feeding

desire grading methods. Benefit from the spatial-temporal

behavioral characteristics, the RNN-based method showed

better performance than the CNN-based method. As shown in

Figure 7 (since the results of the CNN-based fish appetite

grading method are quite different from those of the GCN-

based and RNN-based method, it is not shown in the figure to

avoid affecting the expression), the RNN-based method achieved

similar fish appetite grading results on normalized and non-

normalized version. It should be noted that with the increase in

the time duration of the dataset, the effect of the RNN-based fish

appetite grading method shows an obvious upward trend. The

RNN-based method achieved the best performance in Dataset 4,

but the fish appetite grading accuracy is relatively low in time-

limited datasets. Fish appetite representation is closely related to

time (Wei et al., 2021). The RNN-based method is designed to

counter the effect of diminishing gradients through layers and is

suitable for time series data. However, the length of time series

data also restricts the grading performance of RNN-based

method on fish appetite. As presented in Figure 7, the GCN-

based fish appetite grading method achieved the best

performance in Dataset 4, but there was only a minor

difference from the test results obtained from Dataset 1 and

Dataset 2. Benefiting from the construction of the modified
Frontiers in Marine Science 09
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kinetic energy-based graph and the customization of GCN

structure, our method indicated stronger learning ability than

the state-of-the-art fish appetite assessing methods especially on

time-limited feeding behavior data.

The t-SNE technique, which visualizes high-dimensional

data by giving each datapoint a location in a two or three-

dimensional map (Van Der Maaten and Hinton, 2008), is

becoming more and more popular in data analysis. Thus, the

t-SNE based two-dimensional analysis was used in this study to

visualize the grading effect of the GCN-based, RNN-based, and

CNN-based method on fish feeding desire. As illustrated in

Figure 8, the CNN-based appetite grading method failed to

divide fish appetite into four significant clusters (different

colors represent different appetite levels), which also showed

that the CNN-based method achieved poor fish feeding desire

grading accuracy. On the contrary, both GCN-based and RNN-

based grading methods can divide fish appetite into four

significant clusters, so both methods have great appetite

grading performance. However, compared with the RNN-

based method, there are only a few data points with different

colors mixed together in the GNN-based method (i.e., fewer data

sample points prone to misclassification). To further analyze the

causes of RNN-based method error identification, some false

recognition examples are shown in Figure 9. It can be seen that

there are a small number of “medium” or “weak” samples that

were incorrectly recognized as “weak” or “strong” in all the four

datasets. The main reason is that the modified kinetic energy has

similar variation characteristics when the appetite level is

“medium” or “weak” (as shown in Figure 2). Hence, the

samples of these two are sometimes mis-recognized. In

addition, Dataset 1 and Dataset 2 cannot reflect the whole

process of fish feeding, which is also the key to limiting the

accuracy of RNN-based method in fish appetite classification on
FIGURE 6

The illustration of dataset partition.
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these two datasets. This reason also makes some “strong”

samples incorrectly recognized as “medium”.

In addition, Figure 10 shows the confusion matrixes of fish

appetite grading results of the RNN-based and GCN-based

methods on different datasets. It was obvious that in

comparison with the RNN-based method, the classification

accuracy of GCN-based method was equal or higher in each

class to some extent, especially in Dataset 2 and Dataset 4. That

means the proposed GCN-based approach learns new feature

representation from the neighbor nodes through graph

convolution, which improves the recognition ability under

different datasets. Compared with the RNN-based method, the

GCN-based method is more suitable to characterize the spatial

and temporal topological information of fish feeding behavior.

Therefore, the GCN-based method has achieved effective fish

appetite grading results under different datasets, including the

time-limit datasets.
Frontiers in Marine Science 10
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It should be noted that, in order to achieve efficient grading

of fish appetite in real production, the complexity especially the

space complexity of the grading method itself is very important,

as the valid training samples are limited in practical farming

(Pan et al., 2019). We therefore calculated the quantity of the

trainable parameters of RNN-based and GCN-based methods in

this study, respectively (as illustrated in Figure 11). Combined

with Figure 7 and Figure 9, the GCN-based method proposed in

this study could not only obtain high accuracy in fish appetite

grading, but take only 6.4% ~ 31.8% space complexity of that in

RNN-based method, which can greatly improve the feasibility of

fish appetite assessment in practical production.

The proposed modified kinetic energy feature-based GCN

approach in this paper can effectively grade fish appetite with

time-limited data, which is a promising approach in dealing with

feeding control tasks and alleviating the water environment

burden in aquaculture. Nonetheless, limitations still exist in
A B C

FIGURE 8

t-SNE based two-dimensional clustering analysis of different fish appetite grading methods (see Figure S1 in supplementary materials for more
details). (A) GCN_Dataset 4. (B) RNN_Dataset 4. (C) CNN.
FIGURE 7

Fish appetite grading results under different datasets.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1021688
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wei et al. 10.3389/fmars.2022.1021688
this method. First, our training on the model is based on

experimental data under ideal conditions, which were derived

from videos of specific growth periods of Micropterus salmoides

in RAS, without monitoring the entire growth period of

Micropterus salmoides. Therefore, when it comes to other

scenarios, the practicability of our method may reduce.

Besides, since the method proposed in this study is based on

computer vision techniques, feed property also affects the

performance of the model here to some extent, floating feed

would be more beneficial to the performance maximization of

the method here in contrast to sinking feed.
Conclusions

In order to leave enough reaction time for the follow-up

feeding control and alleviate the water environment burden of
Frontiers in Marine Science 11
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the aquaculture, a novel, practical and promising fish appetite

grading method with low space complexity was proposed in this

study. Benefiting from the construction of the modified kinetic

energy feature-based graph and the customization of GCN

structure, our method indicated stronger learning ability than the

typical state-of-the-art fish appetite assessingmethods especially on

time-limited feeding behavior data. And the grading accuracy of

fish appetite obtained by the proposed method could reach 98.60%

using only the first 4.2 (Precision: 98.66%, Recall: 98.59%, F1 score:

98.62%) as well as the first 8.3 seconds (Precision: 98.61%, Recall:

98.63%, F1 score: 98.62%) of input data, which is not much

different from that (98.89%) on full-length (25 second-long)

(Precision: 98.92%, Recall: 98.90%, F1 score: 98.90%) input data.

Although limitations (such as feed property) still exist in this study,

the findings here could not only provide references for the accurate

control of fish feeding, but is of significance for the realization of

cleaner production in practical aquaculture.
FIGURE 10

Confusion matrixes of fish appetite grading results of GNN-based and RNN-based methods on different datasets.
FIGURE 9

False recognition examples of the RNN-based method model in different datasets.
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Evaluation of an ultrafiltration
membrane for the removal of
fish viruses and bacteria in
aquaculture water

Vasco C. Mota1*, Hanne Brenne1, Morten Kojen2,
Kine Rivers Marhaug2 and Margit Ertresvåg Jakobsen2

1Nofima AS, The Norwegian Institute of Food, Fisheries and Aquaculture Research,
Tromsø, Norway, 2FiiZK AkvaFresh AS, Trondheim, Norway
Ultrafiltration (UF) membranes are used to successfully remove waterborne

virus and bacteria from wastewater and drinking water. However, UF

membrane application in aquaculture water treatment is limited. In this study

we evaluate the performance of a capillary polyethersulfone UF membrane to

remove two benchmark waterborne fish pathogens: i) the infectious pancreatic

necrosis virus - IPNV, which is an unenveloped icosahedral virus, and ii) the

bacterium Aeromonas salmonicida, which is a Gram-negative, facultative

anaerobic bacilli. Moreover, the UF membrane bench-scale unit was tested

at two temperatures according to salmonid aquaculture: low (4 - 7°C) and high

(16 - 19°C). Sterilised natural seawater was spiked with laboratory cultured

pathogens, the water was filtrated, and the membrane permeate collected.

Both pathogen solution and permeate were evaluated using a cell culture

method to estimate the colony-forming units (CFU/ml) for bacteria presence, a

median tissue culture infectious dose (TCID50/ml) assay for virus presence, and

real-time quantitative polymerase chain reaction (RT-qPCR) for both bacteria

and virus presence. The membrane permeate was negative for both virus and

bacteria for all analysis and for both low and high temperatures. The results

from this bench-scale study are encouraging for the application of UF

membrane technology in aquaculture water treatment to prevent virus and

bacteria outbreaks. Further studies should validate this UF membrane

technology results in commercial aquaculture conditions.

KEYWORDS

Aeromonas salmonicida, infectious pancreatic necrosis virus - IPNV, Atlantic salmon
pathogens, polyether sulfone membrane, ultrafiltration (UF), aquaculture
water treatment
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Introduction

Membrane filtration is typically a pressure-driven process to

force water particles through a membrane and retain them. The

water that passes through the membrane is known as filtrate or

permeate. Microfiltration, ultrafiltration, nanofiltration and

reverse osmosis are the main membrane processes differentiated

by the pore size. Ultrafiltration (UF) membrane is an emerging

technology being applied in a wide range of industries from

drinking water production to wastewater treatment to remove

fine solids and microorganisms (Goswami and Pugazhenthi,

2020). However, UF membrane technology to treat aquaculture

water is limited (Chiam and Sarbatly, 2011).

Currently UF membrane in aquaculture applications is used as

support of ultraviolet (UV) irradiation and it was shown to

eliminate waterborne microorganisms, small particles, and humic

acids (M. Jakobsen personal communication, July 2022). A

promising use of UF membrane technology in aquaculture is a

stand-alone unit to treat production facilities intake water by

removing waterborne viruses and bacteria. Despite the high

biosecurity features in aquaculture facilities (Mota et al., 2022),

pathogen outbreaks occurred account for several mass mortality

events (Murray et al., 2014; Wiik-Nielsen et al., 2017). UF filters

pore sizes range from 20 to 100 nm and are composed of non-

cellulosic synthetics (such as polyvinylidene fluoride,

polyacrylonitrile, or polyethersulfone) that are resistant to heat

and chemical attacks, possess a low protein-binding characteristic,

and are reusable (Winona et al., 2001; Olszewski et al., 2005).

A recent review on membrane filtration usage to remove bacteria

and virus from water showed the promising use of this technology

for water purification (Goswami and Pugazhenthi, 2020).

A particular UF membrane technology, a capillary fiber

membrane made of polyethersulfone, was reported to be able to

process large water volumes with extreme durability both in a

drinking water treatment plant (Ming Chew et al., 2015) and in a

textile wastewater treatment plant (Sahinkaya et al., 2019). The few

applications of UF membrane technology in aquaculture are

combined with ultraviolet (UV) irradiation. A stand-alone

application of UF membrane technology can also be relevant for

aquaculture operations. However, before an application of this

disinfection barrier in aquaculture is suitable, it is necessary to

evaluate its removal efficiency of relevant fish viruses and bacteria

in aquaculture water quality.

In this study we evaluated the performance of a capillary

polyethersulfone UF membrane to remove two benchmark

waterborne salmonids pathogens: i) the infectious pancreatic

necrosis virus (IPNV), which is an unenveloped icosahedral

virus, and ii) the bacterium Aeromonas salmonicida, which is a

Gram-negative, facultative anaerobic bacilli. Moreover, the

removal efficiency was evaluated at low (4 - 7°C) and high (16

- 19°C) water temperatures for salmonids.
Frontiers in Marine Science 02
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Material and methods

Experimental design

Two pathogens (IPNV and A. salmonicida) at two water

temperatures (low: 4 - 7 °C and high: 16 - 19 °C) were used to

test the removal performance of an UFmembrane. Each condition

was replicated three times in a total of 12 tests. Each test consisted

in spiking sterile seawater (10 L) with a laboratory grown

pathogen (virus or bacteria) and pumping the water through an

UF membrane bench-scale unit. Water samples were collected

from the seawater pathogen solution and from the membrane

permeate to assess the presence and quantity of pathogens.
Water matrices and chemical analysis

The water used in this study was collected from surface

seawater (0 – 1 m depth) at Håjafjorden 69°80'42.8áN 19°

01'58.8áE (Tromsø, Norway) during May and June 2022. After

collection, the water was sterilised using a high-pressure steam

steriliser (SX-700E, TOMY Digital Biology, Japan) and stored

refrigerated until testing; at 4°C for low temperature test and 16°

C for high temperature test. The sterilised seawater was analysed

for the presence of IPNV and A. salmonicida, and it was negative

for both microorganisms. Further, the water was characterised

for salinity and pH (Tetra con 925 and Sentix 940 sensors, Multi

3630 IDS, WTW, Germany), turbidity (ORION AQ4500,

Thermo Scientific®, Thermo Fisher Scientific, USA), and ultra-

violet transmittance (UVT %), an indirect measure of turbidity

(Table 1). The water absorbance at l=254 nm (uniSPEC 2

Spectrophotometer, Lab logistics group, Germany) was

measured and the UVT was calculated as follows:

Equation 1 :   UVT   = 10−a � 100

where:

UVT = ultraviolet transmittance (%)

a = absorbance at 254 nm wavelength
Ultrafiltration membrane bench-scale
unit

The UF membrane was installed as a bench-scale unit (FiiZK

Aqua, Trondheim, Norway) and the experimental trials were

carried out in two refrigerated rooms at Nofima research facilities

(Tromsø, Norway). The UF membrane bench-scale unit is

illustrated in Figure 1A. Briefly, it consisted of a cylindrical tank

number 1 to add the pathogen solution, a magnet gear pump

(MDG-M4S6B220, Iwaki CO, Japan), a water flow meter, a

temperature sensor, a water pressure sensor, a UF membrane
frontiersin.org
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(Figure 1B), and a cylindrical tank number. 2 to collect the

membrane permeate. The capillary membrane consisted of 63

fibres, each fibre had 7 capillaries with an inner diameter of

0.9 mm (dizzer® modules with Multibore® 0.9 membrane, inge

GmbH, Germany) and was 50 cm in length measuring a total area

of 0.5 m2. The membrane material was polyethersulfone and the

pore size was appr. 20 nm. The membrane was operated as inside-

out filtration, i.e., pressured water and particles were forced into the

membrane fibres capillaries where water and particles smaller than

20 nm escape forming the membrane permeate which flowed to a

cylindrical tank number 2. Standard commercial operation settings

were used in the tests (Table 1), such as pressure< 1 bar and flux

~50 L/h/m2.
Disinfection of bench-scale unit

The bench-scale unit was disinfected between each test using

a sodium hypochlorite solution. The disinfection protocol
Frontiers in Marine Science 03
132
consisted in filtering 10 L of ultrapure water (18.2 MW/cm,

PURELAB Chorus, ELGA Lab water, Veolia, USA) mixed with a

sodium hypochlorite solution of 5% active chlorine (Thermo

scientific, Belgium) at a concentration 5 ml/L (v/v), followed by

rinsing the unit with 10 L of ultrapure water to remove any

traces of the disinfection solution. The disinfection efficiency was

assessed twice, one for IPNV and one for A. salmonicida, by

collecting water samples for microorganism detection analysis

and was negative both times. At the end of each test, the

membrane permeate was treated with the above sodium

hypochlorite solution at a concentration 20 ml/L (v/v) for 48h

- 72h before the water was disposed into the domestic

wastewater system.
Virus and bacterium preparation

IPN virus was isolated from the pylorus of an infected

Atlantic salmon (Salmo salar) and preserved in a minimum
TABLE 1 Water quality and operation conditions during ultrafiltration membrane test.

Parameters1 A. salmonicida IPNV

Water quality

Salinity (ppt) 34.0 ± 0.5 33.2 ± 2.0

pH 8.3 ± 0.0 8.7 ± 0.1

Turbidity (ntu) 2.1 ± 0.3 0.4 ± 0.1

UVT (%) 45 ± 5 95 ± 1

Operation conditions

Pressure (bar) 0.36 ± 0.07 0.40 ± 0.10

Water flow (L/min.) 0.43 ± 0.02 0.41 ± 0.04

Contact time (min.) 24 ± 1 26 ± 3

Membrane flux (L/m2/h) 51.5 ± 2.2 49.6 ± 5.2
fron
1Values measured before ultrafiltration membrane and shown as mean ± standard deviation.
A B

FIGURE 1

Sketch of the ultrafiltration membrane bench-scale unit (A) and picture of the membrane tested (B).
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essential media (MEM; Ref. 21090-022, Gibco, USA) with 2%

fetal bovine serum (FBS, product number F7524, Sigma Aldrich)

at -80 °C. The virus titration was estimated 1 x 104.1 TCID50/ml

and 1 x 107.8 TCID50/ml. At the day of each trial IPNV serum

was defrosted and 18.4 ml of virus stock solution was added to

the 10 L refrigerated sterile seawater.

Aeromonas salmonicida subsp. salmonicida bacteria was

isolated from the headkidney of Atlantic salmon and preserved

in a glycerol and liquid heart infusion (BHI) solution at -80 °C.

Prior to each test, bacteria isolates were defrosted and grown on

blood agar standard Petri plates with 2% NaCl for 5 days. After,

1 colony forming unit (CFU) was transferred to 20 ml of BHI

broth 4 days prior to testing for further bacteria growth. Two

days before testing, 20 ml BHI culture was transferred to 400 ml

of BHI liquid culture. This bacteria stock solution was 105

CFU/ml and 100 ml was added to the 10 L refrigerated

sterile seawater.
Water sampling and filtration

IPNV water samples from both unit tanks were collected in

triplicate (100 -200 ml) per test and filtered under vacuum

through an electropositive charge filter disc (Zeta Plus 1MDS,

Lenntech, The Netherlands) using a filtration pump (Milliflex

Oasis, Millipore, Molsheim, France). The filter was stored in 100

μl nuclease-free water (Life technologies, USA) at -80 after

filtration. For virus RNA extraction the whole filter was placed

in a lysis buffer (RNAdvance Tissue kit, A32646, Beckman

Coulter) and incubated for 30 min. at 37 °C. Thereafter, the

solution (300 uL) was transferred to tubes for further extraction

in a BiomekI5 automated workstation (Beckman Coulter).

Extracted RNA (9 uL) was used to make cDNA, using High-

Capacity RNA-to-cDNA™ Kit (4387406, Applied Biosystems).

A. salmonicida water samples from both tanks were collected

in triplicate (100 ml) per test and filtered under vacuum through

a cellulose ester MCE 0.45 μm sterilised filter (Millipore,

Molsheim, France) using a filtration pump (Milliflex Oasis,

Millipore, Molsheim, France). Filters were transferred to 2 ml

tubes containing 200 μl of MilliQ water and heated for 10 min at

95°C to disrupt the bacteria cells. Bacteria lysate was used as a

template in the real time quantitative polymerase chain reaction

(RT-qPCR) assay.
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Real-time quantitative polymerase chain
reaction assay

QuantStudio™ Real-Time PCR System (Applied Biosystems,

United States) was used to perform RT-qPCR. The RT-qPCR assays

were performed in a final volume of 20 μl reaction mixture

containing 2 μL of DNA template, 5.6 μL of nuclease-free water,

10 μl of 2X PowerUp™ SYBR® Green Master Mix (Thermo Fisher

Scientific, USA) and 1.2 μl of primer. (Table 2). All samples were

run in duplicate. The thermocycling parameters were as follows: 20

s of preincubation at 95°C, amplification with 40 cycles at 95°C for 1

s and 60°C for 20 s. A dissociation stage for 1 s followed at 95°C, 20 s

at 60°C, and 1 s at 95°C. A five-step standard curve of 2-fold

dilution series was prepared from pooled cDNA to determine the

amplification efficiencies.
Median tissue culture infectious dose
(TCID50) assay

Prior to virus quantification, chinook salmon embryo cells

(CHSE-214, LOT 00/F/031, ECACC, England) were grown in

culture flasks with 9 mL of MEM and 8% FBS for one week at 20°

C with 5% CO2. Two days prior to virus quantification CHSE

culture was moved to the 96-well microtiter plates (200 mL/well).
To quantify the virus, samples were added in 200 μl volumes

to six wells per dilution (10-fold serial dilution, 2% FBS and

MEM) of 96-well microtiter plates containing CHSE. The plates

were incubated at 20°C with 5% CO2 for 7 days. After the

incubation period, the 96-well microtiter plates were examined

for infection by visible cytopathic effect (CPE) using an inverted

phase contrast microscope (TMS-F, Nikon, Japan). TCID50 was

calculated according to the method of Kärber (1931).
Bacteria plating and counting of colony-
forming units

A. salmonicida water samples from both tanks were collected

in duplicate (100 ml) per test and filtered under vacuum through

a cellulose ester MCE filter as described above. Filters were

immediately placed in blood agar 2% NaCl standard Petri plates

and incubated at 12°C for 3-5 days. After the incubation period,

bacteria colonies were counted, and the results calculated as
TABLE 2 List of primers used for the detection of the reference genes by RT-qPCR.

Gene Orientation Primer sequence (5’-3’) Amplicon size (bp) Reference

AerSal Forward
Reverse

CGG AAC GTA ATC TGA ATT GTT CTT TTC
ATT GCT TAT CGA GGC AGC CAA C

112 (Hiney et al., 1992; Balcazar et al., 2007)

IPNV specific Forward
Reverse

CCT GAC CTA CAA CAG CCT GAT GT
TCG AAC CCT GTT GGT AGA TTC A

114 (Julin et al., 2009)
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colony forming units per ml of sample (CFU/mL). Only plates

with CFU between 25 and 250 were considered.
Results and discussion

Two benchmark waterborne salmonid pathogens were selected

to represent a typical pathogen in these fish species’ aquaculture

operations. The infectious pancreatic necrosis virus (IPNV), which

is an unenveloped icosahedral virus with an average size of around

55 – 70 nm is responsible for abnormal erratic corkscrew swimming

and anorexia in fish (Dobos, 1995; Dopazo, 2020). The A.

salmonicida is a Gram-negative bacterium with an average size

500 – 2000 nm, and is the causative agent of furunculosis, a bacterial

septicaemia of salmonid fish (Pickup et al., 1996; Dallaire-Dufresne

et al., 2014). The removal efficiency of water microorganisms was

previously shown to be membrane and water quality specific

(Goswami and Pugazhenthi, 2020). Microfiltration and

ultrafiltration are the main membrane sizes used for water

disinfection and their pore size range from 10 – 5000 nm

(Jacangelo et al., 1997). For example, a suspension of poliovirus,

one of the smallest known viruses that ranges between 28 - 30 nm,

was found to pass through a microfiltration membrane but to be

retained in a UF membrane (Madaeni et al., 1995). The UF

membrane used in the current study has an approximate pore

size of 20 nm (according to the manufacturer). The removal

efficiency of IPNV and A. salmonicida by the UF membrane used

in this study was 100%, i.e., the membrane permeate was found to

be virus and bacteria free in all the replicated tests. Through

consideration of the sizes of the target organisms and the

membrane pore size, it was apparent that removal of these

organisms was due to the membrane acting as a physical barrier

that retained the microorganisms’ particles.
Frontiers in Marine Science 05
134
UF membrane pore size was previously reported to be

influenced by temperature (8.9 - 28.5 °C), where the pore size

reduces at lower temperatures (Ma et al., 2017). In the current

study, the UF performance was evaluated at a low (4 - 7°C) and high

(16 - 19°C) temperature ranges for salmonid aquaculture, and both

resulted in a 100% virus and bacteria removal. However, the

pressure (bar) before the membrane was 11% higher at low

temperature when compared to higher temperature, which may

be a result on the effect of temperature on pore size as described by

Ma et al. (2017).

Bacteria and virus removal were evaluated according to two

different methods: TCDI50/CFU platting and RT-qPCR. Table 3

shows RT-qPCR threshold cycle (Ct) values, estimated titres as

TCID50/ml and colony forming units as CFU/ml for both pathogen

solution and membrane permeate. Virus titres and bacteria plating

returned similar results as RT-qPCR. However, further membrane

validation in commercial conditions should consider RT-qPCR

method, as it generates faster results, and the primers can be

designed specifically for the microorganism of interest.
Conclusion

The filtration of IPNV and A. salmonicida suspensions using

a 20 nm capillary polyethersulfone membrane completely

removed the microorganism. Water temperature did not affect

membrane removal efficiency in the tested range (4 - 19 °C),

though lower temperatures resulted in higher membrane water

pressure. Moreover, both classical microorganism detection

techniques, i.e., virus titres and bacteria plating, and the

advanced detection technique RT-qPCR returned the same

findings. Further studies should validate this UF membrane

technology in commercial aquaculture conditions.
TABLE 3 Water temperature, RT-qPCR cycle threshold (Ct) values, estimated virus titres (TCID50/ml) and bacteria colony forming units (CFU/ml).

Test Temperature
(°C)

RT-qPCR (Ct) Virus titres (TCID50/ml) Bacteria counting (CFU/
ml)

Pathogen
Solution

Membrane
permeate

Pathogen
Solution

Membrane
permeate

Pathogen
solution

Membrane
permeate

A. salmonicida

Low
temperature

6.5 ± 1.7 24.3 ± 0.8 N* - - 2.5 x 103 ±
7.1 x 102

N

High
temperature

18.7 ± 2.1 26.7 ± 0.9 N - - ≤ 1 x 104# N

IPNV

Low
temperature

3.8 ± 0.2 24.7 ± 0.8 N 1 x 103.7 ± 1 x 101.4 N – -

High
temperature

16.4 ± 0.4 31.5 ± 0.4 N 1 x 104.8 ± 1 x 100.5 N - -
frontiersin.or
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Laboratory for Marine Science and Technology, Qingdao, China
The objective of this study was to investigate the effects of different rhythmic light

spectra and intensities on growth performance and physiological and biochemical

parameters of juvenile steelhead trout (Oncorhynchus mykiss). Seven treatments

were randomly assigned to 21 tanks using a single-flow system for 13 weeks (N =

3), namely blue–purple–red light (BPR), red–purple–blue light (RPB), blue light

(VB), and red light (VR). These light treatments alternated at 300, 900, and 1,200 lx,

as well as a constant 900 lx of blue light (CB), red light (CR), and white light (CW).

Results showed that the highest feed intake (FI), final body weight (FBW), and

specific growth rate (SGR) were observed in the BPR treatment, which were

significantly higher than those in the CW, CR, CB, and VB treatments. BPR

treatment resulted in higher levels of insulin-like growth factor 1 (IGF-1), free

triiodothyronine (FT3) and thyroxine (FT4), superoxide dismutase (SOD), and

catalase (CAT), and total antioxidant capacity (T-AOC) activities were found. Fish

exposed to BPR showed significantly enhanced lipase (LPS) and trypsin (Trp)

activity in the stomach and gut tissues which promoted digestion. Trout exposed

to a constant light spectra and intensity environment showed decreased activities

of antioxidant and gastrointestinal digestive enzymes. Our results indicate the

positive influence of BPR light conditions on the growth, stress response,

digestion, and metabolism of juvenile steelhead trout, which is likely related to

its similarity to the light rhythm in natural water environments, and can be used to

improve growth and physiological status in the aquaculture trout.
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daily rhythmic light spectra, light intensity, growth, physiological status, steelhead trout
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1 Introduction

Light including light spectra, intensity, and photoperiod, is one of

the most important factors in aquaculture, as it affects endocrine organs,

especially the hypothalamus and hypophysis, through visual and central

nervous systems. It ultimately affects feeding, growth, development,

physiological status, and behavior (Handeland et al., 2013; Gao et al.,

2021; Zou et al., 2022). Fish have a specific preference for certain light

conditions because of evolutionary adaptation to the changing light

environment. Light spectra and intensity may have different effects on

growth performance among fish species and across development stages

with positive or negative influences (Wei et al., 2019; Honryo et al., 2020;

Wang et al., 2020; Mandario et al., 2021; Zou et al., 2022).

Light spectra and intensity play fundamental roles in the feeding

and growth of fish. Different species exhibit specific preferences for

certain light environments (Villamizar et al., 2009; Handeland et al.,

2013; Wei et al., 2019; Wang et al., 2020; Khanjani and Sharifinia, 2021;

Wu et al., 2021; Zou et al., 2022). Self-feeding of rainbow trout

(Oncorhynchus mykiss) can be affected by light intensity (Mizusawa

et al., 2007). Increased light intensity improves feeding efficiency in

juvenile Atlantic salmon (Salmo salar) (Fraser and Metcalfe, 1997).

Under high light intensity conditions, the specific growth rate (SGR)

and feed conversion ratio (FCR) of rainbow trout are higher than those

under low light intensities (Taylor et al., 2006). Low intensity red light is

beneficial for promoting growth of rainbow trout, whereas blue light

induces stress and other negative effects on growth (Karakatsouli et al.,

2007; Karakatsouli et al., 2008). Chen et al. (2022b) found that blue and

red light combinations instead of constant light spectra enhanced

growth of steelhead trout (Oncorhynchus mykiss). However, to date,

many studies have focused on the constant light spectra and intensity

conditions of trout growth. Meanwhile, the influence of daily rhythmic

light spectra and intensity changes has been limited.

The impacts of light spectra and intensity on fish growth involves

endocrine hormones, circulating biochemical processes, antioxidant

defenses, and digestion. The pineal gland interprets light signals and

rhythmically synthesizes melatonin (MT) to maintain the body’s

biological clock (Iigo et al., 2007). MT secretion is affected by light

spectra, and simultaneous blue and green light exposure has shown a

more pronounced inhibitory effect than red light in Atlantic salmon

(Handeland et al., 2013). Growth hormone (GH), insulin-like growth

factor 1 (IGF-1), and cortisol levels in olive flounder (Paralichthys

olivaceus) were higher under green light than those under white light

(Zou et al., 2022). Plasma free thyroxine (FT4) levels in Atlantic

salmon significantly increased under high-intensity light (1000 lx)

compared to those under low-intensity light (1 lx). Meanwhile, low-

intensity light also led to abnormal development (Handeland et al.,

2013). Various oxidative stress responses under different light

spectrum and intensity have been highlighted in multiple fish

species (Gao et al., 2016; Khanjani and Sharifinia, 2021; Wu et al.,

2021; Chen et al., 2022b). Guller et al. (2020) found that blue light

could enhance the antioxidant capacity and immune performance of

rainbow trout. Digestive enzymes are crucial for nutrient absorption

and synthesis, and are also significantly influenced by light spectra

and intensity in steelhead trout (Chen et al., 2022a) and Nile tilapia

(Oreochromis niloticus) (Khanjani and Sharifinia, 2021).

Light can be absorbed by water, and long-wavelength light spectra

have a greater influence. As the height of the sun, namely the light
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incidence angle, changes regularly during the daytime, light spectra

and intensity at a certain water depth simultaneously change

rhythmically. Aquatic animals have evolved to adapt to these

predictable changes and form rhythmic patterns of physiological

and behavioral functions (Villamizar et al., 2011). In this study, we

evaluated the growth, endocrine hormone levels, plasma biochemical

parameters, antioxidant defense, and digestion of juvenile steelhead

trout in response to different daily rhythmic light spectra and

intensities. Our results provide more detailed insights into the

influence of multi-level light conditions on fish growth and present

novel evidence of optimal light conditions for trout aquaculture.
2 Materials and methods

2.1 Animal preparation

Steelhead trout eye eggs were purchased from Troutlodge Inc.

(Washington, USA). Before the experiment commenced, the juvenile

trout were acclimatized to fresh water for two weeks, when the fish

were fed to apparent satiation twice a day at 08:00 and 16:00 with a

commercial trout feed and maintained on a 24 h oxygen supply and

12 L:12D photoperiod.
2.2 Experimental design

Twenty-one fiberglass tanks (220 L volume, 0.60 m height ×

0.84 m diameter) coated with white paint on the inner surface and

blue paint on the outer surface were used during the experiment. Each

tank was covered with shade cloth to avoid ambient light

contamination. Customized LED lighting systems with the

following spectra and intensities were used for seven treatments:

red (l = 660–670 nm, 0–100 W), blue (l = 455–465 nm, 0–100 W),

purple (l = 400–435 nm, 0–100 W), and white (full spectrum, 0–100

W) (Wuxi Huazhaohong Optoelectronic Technology Co., Ltd., Wuxi,

China). Light spectra and intensity were determined using a lighting

analyzer (PLA-300; Everfine Inc., Hangzhou, China) and were

adjusted every two days. The light intensity for different

experimental requirements was determined by adjusting the power

of the LED lamps and their height from the water surface. Each

treatment had three replicates with 12 fish per tank.

The lighting conditions for the seven treatments were as follows:

constant white (900 Lux, CW), constant red (900 Lux, CR), constant

blue (900 Lux, CB), the same daily rhythmic change (600 + 900 +

1200 + 900 + 600 Lux) of red (VR) and blue (VB), daily rhythmic

changes of red, purple, and blue (600 Lux red + 900 Lux purple + 1200

Lux blue + 900 Lux purple + 600 Lux red, RPB), and daily rhythmic

changes in blue, purple, and red (600 Lux blue + 900 Lux purple +

1200 Lux red + 900 Lux purple + 600 Lux blue, BPR) (Figure 1). The

tested light intensity in the present study are in order to confer to the

reported light intensity from rainbow trout and Atlantic salmon

(Mizusawa et al., 2007; Handeland et al., 2013), and our previous

study on steelhead trout (unpublished data). The photoperiod for all

treatments was set at 15 L: 9 D between 4:30 and 19:30. The light

duration for rhythmic change groups was divided into five periods,

each of which lasted three hours.
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At the beginning and end of the experiment, the trout were

starved for 24 h to ensure complete emptying of the digestive tract.

Prior to commencing the experiment, the fish were anesthetized in a

30 mg/L tricaine methanesulfonate (MS-222; Sigma-Aldrich, USA)

solution, after which they were gently dried and weighed. During the

experiment, all the fish (initial weight, 30.01 ± 2.95 g) were fed twice

daily (at 08:00 and 16:00) with commercial trout feed. Uneaten

surplus feed was collected after feeding for 30 min. The feed intake

was calculated by measuring the feed moisture content and correcting

the actual daily intake. Water exchange capacity during the

experiment was maintained at 70 L/h using a flowing water system.

Water temperature, dissolved oxygen level, and pH were measured

three times per day using a YSI professional water quality tester (YSI

Inc., Ohio, USA). Water samples were collected every three days to

determine phosphate, total ammonia nitrogen, nitrite, and nitrate

nitrogen using an automatic chemical analyzer (Cleverchem 380

cadmium, DeChem-Tech, Germany). During the 13-week

experimental period, constant water temperature, dissolved oxygen,

and pH were obtained at 16 ± 0.2°C, > 6.5 mg/L, and 7.2 ± 0.2,

respectively. Phosphate, total ammonia nitrogen, nitrite, and nitrate

nitrogen were maintained at 0.065 ± 0.003 mg/L, 0.127 ± 0.003 mg/L,

0.09 ± 0.05 mg/L, and 3.43 ± 1.9 mg/L, respectively.

At the end of the experiment, 15 fish from each treatment with five

fish per treatment, were randomly selected and immediately anesthetized

using 100 mg/L MS-222 and were then placed in an ice tray. Liver,

midgut, and stomach tissues were collected using sterilized scissors and

forceps, placed in polyethylene tubes (5 mL; Beijing Labgic Technology

Co., Ltd., Beijing, China), and immediately snap-frozen in liquid nitrogen.

Blood samples were collected from the tail vein using a 2.5-mL syringe

and stored in 1.5-mL polyethylene tubes, centrifuged at 875 rpm and 4°C

for 10 min. The serum was separated from the red blood cells, transferred

into polyethylene tubes, and immediately placed in liquid nitrogen. All the

samples were stored at −80 °C until further analysis.
2.3 Growth parameters

To calculate and compare feeding and growth, fish biometry,

including total number and weight, was measured at the beginning
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and end of the culture period. The number of fish at the beginning

of the experiment and the number of fish remaining at the end of

the experiment were recorded respectively to calculate the survival

rate. Feeding, growth parameters, and nutrition indices included

initial body weight (IBW), final body weight (FBW), specific

growth rate (SGR), feed intake (FI), feed conversion ratio (FCR),

and survival rate (SR). The SGR, FCR, and SR are calculated as

follows:

Specific growth rate  SGRð Þ  % =dayð Þ 
= ½100 �   ln FBW  –  ln IBWð Þ�=t  daysð Þ

Feed conversion ratio  FCRð Þ  = FI= FBW   –  IBWð Þ

Survival rate  SRð Þ  % =dayð Þ  =  100� Ft=F0

Where t is the number of experimental days, Ft is the number of

fish at the end of the experiment, and F0 is the number of fish at the

beginning of the experiment.
2.4 Serum hormones and biochemical
analyses

Melatonin (MT), growth hormone (GH), insulin-like growth

factor 1 (IGF-1), free triiodothyronine (FT3), and free thyroxine

(FT4) levels in serum were determined using enzyme-linked

immunosorbent assay kits (Nanjing Jiancheng Bioengineering

Institute, Nanjing, China). Serum triglyceride (TG), total cholesterol

(TC), and glucose (GLU) levels were measured using a Cobas C-311

automatic biochemical analyzer (Roche, Basel, Switzerland).

Activities of alanine transferase (ALT), alkaline phosphatase (ALP),

and lactate dehydrogenase (LDH) were analyzed using kits (Roche,

Inc., Basel, Switzerland).
2.5 Antioxidant capacity analyses

Superoxide dismutase (SOD), catalase (CAT), total antioxidant

capacity (T-AOC) activity, and malondialdehyde (MDA) levels were

analyzed using kits (Nanjing Jiancheng Bioengineering Institute,

Nanjing, China).
2.6 Digestive enzyme activity analyses

Amylase (AMS), lipase (LPS), pepsin (Pep) and trypsin (Trp)

were analyzed using assay kits (Nanjing Jiancheng Bioengineering

Institute, Nanjing, China)
2.7 Statistical analysis

All parameters are expressed as mean ± standard deviation. SAS

version 9.4 (SAS Institute Inc., Cary, North Carolina, USA) was used

for the statistical analysis. Differences among treatments were

analyzed using one-way analysis of variance (ANOVA), followed by
FIGURE 1

The lighting conditions for the seven treatments.
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Tukey’s multiple comparison tests. The significance level was set at P

= 0.05.
3 Results

3.1 Growth parameters

The growth parameters for juvenile steelhead trout are presented

in Table 1. Different daily rhythmic light spectra and intensity

changes significantly affected trout growth (P< 0.05). The FBW and

SGR in the BPR group were the highest and were significantly higher

than those in the CW, CB, CR, and VB groups (P< 0.05). The highest

FI levels were observed in the BPR and RPB groups. The FI in the

CW, CR, CB and VB groups were significantly lower than those in the

BPR and RPB groups (P< 0.05). There were no significant differences

in FCR and SR among the groups (P > 0.05).
3.2 Serum hormones levels

The serum hormone levels in juvenile steelhead trout are

presented in Figure 2. There was no significant difference in GH

levels between groups (P > 0.05). However, IGF-1 levels were

significantly higher in the BPR group than those in the other

groups (P< 0.05). No significant difference was observed in MT

levels among the groups (P > 0.05). FT3 levels were significantly

higher in the BPR group than those in the other groups, and FT4

levels were significantly higher in the BPR group than those in the

CW, VR, VB, and RPB groups (P< 0.05).
3.3 Serum biochemical parameters

Serum levels of TG, TC, and GLU and activities of ALT, ALP, and

LDH are presented in Table 2. There were no statistically significant

differences in serum TG, TC, and GLU levels (P > 0.05). ALT activity

was significantly higher in the CW group than those in the CB, VR,

RPB and BPR groups (P< 0.05). ALT activity was significantly lower

in the VR and BPR groups than those in the CW, CR and VB groups

(P< 0.05). ALP activity was significantly higher in the CW group than
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those in the CR, CB, VR, and VB groups (P< 0.05). Statistically higher

LDH activity was observed in the CW group than those in the other

groups (P< 0.05). The lowest LDH activity were observed in the BPR

and RPB groups.
3.4 Antioxidant capacity

Antioxidant capacity was significantly affected by the daily

rhythmic light spectra and intensity changes (Figure 3). CAT and

T-AOC activities in the RPB and BPR groups were significantly

higher than those in the other groups (P< 0.05). SOD activity in the

BPR group was significantly higher than those in the CW, CR, CB,

VR, and VB groups (P< 0.05), but not significantly higher than those

in the RPB group (P > 0.05). The lowest SOD activity was observed in

the CW and VR groups. T-AOC activity in the CW, CR and VR

groups was significantly lower than those in the CB, VB, BPR and

RPB groups (P< 0.05). MDA levels in the CR and VR groups were

significantly higher than those in the CB, VB, RPB, and BPR groups

(P< 0.05).
3.5 Digestive enzyme activity

Activities of AMS, LPS, Pep, and Trp in the midgut and stomach

are shown in Figure 4. Midgut and gastric LPS activities were

significantly higher in the BPR group than those in the other

groups (P< 0.05). Statistically higher midgut Trp activity was

observed in the BPR group than those in the other groups (P<

0.05). Trp activity in the CW and VB groups was significantly

lower than those in the other groups (P< 0.05). No statistical

differences were detected in AMS and gastric Pep among the

groups (P > 0.05).
4 Discussion

In the natural aquatic environment, because of the strong

absorption capacity of water for long-wavelength light and the

regular height changes of the sun (light incidence angle) during the

day, the light intensity and spectra change rhythmically at a certain
TABLE 1 The growth parameters of steelhead trout reared under different light conditions.

Parameters CW CR CB VR VB RPB BPR P value

Initial body weight (g) 30.05 ± 2.59 30.02 ± 2.04 30.01 ± 2.47 30.01 ± 2.68 30.02 ± 2.58 29.95 ± 2.66 30.01 ± 2.60 0.6220

Final body weight (g) 118.59 ±
14.25b

125.35 ±
18.04b

125.56 ±
17.82b

134.77 ±
18.02ab

125.80 ±
17.31b

134.87 ±
19.96ab

150.31 ±
19.80a

0.0014

Specific growth rate(%
day−1)

1.54 ± 0.01b 1.56 ± 0.01b 1.56 ± 0.03b 1.58 ± 0.01ab 1.56 ± 0.01b 1.58 ± 0.01ab 1.62 ± 0.01a 0.0044

Feed intake (g) 109.93 ± 1.79d 118.18 ± 2.45cd 115.94 ± 9.44cd 128.14 ± 5.52bc 118.60 ± 1.86cd 136.02 ± 5.86ab 142.49 ± 5.31a 0.0002

Feed conversion ratio 1.24 ± 0.01 1.24 ± 0.07 1.22 ± 0.11 1.22 ± 0.01 1.24 ± 0.07 1.30 ± 0.04 1.18 ± 0.02 0.6883

Survival rate (%) 100.00 ± 0.00 97.22 ± 3.93 97.22 ± 3.93 97.22 ± 3.93 97.22 ± 3.93 97.22 ± 3.93 100.00 ± 0.00 0.9081
fron
Values (mean ± standard deviation) are the means of three replicates. Values on the same line with different superscript letters are significantly different (P< 0.05) based on one-way analysis of variance
(ANOVA) with Tukey’s test.
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water depth (Sanchez-Vazquez et al., 2019; Ruchin, 2021). Teleost fish

can experience reduced stress and maintain homeostasis because of

evolutionary adaptation to their specific living light environment.

This is conducive to growth, development, and reproduction (Kusmic

and Gualtieri, 2000; Cheng and Flamarique, 2007; Villamizar et al.,

2011; Grossman, 2014; Eilertsen et al., 2018). Different light

conditions can affect fish feeding (Kraaij et al., 1998; Cobcroft et al.,

2001; Kestemont and Baras, 2001; Marchand et al., 2002;

Puvanendran and Brown, 2002). Feed intake by rainbow trout is

positively correlated with light intensity within a tolerable range

(Mizusawa et al., 2007). Karakatsouli et al. (2008) and Karakatsouli

et al. (2007) showed that growth performance of rainbow trout

exposed to a low intensity of red light was enhanced compared to

blue light, and blue light induced an increased stress response.

In the present study, rhythmic rather than constant light intensity

and spectra in the BPR group were more conducive to growth,

feeding, and metabolism of juvenile steelhead trout (Table 1). Our

results are consistent with those of Chen et al. (2022b). Chen et al.

(2022b) reported that blue and red light combinations improved

feeding conversion efficiency and enhanced growth of steelhead trout.
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Our data showed that the light variation pattern of the BPR group was

closer to that of natural water than the constant light spectra and

constant/rhythmic light intensity. Low light intensity in the morning

and evening was akin to a small light incidence angle, long irradiation

distance, and high proportion of short-wavelength light. Meanwhile,

high light intensity and a large proportion of long-wavelength light

were in line with the natural light conditions at noon. LED lights have

been widely used in aquaculture as a controllable artificial light source

(Song et al., 2018). Our results suggest that an LED lighting system

closely simulating the light conditions of the natural habitat of

steelhead trout, such as the daily rhythmic change in BPR lighting,

can improve fish growth.

The pineal gland and retina of teleost fish are photoreceptors and

the photosensitive rod photoreceptor and cone cells help them to

identify specific wavelengths (Kraaij et al., 1998). Mediated by the

hypothalamus-pituitary-growth hormone (HPGH) pathway, GH and

IGF-1 have a significant influence on the growth of fish directly or

indirectly (Bjornsson, 1997; Mommsen, 2001; Perez-Sanchez et al.,

2002; Zou et al., 2022). However, fish metabolism and the external

environment affect the levels of GH and IGF-1 (Bertucci et al., 2019;
TABLE 2 The serum biochemical parameters of steelhead trout reared under different light conditions.

Parameters CW CR CB VR VB RPB BPR P value

TG (mmol/L) 2.20 ± 0.39 1.91 ± 0.16 2.03 ± 0.31 1.97 ± 0.32 1.99 ± 0.36 2.09 ± 0.28 2.21 ± 0.37 0.0991

TC (mmol/L) 5.23 ± 0.59 5.03 ± 0.58 5.05 ± 0.55 4.90 ± 0.82 5.11 ± 0.69 5.29 ± 0.87 5.70 ± 0.79 0.0876

GLU (mmol/L) 0.86 ± 0.20 0.80 ± 0.18 0.77 ± 0.18 0.97 ± 0.17 0.86 ± 0.22 0.92 ± 0.22 0.86 ± 0.21 0.1429

ALT (U/L) 10.09 ± 1.22a 9.55 ± 1.67ab 8.54 ± 1.39bc 7.87 ± 1.38c 9.81 ± 1.39ab 8.76 ± 0.86bc 7.83 ± 1.23c <0.0001

ALP (U/L) 89.20 ± 15.86a 70.40 ± 14.63b 67.00 ± 11.55b 73.13 ± 10.50b 74.47 ± 14.52b 79.53 ± 12.49ab 79.27 ± 11.09ab 0.0006

LDH (U/L) 725.00 ± 72.25a 468.87 ± 54.74cd 513.60 ± 64.02c 473.13 ± 58.61cd 569.40 ± 77.02b 423.20 ± 66.18d 438.07 ± 56.86d <0.0001
fron
Values (mean ± standard deviation) are the means of three replicates. Values on the same line with different superscript letters are significantly different (P< 0.05) based on one-way analysis of variance
(ANOVA) with Tukey’s test.
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FIGURE 2

Serum hormones levels of GH (A), IGF-1 (B), MT (C), FT3 (D) and FT4 (E) in juvenile steelhead trout reared under different light conditions. Different
capital letters denote significant differences among the steelhead trout treatments. Results are expressed as mean ± standard deviation (n=15).
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Triantaphyllopoulos et al., 2020). Some studies have shown that IGF-

1 content is positively correlated with fish growth (Wang et al., 2020;

Perello-Amoros et al., 2021; Chen et al., 2022b). Our findings show

that daily rhythmic light spectra and intensity changes in the BPR

group significantly increased IGF-1 concentrations through indirect

stimulation of the visual system, which promoted the growth of
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steelhead trout (Figure 2). Our data showed that the serum GH

content of steelhead trout was much lower than that of IGF, with no

significant difference among the groups, which had no significant

effect on the growth. A signal molecule that acts as a receptor of the

external light environment, MT is predominantly involved in the

circadian rhythm and gonad development of fish. It can also regulate
B

C D

E F

A

FIGURE 4

Digestive enzymes activities of the midgut and stomach in juvenile steelhead trout reared under different light color conditions. (A) AMS activity in the stomach;
(B) AMS activity in the midgut; (C) LPS activity in the stomach; (D) LPS activity in the midgut; (E) Pep activity in the stomach; (F) Trp activity in the midgut.
Different capital letters denote significant differences among the steelhead trout treatments. Results are expressed as mean ± standard deviation (n=15).
B

C D

A

FIGURE 3

Antioxidant enzymes activities of the liver in juvenile steelhead trout reared under different light color conditions. (A) CAT activity; (B) SOD activity;
(C) T-AOC activity; (D) MDA level. Different capital letters denote significant differences among the steelhead trout treatments. Results are expressed as
mean ± standard deviation (n=15).
frontiersin.org

https://doi.org/10.3389/fmars.2023.1116719
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ma et al. 10.3389/fmars.2023.1116719
synthesis of related hormones (Bromage et al., 2001; Falcon et al.,

2007; Zou et al., 2022). Thyroid hormones (THs) play an important

role in regulating growth, development, reproduction, migration,

metabolism, and osmotic pressure of fish. They mainly exist in the

form of FT3 and FT4 in blood (Johnson and Lema, 2011; Peter, 2011;

Mullur et al., 2014; Abdalla and Bianco, 2014). In this study, there was

no significant difference in MT levels among groups. However, serum

FT3 and FT4 levels in steelhead trout were significantly higher in the

BPR group than in the other groups. Our results indicate that

rhythmic BPR lighting exerted a positive effect on growth-related

hormones in steelhead trout.

A uncomfortable light environment stimulates the visual system of

fish and results in a stress response. This can subsequently disrupt the

immune system and resulting in adverse outcomes (Song and Choi,

2019). Several biochemical parameters, including ALT, ALP, and LDH,

reflect oxidative stress levels. In this study, liver and myocardium

functions of juvenile steelhead trout were likely disrupted under

constant 900 lx white light. This resulted in high levels of circulating

ALT, ALP, and LDH, and consequently low growth rates. Our results

indicate that conventional light sources that use constant white light in

aquaculture are potentially harmful to trout.

The antioxidant defense system of fish can be disrupted by

external environmental changes and produces reactive oxygen

species (ROS).This can negatively impact fish health (Nyska and

Kohen, 2002; Nishida, 2011). The appropriate light intensity and

spectra can enhance the antioxidant enzymes activities of fish,

including SOD, CAT, and T-AOC, comprising the antioxidant

defense system and playing a crucial role in decreasing intracellular

ROS, and reducing cell damage (Shin et al., 2011; Gao et al., 2016;

Guller et al., 2020; Akhtar et al., 2022; Chen et al., 2022b). MDA can

cause cell membrane damage and function loss, resulting in negative

effects on other physiological functions. Therefore, it is used as an

important index reflecting the oxidative damage level (Martinez-

Alvarez et al., 2002). Long-wavelength red light emitted from LED

lights can cause oxidative stress in fish. Meanwhile, short-wavelength

light can effectively reduce oxidative stress and improve immunity.

Our findings have shown that there has been an apparent decrease in

the antioxidant capacity of juvenile steelhead trout exposed to red

light. The MDA level in the constant and daily rhythmic change of red

light groups was significantly higher than that in other groups, except

for constant white light. Our results are in line with those of Guller

et al. (2020), who reported that the activities of liver antioxidant

enzymes in rainbow trout were higher when exposed to blue light

than when exposed to red light. In this study, the CAT, SOD, and T-

AOC activities of juvenile steelhead trout in the BPR and RPB groups

exposed to daily rhythmic light spectra and intensity changes were

significantly higher than those in the other groups. In a recent study

on blue–red light combinations of juvenile steelhead trout, this

combination improved antioxidant capacity by increasing activities

of liver antioxidant enzymes, while constant red light increased MDA

levels This led to intense stress and decreased immunity (Chen et al.,

2022b). This phenomenon indicates that changes in light conditions

induce a response in the antioxidant defense system via the visual

system. This can contribute to preventing physiological damage to the

changing environment.
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Digestive enzyme activity is an important index for measuring

fish digestion and metabolism ability (Perez-Sirkin et al., 2020; Yu

et al., 2020a). This can be affected by feeding habits (Castro-Ruiz

et al., 2019; Yu et al., 2020b) and light environment (Khanjani and

Sharifinia, 2021; Chen et al., 2022a). In this study, activities of LPS

and Trp in the stomach and midgut of juvenile steelhead trout were

higher than those of AMS. This is consistent with the characteristics

of steelhead trout as carnivorous fish. Our data showed no

significant difference in FI between the BPR and RPB groups.

However, LPS and Trp activities in the BPR group were

significantly higher than those in the RPB group. FCR was also

higher in the BPR group, suggesting improved digestion ability.

Results of this study indicate that the positive influence of the BPR

light environment improves feeding, IGF-1 level, antioxidant

capacity, digestion and metabolism abilities of juvenile

steelhead trout, which promote its growth. This may be explained

by evolutionary adaptation of fish to their natural living

light environment.
5 Conclusion

In this study, compared with other constant or rhythmic light

treatments, the BPR light environment, which is akin to the light

rhythm in natural waters, was beneficial to the feeding, growth, stress

resistance, digestion, and metabolism of juvenile steelhead trout.

These findings are worth considering in aquaculture lighting

applications as an effective means of improving fish growth.
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Effects of temperature and
photoperiod on growth,
physiological, and behavioral
performance in steelhead trout
(Oncorhynchus mykiss) under
indoor aquaculture condition

Zhen Ma1,2, Jia Zhang1,2, Xu Zhang1,3, Haixia Li1,2,
Ying Liu1,2 and Lei Gao1,3*

1Key Laboratory of Environment Controlled Aquaculture, Ministry of Education, Dalian, China, 2College
of Marine Technology and Environment, Dalian Ocean University, Dalian, China, 3College of Fisheries
and Life Science, Dalian Ocean University, Dalian, China
Light and temperature are necessary conditions for migratory fish. The assessment

of fish physiology and behavior is important for identifying fish welfare, but also for

the assessment of the optimal setting of recirculating aquaculture systems (RASs).

This study aimed to explore the interactive effect of photoperiod and temperature

on steelhead trout culture. Four treatments were set up with specific settings were

as follows: a LP-LT group treated with 16L:8D and 12°C, a LP-HT group treated

with 16L:8D and 16°C, a SP-LT group treated with 12L:12D and 12°C, and a SP-HT

group treated with 12L:12D and 16°C. Growth performance, behavioral and

physiological parameters were measured. Two indexes, locomotor activity and

social interaction were used for behavioral analysis, and the results were applied to

interpret the behavioral responses to the photoperiod and temperature stimulation

in juveniles. The growth performances were significantly lower in treatments LP-LT

and SP-LT. The treatment LP-HT had significantly higher growth performance than

the other treatments, but no significant differences were noted in survival rate and

coefficient of variation. The results of fish behavior indicated that the movement of

juveniles should be primarily monitored at high temperatures or long

photoperiods, and the state parameters should be primarily monitored at low

temperatures or short photoperiods. The results of the physiological parameters

showed that the recovery time from stress varied among different treatments. After

60 days of the experiment, superoxide dismutase and alanine aminotransferase

dropped back to their initial level. The results of Na+-K+-ATPase showed that

although the combined effect of photoperiod and temperature could advance the

time of smoltification, it may result in poorer salt tolerance. Our findings

underscore the importance of the interaction of photoperiod and temperature

on steelhead trout culture. The outcome could provide guidance for the

development of effective aquaculture systems.

KEYWORDS

recirculating aquaculture system, steelhead trout, physiology, fish behavior,
aquaculture facilities
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Introduction

Rainbow trout (Oncorhychus mykiss) is a popular salmonidae for

aquaculture, with a global production volume of more than 814,090

tons in 2016 (FAO, 2016; Pauly and Zeller, 2017; Yu et al., 2021; Liu

et al., 2021). The two types of rainbow trout are non-migratory and

migratory. The migratory type, known as steelhead trout in China,

has a life cycle that includes freshwater and saltwater stages. With the

development of aquaculture technology, the hatching and smolting

processes of steelhead trout could be accomplished in land-based

recirculating aquaculture systems (RASs). Under natural conditions,

the length of the pre-smolt stage of juveniles depends on the latitude

and longitude of their place of residence, i.e., the natural variation of

light and temperature (Bowden et al., 2004; Rosengren et al., 2017;

Archer et al., 2019). RAS is treated using artificial lighting and

temperature control to promote fish growth and inhibit their

gonadal development and maturation (Pauly and Zeller, 2017;

Guraslan et al., 2017; Churova et al., 2020). Developing different

light manipulation strategies (including constant light or darkness) to

promote fish growth and counter-seasonal reproduction is common

depending on the local environment at each site (Guraslan et al., 2017;

Sievers et al., 2018).

The design and development of effective aquaculture systems are

essential for successful aquaculture practice. The conditions of the

freshwater stage could significantly affect the smolting processes and

the viability in the seawater stage (del Villar-Guerra et al., 2019).

Much research is devoted to reducing the duration of the freshwater

stage of salmonids with low technology and low cost while ensuring

high survival and growth rates in seawater (Rosengren et al., 2017;

Sievers et al., 2018; Hines et al., 2019; Nemova et al., 2020; Suzuki

et al., 2020). The culture of Salmonidae has considerably developed in

terms of scale and distribution (Albert et al., 2019; Barrett et al., 2020;

Hvas et al., 2021). Although the condition control of culture has been

very mature in RAS and many studies about the environmental

effects on fish performance have been conducted, only few studies

have been reported on steelhead trout compared with other fish

species (Ge et al., 2021; Salinas et al., 2022). The optimal

environmental factor varies among species and developmental

stages but is also related to requirements and mastery of farmers’

skill degree. Thus, understanding how these key environmental

factors affect fish’s performance is important to reduce production

costs (Pauly and Zeller, 2017; Hvas et al., 2021).

Migration time and success in Salmonidae are related to

physiological basis, such as energy metabolic, osmolarity, and anti-

oxidative stress (Höglund et al., 2008; Archer et al., 2019; Shry et al.,

2019). However, a decrease or increase in physiological parameters as

a response to increased stress makes it difficult to veridically predict

the body state (Birnie-Gauvin et al., 2019). With the exception of

morphology and physiology, the behavior of steelhead trout varies

significantly during the transition from freshwater to saltwater. A

search summarized 39 relevant studies on fish behavior applied to

improve commercial aquaculture production processes or fish welfare

between 1993 and 2020 (Macaulay et al., 2021). Understanding the

features of fish behavior could help farmers clarify how they move,

what diets they choose, how much they eat, and how they respond to

potential stress (acute or chronic stress) (Huntingford et al., 2012;

Damsgård et al., 2019). In this respect, fish behavior is used to provide
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necessary bioengineering information for feeding strategy (Conallin

et al., 2016), system optimization (Dempster et al., 2019), and

decreased labor consumption (Cogliati et al., 2019). However, the

behavioral manifestations of successful migration and its underlying

mechanisms remain poorly understood.

On the basis of the authors’ previous work, the present study

attempted to explore the interactive effect of photoperiod and

temperature on steelhead trout culture from the aspects of growth,

behavior and physiological performance, specifically whether the

smoltification window could directly be judged by specific

behavioral characteristics. In this study, the following questions

were explored: 1) Is there an interaction between light and water

temperature on growth performance of steelhead trout juveniles? 2)

Could the environmental stimulation improve the regulation of

osmolarity? 3) What are the key behavioral characteristics of

steelhead trout during the smoltification window?
Materials and methods

Experimental animal and source

Steelhead trout juveniles were purchased fromWanzefeng Fishery

Company (Rizhao, China). The experiment was conducted in 2021 at

the Key Laboratory of Environment Controlled Aquaculture (AET),

Dalian City, Liaoning Province, China. Juveniles with a mean initial

body length of 3.32 ± 0.02 cm and a body weight of 4.40 ± 0.20 g were

kept temporarily. The dissolved oxygen content was more than 7.0

mg/L, ammonia nitrogen was lower than 0.10 mg/L, and pH was

adjusted at 7.50 ± 0.50; all were measured using a YSI 6920 multi-

parameter water quality instrument (YSI Inc., Ohio, USA).
Experimental design

The experiment lasted for eight weeks. Based on the actual

operations in aquaculture, the experimental conditions involved

two photoperiods (L, 12L:12D and 16L:8D) and two temperatures

(T, 12°C and 16°C), for a total of four treatments. Each treatment was

represented by three replicates. The specific settings were as follows:

long photoperiod, low water-temperature group treated with 16L:8D

and 12°C (treatment LP-LT); long photoperiod, high water-

temperature group treated with 16L:8D and 16°C (treatment LP-

HT); short photoperiod, low water-temperature group treated with

12L:12D and 12°C (treatment SP-LT); and short photoperiod, high

water-temperature group treated with 12L:12D and 16°C (treatment

SP-HT).

A total of 12 randomly arranged plastic tanks were used, and the

volume of freshwater was about 300 L (diameter of 0.8 m, water depth

of 0.6 m) in each tank. All tanks were designed as a semi-closed

recirculation system with a water outlet in the center. Dechlorinated

freshwater temperature was controlled within ± 0.5°C with a

customized temperature control system. The different treatments

were insulated from one another by silver shading material. In

total, 480 juveniles were used in this experiment and forty juveniles

were used as biological replicates in each tank (n=40) and fed with

commercial feed pellets (Qihao Aquatech Co., Ltd., China). All tanks
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were thoroughly cleaned by scrubbing the walls and bottom after each

weekly sampling to avoid unnecessary disturbances.
Behavior observations

Only 120 juveniles were tagged with visible implant elastomer

(VIE) tags (Northwest Marine Technology, Shaw Island, WA, USA)

allowing for individual identification throughout the experiment. The

tagged fish were then randomly placed into each tank gently, that is,

only 10 fish were tagged per tank to respect their welfare. The entire

experiment area was surrounded by a black curtain to prevent

external interferences and shadow rejection. The behavior of

juveniles was recorded and tracked using an infrared camera

mounted above the central arena during feeding. Each video lasted

10 minutes, and all the behavioral indicators were calculated using the

Noldus EthoVision XT (version 12.0; Noldus Information

Technology, Netherlands). Coordinates were set for each video to

ensure that the observation area and fish movement exactly matched.

The total observation area was divided into two subzones: the feeding

zone and the remaining zone. The tracking data were additionally

checked by all-occurrence recording method to ensure the accuracy of

the results.
Sampling and analysis method

Growth performance
The number of dead fish was recorded and removed daily to

calculate the survival rate (SR). Body length and body weight were

measured every 10 days and nine fish were randomly selected from

each treatment to determine growth parameters. The calculation

formula for specific growth rate (SGR) and the coefficient of

variation (CV) was as follows:

SGR = 100%� lnW2 − lnW1

t2 − t1

CV = 100%� SD
M

where W1. the initial body weight, W2. the final body weight, t1.

the initial sampling day, t2. the sampling day, SD is the standard

deviation of body weight, M is the average body weight.
Physiological parameters
After the end of the experiment, all tagged fish (a total of 120

juveniles) and random equal numbers of untagged fish were

euthanized with an overdose of tricaine methanesulfonate (MS-222,

Sigma), and tissues were sampled for physiological analysis. The liver,

blood, and gill tissues were collected, immediately frozen in liquid

nitrogen, and stored at −80°C. Superoxide dismutase (SOD) was

detected by WST-1 method according to the SOD assay kit

instructions. Alanine aminotransferase (ALT) was determined using

a microplate reader using colorimetric detection at 570 nm as per kit

instructions. Na+-K+-ATPase (NKA) was measured by Bonting

method according to the NKA activity kit. The cortisol level wase
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determined using an ELISA kit. All measurements were performed at

least three times and all assay kits were obtained from the Nanjing

Jiancheng Bioengineering Institute, China.

Behavioral indicators
The assessment of fish behavior consisted of two aspects:

locomotor activity and social interaction. Six behavioral indicators,

including total distance moved (cm), maximum acceleration (cm/s2),

acceleration state (%), residence time in feeding zone (s), distance to

central point (cm), and the distance between fish (cm), were

measured and calculated every 10 days. The total distance moved

was used to provide a general measure of activity, which was also used

as the basis for calculating other parameters, such as acceleration.

Moreover, acceleration was obtained by calculating the difference in

velocity with the unit time and used to mark bursts of rapid

movement. The activity state depends on the total pixel change

within the analysis area per unit time of the fish. The residence

time in feeding zone represented the discrete state of fish during

feeding, which was a standard variable for the usage of space. Distance

to central point indicated the radius offish distribution during feeding

(cluster radius). Distance between fish was used to characterize the

distance between two individuals. The total distance moved,

maximum acceleration, and acceleration state were used as

indicators of movement quality. The other three behavioral

indicators were used to evaluate the state of fish, such as area

preference and social interaction.
Data analysis

In accordance with the study’s purpose, different statistical

methods were used. A completely randomized ANOVA was used to

compare the differences in growth performance between groups. A

generalized linear mixed model (GLMM) was constructed to assess

the influence of the different experimental conditions on fish

behavior, including a mixture of fixed and random effects. The

individual ID of fish was included in the models as random effects.

Statistical analysis was performed using R version 3.5.3. All statistical

results were presented as the mean ± standard deviation (mean ± SD).

The level of significance was set at P< 0.05. Multivariate statistical

analysis, namely, principal component analysis (PCA), was used to

obtain a low-dimensional representation of high-dimensional data to

exact the key behavioral parameters in fish. The Kaiser-Mayer-Olkin

(KMO) index and Bartlett’s test of sphericity assessed the adaptive

validity of PCA.
Results

Growth performance

Table 1 provides the growth performance of steelhead trout

juveniles in different treatments. No deaths occurred during the

entire experimental period. The results of ANOVA are presented in

Table 1. The growth performance of juveniles was significantly

influenced by photoperiod and temperature and their interaction
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(P = 0.000 < 0.01). No statistical differences (P > 0.05) were observed

among treatments LP-LT, LP-HT, and SP-HT in terms of final body

length, which was significantly higher than that in treatment SP-LT

(P < 0.05). The final weight in treatment SP-HT was significantly

lower than that in treatment LP-HT and significantly higher than that

in treatments LP-LT and SP-LT (P < 0.05). The analysis results of

SGR showed the same results as final weight. Regarding the

consistency of fish growth rate, no significant differences were

found in the CV level among the treatments (P > 0.05).

Post-hoc comparisons revealed significant differences in growth

performance at different levels of conditions (P = 0.000 < 0.01)

(Table 2). Photoperiod and temperature had no significant effect on

CV values, but a significant effect was found in their interaction

(Table 2). Simple effect analysis revealed no significant differences in

final body length between the two photoperiod levels at 16°C

(P > 0.05) and significant differences at 12°C (P = 0.000 < 0.01).
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For final body weight, the differences were significant between all

levels, except for the 16°C groups (B and D) (P = 0.000 < 0.01). SGR

also showed the same results as final body weight.
Physiological parameters

The changes in physiological parameters are presented in

Figure 1. Photoperiod and water temperature could affect the level

of antioxidant enzymes in steelhead trout. The SOD levels behaved a

general trend of increasing first and then decreasing, but the

maximum concentration of SOD in the different treatments

appeared at different timepoints (Figure 1A). The highest SOD

levels for treatments LP-LT and SP-HT were at approximately day

30, whereas treatments LP-HT and SP-LT reached the highest levels

at approximately day 15. After 30 days, significantly higher and lower
TABLE 1 Survival rate and growth performance of the different treatments at the end of the experiment.

Growth performance Treatments

LP-LT LP-HT SP-LT SP-HT

SR (%) 100% 100% 100% 100%

Final body Length (cm) 18.28 ± 0.78a 18.25 ± 0.94a 16.45 ± 0.34b 18.28 ± 0.68a

Final body Weight (g) 86.92 ± 1.40a 96.91 ± 1.66b 86.23 ± 1.37a 90.91 ± 1.52c

SGR (%/d) 2.40 ± 0.03a 2.58 ± 0.03b 2.38 ± 0.03a 2.47 ± 0.03c

CV (%) 1.61 ± 0.14a 1.71 ± 0.13a 1.59 ± 0.02a 1.67 ± 0.13a
f

The data were expressed in mean values and standard deviations (mean ± SD). Values with different superscript letters represent a significant difference, P < 0.05. LP-LT, abbreviation of long
photoperiod, low water-temperature group treated with 16L:8D and 12℃; LP-HT, abbreviation of long photoperiod, high water-temperature group treated with 16L:8D and 16℃; SP-LT, abbreviation
of short photoperiod, low water-temperature group treated with 12L:12D and 12℃; SP-HT, abbreviation of short photoperiod, high water-temperature group treated with 12L:12D and 16℃; SR,
abbreviation of survival rate; SGR, abbreviation of specific growth rate; CV, abbreviation of coefficient of variation.
TABLE 2 The Bonferroni post hoc test was used for multiple comparisons of growth performance among groups.

Parameters Variable F Sig. Post hoc comparisons Simple effects tests

Photoperiod
(P-value)

Temperature
(P-value)

Photoperiod * Temper-
ature (P-value)

Temperature * Photo-
period (P-value)

Final body
length

(Intercept) 501425.76 0.00** / / / /

Photoperiod 302.40 0.00** 0.00 / / 0.00 (Low temperature)

0.87 (High temperature)

Temperature 327.97 0.00** / 0.00 0 (Long photoperiod) /

0.89 (Short photoperiod)

Photoperiod *
Temperature

35.09 0.00** / / / /

Final body
weight

(Intercept) 307355.70 0.00** / / / /

Photoperiod 105.60 0.00** 0.00 / / 0.14 (Low temperature)

0.00 (High temperature)

Temperature 506.94 0.00** / 0.00 0 (Long photoperiod) /

0 (Short photoperiod)

Photoperiod *
Temperature

66.49 0.00** / / / /

(Continued)
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SOD contents were observed in treatments SP-HT (P < 0.05 ) and LP-

LT (P < 0.05), respectively. Similar to SOD, ALT mainly revealed an

upward trend in the first 30 days and a downward trend after 30 days

(Figure 1B). The ALT content dropped back to the initial level in all
Frontiers in Marine Science 05150
other groups except for treatment LP-HT after 60 days of the

experiment. For treatment LP-HT, no significant difference was

observed in the ALT content compared with other timepoints after

45 days (P > 0.05).
B

C D

A

FIGURE 1

Effects of different treatments on different physiology parameters of steelhead trout juveniles. (A) SOD, (B) ALT, (C) NKA and (D) Cortisol content. The
data were expressed in mean values and standard deviations (mean ± SD) (n=30 per treatment). Different capital letters represent significant differences
between different treatments at the same time, different lowercase letters represent significant differences between different times of the same treatment
(P < 0.05). LP-LT, abbreviation of long photoperiod, low water-temperature group treated with 16L:8D and 12 °C; LP-HT, abbreviation of long
photoperiod, high water-temperature group treated with 16L:8D and 16°C; SP-LT, abbreviation of short photoperiod, low water-temperature group
treated with 12L:12D and 12°C; SP-HT, abbreviation of short photoperiod, high water-temperature group treated with 12L:12D and 16°C. SOD,
Superoxide dismutase; ALT, Alanine aminotransferase; NKA, Na+-K+-ATPase.
TABLE 2 Continued

Parameters Variable F Sig. Post hoc comparisons Simple effects tests

Photoperiod
(P-value)

Temperature
(P-value)

Photoperiod * Temper-
ature (P-value)

Temperature * Photo-
period (P-value)

SGR (Intercept) 671304.35 0.00** / / / /

Photoperiod 99.78 0.00** 0.00 / / 0.12 (Low temperature)

0.00 (High temperature)

Temperature 503.67 0.00** / 0.00 0 (Long photoperiod) /

0 (Short photoperiod)

Photoperiod *
Temperature

60.40 0.00** / / / /

CV (Intercept) 2488.12 0.00** / /

Photoperiod 0.18 0.68 0.68 / / /

0.80 (Low temperature)

Temperature 1.80 0.22 / 0.22 0.35 (Long photoperiod) 0.74 (High temperature)

0.39 (Short photoperiod)

Photoperiod *
Temperature

0.00 0.95 / / / /
*P<0.05, **P<0.01
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In general, the NKA activity increased with time in all groups

(Figure 1C). It significantly increased after 45 and 60 days in the

treatments with long and short photoperiods’ (P < 0.05), respectively.

No statistical differences (P > 0.05) were observed in NKA among

different treatments at different timepoints, and its activity was

significantly higher than that in treatments SP-LT and SP-HT at 45

days (P < 0.05). The cortisol levels did not show clear trends

compared with the other parameters. The cortisol levels in

treatment SP-HT were significantly lower than those in other

treatments throughout the experiment (P < 0.05), but no significant

differences were observed among the three other treatments

(P > 0.05).
Behavioral indicators

GLMM results are presented in Table 3. The fixed effects results

revealed that both acceleration state and distance between fish were
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significantly affected by not only experimental condition but also the

interaction of experimental condition and time. Experimental time

had significant effects on the distance between fish. No significant

main effects of body length and experimental time were found for all

behavioral indicators except for the distance between fish. There was a

significant effect of body weight on the total distance moved but not

on the other behavioral indicators.

For the long photoperiod groups (treatments SP-LT and SP-HT),

the mean total distance moved was significantly higher than the short

photoperiod groups (treatments SP-LT and SP-HT) (P < 0.05)

(Table 4). No significant difference was noted in the total distance

moved at different temperatures for the same photoperiod (P > 0.05).

For the low water-temperature groups (treatments LP-LT and SP-

LT), the maximum acceleration was significantly higher than the high

water-temperature groups (treatments LP-HT and SP-HT) (P < 0.05).

When the water temperature was the same, there was no significant

difference in the maximum acceleration between different

photoperiod groups (P > 0.05). The acceleration state of treatment
TABLE 3 Repeated measures of behavioral indicators were analyzed using a generalized linear mixed model (GLMM) approach, considering treatment,
time, body length, body weight, and treatment*time as fixed effects and individuals within the groups as random.

Items F P-value

Total distance moved Treatment 2.114 0.100

Time 2.909 0.090

Body length 1.426 0.234

Body weight 4.475 0.036

Treatment*Time 2.582 0.055

Acceleration Treatment 1.372 0.253

Time 0.000 0.984

Body length 0.014 0.906

Body weight 1.492 0.224

Treatment*Time 0.068 0.977

Acceleration state Treatment 12.387 0.000

Time 0.793 0.374

Body length 0.127 0.722

Body weight 3.871 0.051

Treatment*Time 7.086 0.000

Residence time in feeding zone Treatment 0.365 0.778

Time 0.576 0.449

Body length 0.617 0.433

Body weight 0.277 0.599

Treatment*Time 0.549 0.650

Distance to central point Treatment 1.855 0.139

Time 3.037 0.083

Body length 3.503 0.063

Body weight 0.030 0.863

Treatment*Time 0.859 0.464

(Continued)
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LP-LT was significantly higher than that of the other treatments (P <

0.05), but no difference was found between the other treatments (P >

0.05). Moreover, no significant differences were observed among all

treatments in terms of residence time in the feeding zone (P > 0.05).

The distance to central point was significantly lower in treatment LP-

LT than in treatment SP-HT (P < 0.05). For the high-temperature

groups, the distance to central point was significantly higher than the

low-temperature group (P < 0.05). The distance between fish was

significantly lower than that of the other treatments (P < 0.05), but no

difference was found between the other treatments (P > 0.05).

The PCA in all groups extracted two principal components (PCs),

which accounted for more than 70% of the total variance (Table 5).

Between the two PCs obtained in treatment LP-LT, PC1 accounted

for 46.41% of the total variance, and it had a strong positive loading

on residence time in the feeding zone and distance between fish (>

0.85). PC2 accounted for 35.13% of the total variance, and it had a

strong negative loading on distance to point. For treatment LP-HT,

PC1 accounted for 46.41% of the total variance, with a strong positive

loading on total distance moved and residence time in the feeding

zone. PC2 accounted for 31.76% of the total variance, with a strong

positive loading on acceleration state. For treatment SP-LT, PC1

accounted for 38.53% of the total variance, and it had a strong positive

loading on residence time in the feeding zone. PC2 accounted for

33.39% of the total variance, and it had a strong positive loading on

acceleration state. For treatment SP-HT, PC1 accounted for 53.71% of

the total variance, with a strong positive loading on maximum

acceleration and distance to point. PC2 accounted for 22.34% of the

total variance, with a strong positive loading on acceleration state.
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Discussion

Benefiting from the current application of technologies in RAS,

growing Salmonidae (salmon and trout) under full light conditions

(24:0 h photoperiod) for maximal growth performance is common

(Hines et al., 2019; Churova et al., 2020). As shown in Table 1, a

considerable variation could be found in the growth performance

under different photoperiod conditions at the same temperature

conditions. However, the 24:0 h photoperiod is not a natural

photoperiod for most salmonids, and it may be stressful to fish. For

example, continuous light exposure induces abnormal gonadal

development or/and lack of synchronization of smoltification

processes (Sievers et al., 2018; Churova et al., 2020). With the

increasing attention on fish welfare, less extreme photoperiods, such

as 12:12 or 16:8 h, are being used instead in aquaculture (Ge et al.,

2021; Macaulay et al., 2021). However, systematic studies that

determine the photoperiod conditions for optimal growth and

minimal stimulation are still lacking (Hvas et al., 2021). One of the

difficulties in undertaking such research is the limited knowledge on

the synergistic and antagonistic effects between different

environmental factors.

In general, increased temperature results in increased body weight

(Nisembaum et al., 2020). Within the suitable temperature interval,

high temperature could lead to early smoltification date and large fish

size (Rosengren et al., 2017; Bernard et al., 2020). Therefore,

temperature could be viewed as a regulatory factor, especially in

controlling (accelerating or delaying) the growth rate. The results of

the present study also confirmed this information. Photoperiod is an
TABLE 3 Continued

Items F P-value

Distance between fish Treatment 7.543 0.000

Time 4.732 0.031

Body length 4.000 0.047

Body weight 0.309 0.579

Treatment*Time 11.559 0.000
fron
Significance level was P < 0.05.
TABLE 4 The significance differences with P < 0.05 (P-value) in the pair-wise comparisons of behavioral traits in all treatment groups.

LP-LT vs. LP-HT LP-LT vs. SP-LT LP-LT vs. SP-HT LP-HT vs. SP-LT LP-LT vs. SP-HT SP-LT vs. SP-HT

Total distance moved 0.819 0.031 0.002 0.002 0.019 0.421

Acceleration 0.014 0.997 0.000 0.045 0.064 0.034

Acceleration state 0.000 0.000 0.000 0.066 0.490 0.217

Residence time in feeding
zone

0.257 0.456 0.164 0.565 0.953 0.490

Distance to central point 0.000 0.198 0.000 0.048 0.110 0.005

Distance between fish 0.001 0.984 0.595 0.000 0.000 0.525
LP-LT, abbreviation of long photoperiod, low water-temperature group treated with 16L:8D and 12℃; LP-HT, abbreviation of long photoperiod, high water-temperature group treated with 16L:8D
and 16℃; SP-LT, abbreviation of short photoperiod, low water-temperature group treated with 12L:12D and 12℃; SP-HT, abbreviation of short photoperiod, high water-temperature group treated
with 12L:12D and 16℃.
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important environmental signal to initiate complex changes that

coincide with marine migration for migratory fish (Nemova et al.,

2020; van Rijn et al., 2020). Once the fish size reaches a critical

number, photoperiod and temperature could play important roles in

controlling the growth rate and the synchronization process of

smoltification. The results also confirmed the first hypothesis that

photoperiod and temperature have measurable interactions on

growth performance in steelhead trout juvenile under indoor

aquaculture condition. The results further showed that photoperiod

promoted increased body length and temperature promoted a

significant increase in the weight of fish. Several studies have noted

an overall lack of synchrony in the absence of photoperiodic

regulation, although smoltification characteristics still appear in

trout (Nisembaum et al., 2020). No meaningful differences were

observed among the groups in terms of CV values, suggesting that

the two photoperiods in this experiment were appropriate for

smoltification synchrony. However, as mentioned earlier, whether

such conditions make the juvenile comfortable is unclear.

The response of fish to a stressor could be monitored by

physiological changes, which are commonly used as markers of

stress level and fish welfare (Vindas et al., 2018; Cogliati et al.,

2019). Increasing evidence has suggested a direct link between

oxidative stress and different ecological phenomena (Archer et al.,

2019; Shry et al., 2019). A complete and balanced antioxidant system

normally exists in fish. When the fish’s body is in a state of stress,

many oxygen-free radicals are produced in a short time, subsequently
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damaging the body’s metabolic balance and self-repair functions.

SOD is the predominant defensive enzyme in the antioxidant system

of the body, and it could directly affect the antioxidant capacity (Liu

et al., 2021; Yu et al., 2021). ALT is central in protein metabolism, and

it could be measured to determine organ damage (Suzuki et al., 2020).

Figure 1 shows that the SOD and ALT levels were significantly higher

in treatment LP-LT at the beginning of the experiment, indicating

that the juvenile fish had different degrees of stress response. Fish

reduce their stress response to a stimulus through repeated exposure

over time, a natural process often referred to as habituation (Bratland

et al., 2010; Barrett et al., 2020). This phenomenon was manifested in

the present study as the SOD and ALT levels showed a trend of

descending sometime after the start of the experiment. However,

differences in the time required for injury repair were found among

the four treatments. The SOD and ALT levels in treatments LP-LT

and SP-HT returned to initial level after 30 days, whereas it took only

15 days in treatments LP-HT and SP-LT. One possible reason is that

lower temperatures lead to a slowing of immune mechanisms leading

to increased disease susceptibility, which has been proven previously

in other fish species (Martin et al., 2008; Valero et al., 2014). In

addition, a shorter time required for injury repair was observed in

treatment LP-HT, which is strong evidence that photoperiod and

temperature could have significant interaction effects on physiological

stress responses in steelhead trout juveniles.

Cortisol is considered a biomarker of stress (Birnie-Gauvin et al.,

2019). The cortisol level is shown in Figure 1, and no significant
TABLE 5 Loading of behavioral indicators on significant PCs for the four treatments.

Variables PC1 PC2 Variables PC1 PC2

LP-LT LP-HT

Total distance moved 0.77 0.52 Total distance moved 0.94 0.16

Maximum acceleration 0.56 0.70 Maximum acceleration 0.65 0.42

Acceleration state 0.37 0.81 Acceleration state 0.07 0.89

Residence time in feeding zone 0.94 0.01 Residence time in feeding zone 0.94 0.06

Distance between fish 0.17 -0.88 Distance between fish 0.70 0.50

Distance to central point 0.91 0.11 Distance to central point 0.31 0.81

KMO 0.75 KMO 0.67

Cumulative % variance 46.40 81.53 Cumulative % variance 46.41 78.17

SP-LT SP-HT

Total distance moved 0.61 -0.21 Total distance moved 0.72 0.39

Maximum acceleration 0.45 0.74 Maximum acceleration 0.90 -0.30

Acceleration state -0.12 0.86 Acceleration state 0.15 0.96

Residence time in feeding zone 0.88 0.42 Residence time in feeding zone 0.70 0.27

Distance between fish 0.82 0.31 Distance between fish 0.87 0.29

Distance to central point 0.59 0.65 Distance to central point 0.79 0.18

KMO 0.73 KMO 0.63

Cumulative % variance 38.53 71.92 Cumulative % variance 53.71 76.05
frontier
LP-LT, abbreviation of 16L:8D and 12℃ treatment; LP-HT, abbreviation of 16L:8D and 16℃ treatment; SP-LT, abbreviation of 12L:12D and 12℃ treatment; SP-HT, abbreviation of 12L:12D and 16℃
treatment.
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difference could be found among treatments in the whole

experimental period. Cortisol may be influenced by many factors,

including the state of fish at sampling and the high inter-dividual

variability (Gaudio et al., 2018). The difference was not significant,

probably due to the time of sampling interval being longer than that

of cortisol clearance from the body. The “Smolt window” refers to a

specific stage in which Salmonidae could significantly improve

seawater tolerance and adapt to seawater environment due to the

synergistic action of environmental factors. NKA plays an important

role in the response to alterations in environmental salinity. The

increased NKA in branchial chloride cells is beneficial to fish growth,

swimming, and survival after smoltification (Bernard et al., 2020; Ge

et al., 2021). All treatments showed an increase in the NKA level with

increasing treatment time but to different degrees. Many studies have

been conducted to identify the relationship between the success of

migration and NKA concentration (Archer et al., 2019; Bernard et al.,

2020; Ge et al., 2021). The higher the NKA concentrations were, the

better the ability of migratory fish to adapt to seawater to a certain

extent (Bernard et al., 2020). Moreover, increased cortisol level during

smoltification was previously found coincident with increased gill

NKA activity (Birnie-Gauvin et al., 2019; Shry et al., 2019). This

finding was also demonstrated in the present study. Treatment LP-LT

had higher cortisol and NKA level, indicating better readiness to enter

seawater. A notable detail that relying solely on cortisol to determine

the timing of migration is risky, as higher cortisol levels may also be

due to individuals being under chronic stress and leaving to escape the

stress (Damsgård et al., 2019). The role of temperature on

smoltification has been controversial, with studies showing that

elevated temperature alone could not play a driving role in

smoltification (McCormick et al., 2000; Hines et al., 2019;

Nisembaum et al., 2020). From the results presented in this paper,

juveniles under long photoperiod treatments did have higher

osmoregulatory capacity, but the difference was not significant.

Furthermore, temperature had a regulatory role on smoltification,

as the ability to regulate osmolality did not exhibit any significant

differences among the groups under different photoperiods. These

results showed that the combined effect of photoperiod and

temperature could advance the time of smoltification, but may

result in poorer salt tolerance.

The quantification analysis of fish behavior is extremely

important for the design and operation of aquaculture system.

Herbert et al. (2011) used light rings to induce optimal swimming

motility in Atlantic salmon smolts and improve productivity. With

the smoltification process, a series of behavior changes occurs in

juvenile steelhead trout, in addition to changes in physiology

(Macaulay et al., 2021). Table 3 shows that the total distance moved

in treatments LP-LT and LP-HT was significantly lower than that in

treatments SP-LT and SP-HT possibly because juvenile has higher

willingness to search for food in the long photoperiod treatments

(Stewart et al., 2012; Ye et al., 2016). In general, the higher the water

temperature is, the greater the burst swimming speed (Ma et al.,

2020). The results presented here showed that the acceleration status

of treatment LP-LT was significantly higher than that of other

treatments. This may be because the fish in this experiment were

cold-water fish. The radius of treatments LP-HT and SP-HT was

significantly larger than that of treatments LP-LT and SP-LT,

indicating that lower temperature was more favorable for fish
Frontiers in Marine Science 09154
shoaling (Barrett et al., 2020; Bratland et al., 2010). The radius of

fish distribution presented no significant difference between the

treatments with same temperature, suggesting that temperature may

be the main factor affecting fish feeding behavior compared with

photoperiod. The organizational structure and individual interactions

of fish are usually described by distance between them, which is

influenced by photoperiod and temperature (Brakstad et al., 2018;

Cogliati et al., 2019). In fact, the present and previous results showed

that fish form a relatively stable structure regardless of the culture

environmental condition. This structure is also significantly affected

by the species type, population size, and individual interactions (Lei

et al., 2020).

Fish are constantly moving and changing, and monitoring

multiple fish behavior parameters simultaneously is difficult (Ye

et al., 2016; Macaulay et al., 2021). The smaller the number of

monitoring parameters, the higher the monitoring efficiency.

Different management procedures may be necessary in fish that are

under different culture conditions, such as more aggressive treatment

in some cases. Therefore, feature extraction of fish behavior becomes

crucial. Moreover, identifying the key behavioral indicators during

smoltification process is a priority for future research (Dempster et al.,

2019; Hvas et al., 2021). PCA is an effective tool to reduce the

dimensionality of datasets in multivariate problems. It is capable of

preserving the majority of its statistical information and identifying

the most significant variations. The KMO values for all the four

treatments were above 0.5, indicating that these treatments are

suitable for PCA analysis. The PCA results showed that the main

parameters (strong loadings) differed among the four treatments,

proving the effectiveness and necessity of using PCA to identify key

parameters in complex datasets. Except for treatment SP-HT, the

residence time in the feeding zone was identified as the main

component in all treatments. This finding is consistent with the

findings of previous studies, as juvenile trout are stationary

predators, whereas silvered trout are cruising predators (Folkedal

et al., 2012b). The acceleration state was extracted as the main

component, suggesting that the experimental conditions produced

pressure on the movement smoothness of juvenile steelhead trout.

In summary, the fish status could be evaluated by continuously

identifying and quantifying the key parameters of fish behavior.

Although fish behavior is complex, it could be integrated into

aquaculture management as an additional resource and pave the

way for new approaches to fish farming. Future production of finfish

continues to increase and optimizing production and improving fish

welfare could become increasingly important. Indeed, incorporating

fish behavior into production management still has a long way to go.

However, with the increasing application of advanced technologies in

aquaculture, such as computer vision and modern behavioral science,

fish behavior × environment interactions could be widely used in

aquaculture management in the near future (Barrett et al., 2020;

Macaulay et al., 2021).
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Effects of season and diel cycle
on hydroacoustic estimates of
density, Target Strength, and
vertical distribution of fish in
Yudong Reservoir, a plateau deep
water reservoir in southwest China

Feng Mei1,2†, Chaoshuo Zhang2,3†, Bin Luo2,4, Dongxu Zhang2,3,
Shaoqiu Hu2,5, Jianghui Bao2, Yuxi Lian6, Daxian Zhao1,7*

and Ming Duan2*

1School of Life Sciences, Nanchang University, Nanchang, China, 2State Key Laboratory of Freshwater
Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China,
3College of Advanced Agricultural Sciences, University of Chinese Academy of Sciences, Beijing, China,
4College of Animal Science, Guizhou University, Guiyang, China, 5College of Fisheries, Huazhong
Agricultural University, Wuhan, China, 6College of Life Science, Anqing Normal University,
Anqing, China, 7Fisheries Laboratory, Chongqing Research Institute of Nanchang University,
Chongqing, China
Hydroacoustics is a non-invasive fish stock assessment sampling technique that

plays an important role in fishery science and management. However, non-

standard hydroacoustic surveys could lead to biased results, and the factor of

the sampling period (e.g., season and diel cycle) is extremely critical as it can greatly

affect hydroacoustic results. Efforts to improve the accuracy and credibility of the

hydroacoustic survey results are getting more and more attention. Thus, we

conducted two diel hydroacoustic surveys in situ in summer and winter to

detect whether there were diel and seasonal differences in density, Target

Strength (TS) and vertical distribution of fish. The results indicated that nighttime

had significantly higher fish mean density than daytime in summer and winter. No

significant difference between summer and winter daytime, however, significant

difference between summer and winter nighttime, but this bias could be accepted

from the fisheries management perspective; The mean TS of the summer daytime

was significantly higher than that of summer nighttime, winter daytime and winter

nighttime, but there were no significant differences among summer nighttime,

winter daytime, and winter nighttime, mainly due to mean TS may be

overestimated from fish schooling behavior during summer daytime; The fish

vertical distribution had significant seasonal correlations and was more dispersed

in different water layers during the nighttime, proving that the assessment was

better at nighttime than during the daytime. Consequently, the hydroacoustic

surveys in Yudong Reservoir and other similar plateau deep water reservoirs should

be performed at nighttime, which will yield relatively accurate density and TS, and

dispersed vertical distribution of fish.
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hydroacoustic, diel, seasonal, mean density, mean TS, vertical distribution
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1 Introduction

The hydroacoustic technique has been developed for decades and

is now considered a robust and reliable method (MacLennan and

Simmonds, 2013). It has been widely used in assessing the density,

biomass, body size, or spatial and temporal distribution of freshwater

fish with the advantages of being efficient, rapid and not damaging

biological resources compared to other fish stock assessment methods

(e.g., gillnet and trawl) (Koslow, 2009). Therefore, hydroacoustics has

become an excellent tool for research in the management of fish

resources in reservoirs, the conservation offish resources in rivers and

lakes, and the monitoring of fish in dams and locks (Tan et al., 2011;

Godlewska et al., 2016).

Like other sampling methods, hydroacoustics also has biases and

limitations caused by fish species discrimination, acoustic dead zone

(near the surface or bottom of reservoirs), and schooling due to fish

rhythms Girard et al., (2020). It must be considered when choosing

the suitable survey period, as species-specific behavior and spatial

distribution add uncertainty to fish stock assessment (Ye et al., 2013;

Lian et al., 2017). Therefore, selecting the sampling period (e.g.,

season and diel cycle) is essential for hydroacoustic surveys.

Previous studies have demonstrated that the survey results of lakes

and rivers in different periods were distinct. For example, Loures and

Pompeu (2015) found that fish densities detected by hydroacoustics

were significantly higher in the wet season than dry season in the Sao

Francisco River. Lyons (1998) found that fish densities were 2.4-11.0

times higher during the nighttime than daytime in the River Trent;

Girard et al., (2020) discussed that the hydroacoustic detection of fish

density and biomass was higher during the nighttime than daytime in

temperate lakes; Řıh́a et al., (2015) concluded that hydroacoustic

surveys of fish in Central European reservoirs should be performed

at nighttime.

Reservoirs are artificially dammed bodies of water between lakes

and rivers and are found worldwide, especially with scarce water

resources (Strasǩraba et al., 1993). They have become the primary way

to relieve water supply pressure and play an essential role in human

development (Zhou et al., 2016). Certainly, they also have other

important functions, such as power generation, flood control,

agricultural irrigation and aquaculture (Fernando and Holčıḱ,

1991). However, the operation of the reservoir has a significant

impact on the waterbody. On the one hand, it changes the original

runoff characteristics of the water and reduces the ability of the water

to degrade pollutants. On the other hand, the nutrient level of the

water will rise sharply due to the accumulation of nutrients in and

around the inundated area, which will quickly cause the outbreak of

harmful algal blooms and the deterioration of the water environment

and threaten the safety of drinking water. Reducing the nutrient level

of water can be achieved by controlling the number of algae in the

water by releasing filter-feeding fish (Chen et al., 1991; Mei et al.,

2016; Zhang et al., 2016). To achieve a scientific and reasonable fish

release, the fish density of existing and the community structure in the

reservoir needs to be clarified first.

Yudong Reservoir is located in the middle of the Yunnan-

Kweichow Plateau. Like other plateau reservoirs, it is an artificial

lake formed by building dams at the narrow mouth of the mountain.

Influenced by anthropogenic activities, harmful algal bloom events
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often occur in Yudong Reservoir in recent years. The reasonable

density of silver carp (Hypophthalmichthys molitrix) and bighead carp

(Hypophthalmichthys nobilis) can control the harmful algae and

purify the water. Thus, we need to assess accurately silver carp and

bighead carp density and biomass to provide scientific

recommendations for the reservoir management department.

However, hydroacoustic surveys of plateau deep water reservoirs

may differ from lakes, rivers and other types of reservoirs due to

differences in fish behavior caused by environmental conditions and

species-specific (Girard et al., 2020). The optimal period for

hydroacoustic detection in plateau deep water reservoirs such as

Yudong Reservoir has yet to be studied or reported. In this study,

we chose three important indicators of the density, TS and vertical

distribution of fish to indicate the effect of survey periods on survey

results to identify the appropriate sampling period.
2 Materials and methods

2.1 Study area

Yudong Reservoir (27.359°N∼ 27.479°N, 103.475°E∼ 103.551°E)

is located in Zhaotong City, Yunnan Province, China. Figure 1

illustrates the geographical location of Yudong Reservoir, whose

mean elevation is 1985 m. The watershed area of Yudong Reservoir

is approximately 709 km2, and the water-spread area is approximately

16.3 km2. In summer, Yudong Reservoir releases water for power

generation and flood control, while it stores water for sufficient water

supply in winter. The deepest point of Yudong Reservoir is 46.7 m,

mean depth is approximately 22.0 m in summer. The deepest point is

57.4 m, and the mean depth is approximately 30.3 m in winter. It is

the main water supply source for nearly three hundred thousand

people in Zhaoyang District and Ludian County. In the present study,

we divided Yudong Reservoir into nine areas based on mean depth

(summer and winter) and distance: Dam (32.3 m), Huangnibao (44.6

m), Yanjiashan (16.1 m), Qimihei (15.1 m), Zhaojiayuan (27.8 m),

Zujiaying (22.1 m), Yuba (16.3 m), Lan river (9.4 m) and Guazhai

(14.2 m).
2.2 Hydroacoustic surveys

Two diel hydroacoustic surveys offish resources were conducted in

Yudong Reservoir in summer (August 10th - 11st, 2021) and winter

(January 5th - 6th, 2022). Daytime surveys were conducted 1 hour after

sunrise, and nighttime surveys were conducted 1 hour after sunset

(Axenrot et al., 2016). The hydroacoustic survey equipment was

BioSonics DT-X split-beam echo detector (BioSonics, Seattle,

Washington, USA) (operating frequency 199 kHz, beam angle

6.8°×6.8°), latitude and longitude data were recorded and stored in

real-time by Garmin GPS 17 X HVS (Garmin, Olathe, Kansas, USA),

Acquisition 6.0 software (BioSonics, Seattle, Washington, USA) was

used to collect hydroacoustic data, and calibrating the transducer by

referring to the steps in the manual before detection. The transducer

was fixed to the bow of speedboat using a homemade iron frame with a

draft of 0.5 m, and the beam was emitted vertically downward. The
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speedboat was driven forward at 10km/h on a “Z” course at a constant

speed (Figure 1), While recording the transect and elevation with a

handheld GPS (Magellan, San Dimas, California, USA). The four

hydroacoustic survey transects were shown in Figure 1. The credibility

of the hydroacoustic survey was judged by calculating the coverage

ratio, which was defined as the ratio between the square root of the

transect mileage (km) and the water-spread area of the reservoir (km2)

(Aglen, 1983). It was generally recommended that the coverage ratio

was at least 3.0 and preferably higher than 6.0 (Emmrich et al., 2012),

and all coverage ratios in our study were more significant than 8.0.
2.3 Hydroacoustic data analysis

The hydroacoustic data was analyzed by Visual Analyzer 4.3

software (BioSonics, Seattle, Washington, USA). The single echo

detection method was used to analyze the target signals of fish in

the water column, with the specific parameters shown in Table 1.

To exclude external interference such as vessel engine noise and air

bubbles, the hydroacoustic data were selected from 1 m below the

transducer to 0.3 m above the reservoir bottom, and the aquatic

plants, secondary bottom echoes, and non-fish echoes were

manually removed. Finally, parameters such as real-time water
Frontiers in Marine Science 03159
depth, Fish Per Unit Area (FPUA, ind./m2), Fish Per Cubic Meter

(FPCM, ind./m3), and TS were obtained. The real-time coordinates

and density information (FPUA) returned from Visual Analyzer

4.3 (BioSonics, Seattle, Washington, USA) were imported into

ArcGIS 10.7 software (ESRI, Redlands, California, USA), and

the fish dens i ty d is t r ibut ion was mapped by Kr ig ing

spatial interpolation.
2.4 Relationship between TS and total
length and biomass of fish

Target Strength in hydroacoustics is a physical quantity that

responds to the size of fish. We use the term TS to refer to Target

Strength throughout the paper, the unit is dB, and TS is proportional

to the total length, the more significant the TS, the greater the total

length of fish.

The equation (1) proposed by Foote (1987) for fish that have

swim bladders was used to estimate the total length (TL in cm) of fish:

TS = 20 lg  TL − 71:9 (1)

The equation (2) for the conversion between the TL and weightW

(g) of bighead carp was proposed by Wanner and Klumb (2009).
TABLE 1 Setting parameters for individual target analysis.

Echo Threshold Correlation Factor Min Pulse Width Factor Max Pulse Width Factor End Point Criteria Time-Varied Gain

-70dB 0.9 0.75 3 -12dB 40lgR
FIGURE 1

Map of the Yudong Reservoir showing its geographical location and hydroacoustic survey transect.
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W = 0:013TL2:96 (2)

Themean biomass B (g/m)was calculated as themultiplication offish

mean density r (ind./m2 ) estimated by hydroacoustics and the weight

corresponding to mean TS , and equation (3) shows how it is calculated:

B = rW (3)
2.5 Statistical analysis

We analyzed differences between density, TS, and vertical

distribution of fish of each transect during the diel cycle in summer

and winter. Hydroacoustic data used Student’s t-test and nonparametric

Wilcoxon test, when data homogeneity or normality was not achieved, a

nonparametric test was used, otherwise, a Student’s t-test was used. In

addition, the standardized main axis (SMA) was performed (Warton

et al., 2006). This test was previously used to compare hydroacoustic

data from different scenarios (Mouget et al., 2019), and our study was

mainly applied to the distribution of the density and TS of fish in nine

areas. The method was suitable for extended and completed linear

regression when the measurement error was unknown. The SMA

evaluation compared whether the major-axis results followed the 1:1

line for different periods. All analyses were carried out using software R

(version 4.1.2) (Team, 2013), and the Smatr package (version 3.4-8) for

the SMA test (Warton et al., 2012).
3 Results

3.1 Seasonal and diel difference
in fish density

The fish mean density was highest during the nighttime in winter

(2.1 ind./m2), followed by summer nighttime (1.7 ind./m2), then

summer daytime (0.9 ind./m2), and finally winter daytime (0.7 ind./

m2) (Figure 2). Figure 3 shows the fish density distribution from four

hydroacoustic surveys in Yudong Reservoir.
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For diel differences, the mean density was significantly higher

during the nighttime than daytime in summer (Wilcoxon test, p <

0.05) (Figure 2). The slope of the linear relationship was not

significantly different from 1 (SMA r = 0.2576, p > 0.05) and the

intercept was not significantly different from 0 (SMA t = -0.8299, p >

0.05) (Figure 4). Like summer, the mean density during the

nighttime was significantly higher than daytime in winter

(Wilcoxon test, p < 0.05). The intercept was not significantly

different from 0 (SMA t = -1.758, p > 0.05), but the slope of the

linear relationship was significantly different from 1 (SMA r =

0.8174, p< 0.05) (Figure 4).

For seasonal differences, the difference during the daytime was

not significant (Wilcoxon test, p > 0.05) (Figure 2), and the linear

relationship between slope and 1 was significant (SMA r = -0.7004, p

< 0.05), but the intercept was not significantly different from 0 (SMA t

= -1.471, p > 0.05) (Figure 4). The mean density of winter nighttime

was slightly higher than summer nighttime and was significantly

different (Wilcoxon test, p < 0.05) (Figure 2), the slope and intercept
FIGURE 2

Mean density of four hydroacoustic surveys during different periods in
Yudong Reservoir. Asterisks indicate significant correlations (p < 0.05),
ns indicates no significant correlations (p > 0.05).
FIGURE 3

Fish density distribution from four hydroacoustic surveys in Yudong Reservoir.
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were not significantly different from the expected value (SMA r =

-0.01925, p > 0.05; SMA t = -0.9981, p > 0.05) (Figure 4).
3.2 Seasonal and diel difference in fish TS

The mean TS in summer daytime, summer nighttime, winter

daytime, and winter nighttime were (-49.1 ± 3.7) dB, (-55.1 ± 4.3) dB,
Frontiers in Marine Science 05161
(-55.2 ± 4.4) dB, and (-55.7 ± 3.1) dB, respectively, and their

corresponding total lengths of fish were 13.8 cm, 6.9 cm, 6.8 cm,

and 6.5 cm according to equation (1). Their peaks were all focused

around -58 dB. Figure 5 shows the TS distribution of fish from the

four hydroacoustic surveys.

For diel differences, the mean was significantly higher during the

daytime than nighttime in summer (Wilcoxon test, p < 0.05), but the

slope and intercept of SMA were not significantly different from the
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expected value (SMA r = 0.2432, p > 0.05; SMA t = 0.3098, p > 0.05).

However, there was no significant correlation in the mean TS between

daytime and nighttime in winter, but both the slope and intercept

were significantly different from the expected values (SMA r =

-0.6308, p < 0.05; SMA t = -3.147, p < 0.05) (Figure 6).

For seasonal differences, the daytime mean TS was significantly

different (Wilcoxon test, p < 0.05), but the slope and intercept were

not significantly different from the expected value (SMA t = 0.2663, p

> 0.05; SMA r = 0.2856, p > 0.05). However, the nighttime mean TS

was not significantly different (Wilcoxon test, p > 0.05), nor was the

slope or intercept significantly different from the expected value

(SMA t = -1.379, p > 0.05; SMA r = -0.3304, p> 0.05) (Figure 6).
3.3 Seasonal and diel difference in fish
vertical distribution

According to the water depth of the Yudong Reservoir and the

vertical distribution of fish in each water layer, the whole water

column was divided into seven water layers, 0-5 m, 5-10 m, 10-15

m, 15-20 m, 20-25 m, 25-30 m and 30-60 m, and the percentage offish

density in each water layer in summer and winter seasons was

calculated respectively (Figure 7).

For diel differences, there was significant difference in the vertical

distribution in summer (Wilcoxon test, p < 0.05), but there was no

significant difference in winter (Student’s test, p > 0.05) (Figure 7).
Frontiers in Marine Science 06162
For seasonal differences, there was significant difference in the

vertical distribution during daytime and nighttime (Wilcoxon test,

p < 0.05).

Summer and winter values showed different vertical distribution

patterns. There were more than 90% of fish distributed in the water

layer above 15m during both daytime and nighttime in summer,

especially in the 0-5m water layer, which accounted about for 60%,

but the number offish active in the 5-10m water layer accounted for a

higher percentage during the nighttime than daytime in the nighttime

than at daytime, while the number of fish distributed in the 10-15m

water layer during the daytime was higher than nighttime. Unlike

summer, fish were mainly distributed between 5-30m water layer

during the daytime and nighttime in winter. These results suggest that

fish could migrate to the surface during the nighttime in summer but

not in winter.
4 Discussion

4.1 Factors influencing changes in
fish density

Regarding the density difference in diel cycle. (Figures 3, 4). The

mean density detected during the nighttime was approximately twice

as high as during the daytime in both winter and summer. Many

studies also supported this result (Lyons, 1998; Ye et al., 2013; Lian
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et al., 2017). Potential reasons may include the following, (i) Related

to the diel rhythm of fish, the aggregation behavior of fish is more

evident during the daytime than at nighttime (Appenzeller and

Leggett, 1992). Hence, the beam from the hydroacoustic detector

radiates on the acoustic scattering cross section of the upper fish, and

it immediately reflects on the detector’s receiving, resulting in the

beam not penetrating the upper fish and detecting the lower fish

(Orduna et al., 2021). (ii) Related to the anti-predatory behavior of

fish, the light intensity during the daytime is favorable to the

predatory activities of predators, and many fish migrate to shallow

waters or hide under some shelters such as aquatic plants and rocks to

avoid predators (Řıh́a et al., 2015; Christensen and Persson, 1993;

Wolter and Bischoff, 2001; Prchalová et al., 2008; Mehner, 2012),

hydroacoustic surveys usually actively avoid these areas considering

safety, but they return to deeper water during the nighttime, resulting

in the detection of fish during the daytime density being higher than

at nighttime. (iii) Fish are more active during the daytime than at

nighttime and have a more extraordinary ability to avoid vessels and

hydroacoustic detectors (DuFour et al., 2018).

Regarding the density difference in seasons, the mean density was

significantly different during the nighttime but not daytime. This

follows the result that the lower temperature, the higher density offish

detected during the nighttime (Winfield et al., 2007; Loures and

Pompeu, 2015), however, this difference is acceptable from the

fisheries management perspective. The SMA was significantly

different during the daytime, which can only indicate greater

seasonal variation in nine areas with more significant density

(Figure 7), regardless of the overall density.
4.2 Factors influencing changes in fish TS

The SMA results showed that mean TS distribution has

significant correlations in nine areas between daytime and

nighttime in winter, indicating significant differences in the total

length of fish detected in different areas. However, the mean TS

during summer daytime was much higher than in the other three

hydroacoustic surveys, and a similar result was also found by Girard

et al., (2020). Some possible explanations for this might be that fish
Frontiers in Marine Science 07163
have an assertive aggregation behavior in late summer and early

autumn, resulting in TS error assessment due to the thermal

stratification effect of the waterbody. Secondly, there are high

densities of juvenile fish in reservoirs, often in groups, migrating

to shallower waters or under some shelter during the daytime to

avoid predators and returning to deeper waters to feed during the

nighttime (Appenzeller and Leggett, 1992; Wolter and Bischoff,

2001; Prchalová et al., 2008; Probst et al., 2009), resulting in a low

density of fish detected during summer daytime. In addition, low

water temperature affects the activity of fish digestive enzymes in

winter (Russell et al., 1996; Person-Le Ruyet et al., 2004; Zhang et al.,

2017), reducing the predation pressure on juvenile fish and

increasing the probability of detection. Hence, the mean TS of fish

detected in winter daytime and nighttime was smaller than that in

summer daytime.
4.3 Factors influencing changes in fish
vertical distribution

The vertical distribution of fish had significant seasonal

characteristics. The fish were mainly distributed in the water

layer above 15 m, and almost no fish activity in the water layer

below 15 m in summer. The vertical distribution of fish showed

diel differences in summer, indicating the existence of diel vertical

migration of fish, which may be related to the vertical migration of

plankton, which is influenced by light, nutrient salts and water

disturbance (Ringelberg, 1995), etc., and will migrate down to the

water surface in the dawn and up to the water surface in the

evening (Han and Straskraba, 1998), and forced by feeding

pressure, most fish will also migrate with the migration of

plankton (Mehner, 2012). Secondly, it may be related to the

dissolved oxygen content of the water column, the dissolution of

oxygen in the air, and the photosynthesis of phytoplankton during

the daytime, making the whole water column with sufficient

dissolved oxygen. During the nighttime, photosynthesis is

weakened, the respiration of organisms consumes a large

amount of dissolved oxygen in the water column, and the lower

water column is not replenished with oxygen (Bezerra-Neto and

Pinto-Coelho, 2007; Du et al., 2019), forcing the middle and lower

fish to move up to breathe oxygen, so the fish have a significant

difference in summer diel cycle. In winter, plankton and dissolved

oxygen are distributed in each water layer. They are less affected by

diel and seasonal plankton (Magnesen, 1989; Zhang et al., 2022),

so fish do not need to migrate vertically for oxygen and food.

Therefore, there was no significant difference between daytime and

nighttime in the vertical direction in winter.
5 Conclusions

The SMA test and vertical distribution of fish results indicate

horizontal and vertical migratory behaviors of fish influenced by diel

and seasonal rhythms, which could affect the hydroacoustic

assessment of fish resources. The mean density was less influenced

by season and more by diel cycle, and the nighttime estimates being
FIGURE 7

Fish density ratio of each water layer from four hydroacoustic surveys
in Yudong Reservoir.
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less influential than daytime. Nevertheless, there were no significant

differences between mean TS, except for summer daytime, and this

bias may be influenced by fish behavior. The density and TS are vital

indicators for biomass, after calculation, the mean biomass in summer

nighttime and winter nighttime were 6.63 (g/m) and 6.93 (g/m), and

we believe this is well within experimental error, and thus such a

difference is perfectly acceptable. Given the above considerations,

hydroacoustic surveys could be conducted during the nighttime in

Yudong Reservoir and other similar plateau deep water reservoirs. In

addition, regardless of time and cost, hydroacoustic surveys during

winter nighttime are recommended for more accurate assessments of

fish populations density and biomass.
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Comprehensive evaluation
of growth characteristics,
nitrogen removal capacity,
and nutritional properties
of three diet microalgae

Lin Zhang1, Jichang Han2,3, Shuonan Ma1, Yuanbo Zhang1,
Yumeng Wang1 and Jilin Xu1*

1Key Laboratory of Marine Biotechnology of Zhejiang Province, School of Marine Sciences, Ningbo
University, Ningbo, China, 2Ningbo Institute of Oceanography, Ningbo, China, 3College of Food and
Pharmaceutical Sciences, Ningbo University, Ningbo, China
Nitrogen is one of the main pollution sources in aquaculture system. Microalgae

are considered as one of the ideal bio-absorbents used in wastewater purification,

due to their nitrogen removal capacity and more importantly nutritional value.

Nannochloropsis oceanica, Cyclotella atomus, and Conticribra weissflogii are

famous as diet microalgae. However, estimation of nitrogen removal capability

and concomitant nutritional properties of the three species have been rarely

reported, which was performed in this study. N. oceanica, C. atomus, and C.

weissflogii were cultivated with two initial nitrate-N concentration, noted as NC

(13.85 mg·L–1) and NW (5 mg·L–1) groups, respectively. All the three microalgal

strains in NC group showed higher maximum cell density, specific growth rate, and

biomass concentration, maximal quantum yield of PSII (Fv/Fm), total Chlorophyll

and carotenoids contents than that in NW group. These results confirmed the

importance of nitrogen for microalgal biomass generation and photosynthetic

performance. From Fv/Fm, N. oceanica has better adaptability towards nitrogen

depletion compared to other two selected strains. The three microalgae exhibited

significantly stronger nitrate-N absorption efficiencies in NC group at the same

timepoint, compared to NW. Analyzing the average amount of nitrate-N absorbed

by each cell daily, C. weissflogii gained the largest value, followed successively by

C. atomus andN. oceanica, likely due to species specificity. Moreover, three strains

removed 90% of nitrate-N within five days and 99% of that within seven days,

showing splendid nitrogen removal potentials. These results confirmed the

feasibility of removing nitrogen from wastewater with the selected three

microalgae. Nutritional properties of microalgal biomass were also investigated.

For the three species, lower nitrate-N was beneficial for the production of soluble

sugar, total lipid, and saturated fatty acid, while higher nitrate-N led to more

soluble protein and polyunsaturated fatty acid. In summary, N. oceanica, C.

atomus, and C. weissflogii all showed strong nitrogen removal capacity, whose
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growth characteristics and nutritional properties varied with nitrogen

concentration. In practical application for assimilating nitrogen, these findings

could provide some references for the selection of suitable microalgae species in

order to satisfy different nutritional requirements of various aquatic animals.
KEYWORDS

aquaculture, nitrate-N, microalgae, diet, growth, nitrogen removal capacity,
nutritional property
Introduction

Recently, Nature published a review characterizing the rapid

development in global aquaculture in the past two decades and

highlighting the integration of aquaculture in the global food

system (Naylor et al., 2021). It was expected that aquaculture would

contribute 52% of the world total fishery production in 2025 (Ramli

et al., 2020). Inevitably, the fast expansion of largescale intensive

culture activities has brought about adverse effects, especially

pollutions on the aquaculture ecosystem itself and the ambient

environment (Liu and Su, 2017). According to statistics,

aquaculture pollution represented above 20% of the total nutrient

input into freshwater in some provinces of China (Naylor et al., 2021).

It was reported by Ramli et al. (2020) that over 50% of feed nitrogen

turned into waste in the aquaculture system, instead of being

assimilated by cultured organisms (Ramli et al., 2020). And, the

extensive use of antibiotics and chemicals further aggravated the

excessive accumulation of nitrogenous waste in aquaculture

ecosystems, which could not be ignored (Luo et al., 2018). It has

been generally accepted that nitrogen is one of the main pollution

sources (Yuan et al., 2021).

Improving the ecological status of aquaculture system has become a

growing concern worldwide, in particular with reducing nitrogen in

wastewater effluent to diminish the occurrence of eutrophication

(Mohsenpour et al., 2021). To achieve the nitrogen concentration in

wastewater effluent that is in compliance with the environmental

quality standards for surface water of China (GB 3838-2002), various

measures have been exerted in the intensive aquaculture practices.

Among them, bioremediation is considered as an innovative and

optimistic technology owing to its cost-effectiveness and

environmental compatibility, with a diverse range of microorganisms,

including fungi, bacteria, and microalgae (Bilal and Iqbal, 2020).

Unicellular microalgae, the microscopic eukaryotic organisms

with short life cycles, are capable of generating biomasses via

photosynthesis (Dai et al., 2022). For one thing, as a robust source

of pigments, proteins, essential fatty acids, etc., microalgae have been

regarded as a promising feed additive in aquaculture to boost the

growth, immunity, and meat coloration/quality of aquatic animals

(Ye et al., 2022). In many independent studies, certain microalgae

belonging to generaNitzschia, Chaetoceros,Nannochloropsis, Pavlova,

Chlorella, Isochrysis, Cyclotella, Thalassiosira, Porphyridium, and

Phaeodactylum are famous for great potentials for use in

aquaculture (Pahl et al., 2010; Haas et al., 2016; Ding et al., 2021;
02167
Ye et al., 2022). For another thing, microalgae have received much

interest in implementing them in wastewater treatment, profiting

from their ability to utilize nutrition sources in wastewater (Saeed

et al., 2022). Extensive studies have evaluated many microalgae

species in treating a range wastewater types, including municipal,

brewery, agricultural, and industrial effluents (Choi, 2016; Prandini

et al., 2016). Thereof, Scendesmus sp., Chlorella sp., Spirulina sp., and

Chaetoceros muelleriare were widely used in the treatment of

aquaculture wastewater, with varying nitrogen absorption

efficiencies (Godoy et al., 2012; Ansari et al., 2017; Ahmad et al.,

2020). In brief, due to the potential for nitrogen uptake and more

importantly the nutritional value of algal biomass generated,

microalgae have been referred as one of the ideal bio-absorbents

used in wastewater purification (Mohsenpour et al., 2021). However,

most of these attempts were performed independent of one another

under different conditions and did not focus on the nutritional

properties of microalgae. Thus, to effectively couple nitrogen

removal with nutritional value, selecting the proper microalgae

species is the key in this field.

Nannochloropsis sp., Cyclotella sp., and Conticribra weissflogii

(previously known as Thalassiosira weissflogii) are well-known as feed

ingredients or live diets for aquaculture. It was reported that a 50 % fish

oil replacement by Nannochloropsis sp. meal had positive effects on the

growth performance and nutrient utilization of juvenile sea bass (Haas

et al., 2016). Moreover, the disease resistance of gilthead seabream

(Sparus aurata) was enhanced with Nannochloropsis sp. as functional

ingredient in low fishmeal diets (Jorge et al., 2019). Several studies

showed that C. weissflogii contributed to the improvement of the growth

performance of shrimps (Litopenaeus vannamei), emphasizing the

survival rate of juveniles (Godoy et al., 2012). Similar study was also

conducted with Cyclotella sp. to investigate its nutritional value as an

alternative feed for aquaculture (Pahl et al., 2010). Compared with their

feed potential, there are very few reports on the assessment of nitrogen

removal capacity for aquaculture wastewater treatment with these three

algae, especially Cyclotella sp. and C. weissflogii. Only a few attempts

have been made to improve the water quality of aquaculture system by

aid ofNannochloropsis sp. (Ding et al., 2021), while ignoring analyses on

their nutritional properties.

Over the years, our team has been committed to separation of

various diet microalgae and exploration of their nutritional properties

(Yang et al., 2015; Liao et al., 2017). In our previous work,

Nannochloropsis oceanica and two diatom strains (Cyclotella

atomus and C. weissflogii) were screened and characterized from
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the rearing water of the shellfish hatchery (27°19′27″N, 120°13′0.16″
E) in Fuding city, Fujian province, China. Here, the comprehensive

analyses on growth performances, absorption efficiencies of nitrate-N

(NO−
3 ), and nutritional properties were conducted in N. oceanica, C.

atomus, and C. weissflogii.
Materials and methods

Microalgae strain and preculture condition

N. oceanica (NMBluh014), C. atomus (NMBguh026), and C.

weissflogii (NMBguh021) were provided by the Microalgae

Collection Center of Ningbo University (China) and maintained in

the NMB3# medium (pH 7.9, salinity 24) (Cao et al., 2019). The

microalgal cultures were cultivated at 25°C and under 60 mmol

photons·m–2·s–1, following a light regime of 12 h/12 h light/darkness.
Experimental design

According to the environmental quality standards for surface

water of China (GB 3838-2002), the limit of nitrogen concentration in

the aquaculture area is 1 mg·L–1. Based on the previous investigation

on water quality in several intensive rearing ponds, the nitrogen

concentration basically exceeds the limit and the main form of

nitrogen is nitrate-N (Ding et al., 2021; Huang et al., 2022). In this

context, this study aimed to evaluate the nitrogen absorption capacity

and nutritional properties of N. oceanica, C. atomus, and C. weissflogii

with nitrate-N as the only nitrogen source, with two initial

concentrations. And, both of them were above the limit of 1 mg·L–1.

Reaching the post-exponential phase, the three microalgal cells

were respectively collected by centrifuging and then washed three

times with sterilized seawater. Collected cells were divided into two

parts. One part continued to be incubated in NMB3# medium with

nitrate-N of 13.85 mg·L–1, designated as NC group. The other part

was incubated in the adjusted NMB3# medium with nitrate-N of 5

mg·L–1, designated as NW group. And other components were

consistent with NMB3#. The initial cell density of each group was

adjusted to one third of that at post-exponential phase. Cultures were

all filled with ultraviolet sterilized air with the flow rate of 0.5 L·min–1

and maintained at 25 °C and under 60 mmol photons·m–2·s–1. Growth

performance, total Chlorophyll content, carotenoids (Car) content,

maximal quantum yield of PSII (Fv/Fm), and nitrate-N concentration

were monitored on a daily basis. Until day 8, microalgal cells were

harvested and stored at -80 °C for analyses of dry biomass and

nutritional properties (soluble sugar, soluble protein, total lipid, and

fatty acid). The experiment was performed in three biological

replicates and three technical replicates for each sample.
Microalgal growth performance

To plot the growth curve, cell density was monitored by cell

counting with an optical microscope. At the end of cultivation,

samples (30 mL each) were harvested and lyophilized to measure

the dry biomass concentration. The specific growth rate (m) was
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calculated as follows.

m   =   (lnNt   –   lnN1)=Dt

where Nt, and N1 represented the maximum and initial density,

respectively. Dt was the cultivation period (d).
Chlorophyll, carotenoids, and Fv/Fm

The contents of total Chlorophyll and Car were determined using

a modified method described by Li et al . (2019). For

spectrophotometric measurement of the above pigments, cells from

1.5 mL sample were centrifuged every day, resuspended in 80%

acetone, and vortexed three times. The extract was recentrifuged at

14,000 g for 5 min and the supernatant was kept overnight in the dark.

And then, the absorbance of the supernatant was respectively read at

450, 645, and 663 nm, in a 96-well plate reader. Total chlorophyll and

Car contents were calculated using the equations of Li et al. (2019)

and Singh et al. (2022). Fv/Fm was measured with a PSI fluorometer

(AquaPen-C, Photon System Instruments, Czech Republic) as

previous description of Li et al. (2019). All the samples were

analyzed in triplicate.
Nitrate-N absorption efficiency and
removal rate

To determine the nitrate-N concentration, 10 mL of algal culture

was filtered with a polycarbonate membrane (0.22 mm pore-sized)

every day. The filtered water was further analyzed using an automated

spectrophotometer (Smart-Chem 450 Discrete Analyzer, Westco

Scientific Instruments, Brookfield, USA). Referring to the

description of Xu et al. (2012) and Ali et al. (2022), the nitrate-N

absorption efficiency (pg·cell–1·d–1) was defined as the average

amount (pg) of nitrate-N absorbed by each cell daily in this study.

Nitrate-N removal rate was calculated with the equation given by

Messer et al. (2022). The equations were listed as:

Nitrate − N   absorption   efficiency   =   (C1   –  Ct) ∗ 10
9=Num=Dt

Nitrate − N   removal rate   =   (C1   –  Ct)=C1

where C1 and Ct represented the nitrate-N concentration (mg·L–

1) at day 1 and day t, respectively; Num was the initial cell density

(cells·mL–1); Dt was the cultivation period (d). All the samples were

analyzed in triplicate.
Soluble sugar, soluble protein, total lipid,
and fatty acid

The content of soluble sugar was measured with anthracene

ketone sulphuric acid colorimetric method (Tian et al., 2015). The

soluble protein was quantified by Bradford Coomassie Brilliant Blue

G-250 method (Bradford, 1976). The lyophilized algal powder of 10

mg was used to determine the total lipid content with the gravimetric

method (Bligh and Dyer, 1959). And, chloroform and methanol were

used as solvents for lipid extraction. Fatty acid extraction was
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conducted with KOH-CH3OH and HCl-CH3OH, following the

protocol reported by Zhang et al. (2021). Fatty acid was determined

with gas chromatography–mass spectrometry (GC–MS) (7890B/

7000C, Agilent Technologies, USA) and further identified based on

the NIST14 commercial mass spectral database. The GC–MS analysis

was performed with the method of Zhang et al. (2020). All the

samples were analyzed in triplicate.
Statistical analysis

Statistical analysis was performed using one-way analysis of

variance (ANOVA) with SPSS 20. The difference was analyzed with

a Tukey’s post hoc test and considered statistically significant when P<

0.05. All the data were displayed as mean ± SD (standard deviation)

(n =3).
Results

Growth performances of three microalgae

The growth curves of N. oceanica, C. atomus, and C. weissflogii

with different initial nitrate-N concentrations (NC and NW groups)
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were depicted in Figure 1. In the first five days, all three microalgae

experienced a period of rapid proliferation, and then the trend tended

to flatten out. Reasonably, the maximum cell density, specific growth

rate, and biomass concentration in NC group were all significantly

higher than that in NW group (p< 0.05), applicable for all three

microalgae. At day 8, the biomass concentration of N. oceanica, C.

atomus, and C. weissflogii in NC group was 1.59, 1.29, and 1.25 times

that in NW group, respectively. These finding showed that the initial

nitrate-N concentration had a substantial effect on microalgal

growth performance.
Fv/Fm and pigment content

As a whole, the Fv/Fm values of N. oceanica, C. atomus, and C.

weissflogii increased first and then decreased gradually with the

process of culture (Table 1). Before day 3, there were almost no

significant differences (p > 0.05) between two groups of all three

microalgae. From day 4, higher values were observed in NC groups,

compared to NW. At the end of cultivation, Fv/Fm values in NC

groups were between 0.74 and 0.78, while that in NW groups were

between 0.57 and 0.73.

Data on the total chlorophyll were shown in Table 1. Before day 5,

total chlorophyll contents of N. oceanica, C. atomus, and C. weissflogii
B

C

D

E

F

A

FIGURE 1

Growth performances of N. oceanica (A, D), C. atomus (B, E), and C. weissflogii (C, F). NC, nitrate-N concentration of 13.85 mg·L–1. NW, nitrate-N
concentration of 5 mg·L–1. The one-way ANOVA analysis and the Tukey’s post hoc test were executed to estimate the differences. “*” indicates a
significant difference (P< 0.05) between NC and NW at the same time point. Data are displayed as the mean ± SD (standard deviation) (n = 3).
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steadily increased both in NC and NW groups, which slightly

decreased from day 6 to day 8. What is more, for the three

microalgae, the total chlorophyll content in NW group saw a

significant decline compared to NC (p< 0.05). These results were

aligned with the growth curves of three microalgae described above.

As for Car content (Table 1), the general trend was similar to total

chlorophyll for all the three microalgae. However, the Car peaks of

NC and NW groups occurred at different timepoints. Specifically, the

highest Car content occurred at day 7, 8, and 7 in NC group for N.

oceanica, C. atomus, and C. weissflogii, respectively, whereas the

highest values were observed at day 4 in NW groups for all of them.
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Nitrate-N utilization by microalgae

In this study, nitrate-N was served as the only nitrogen source

for N. oceanica, C. atomus, and C. weissflogii, with two initial

concentrations. The concentration of residual nitrate-N in

cultural water was monitored on a daily basis and hence the

nitrate-N absorption efficiency and nitrate-N removal rate

were calculated.

Overall, the absorption efficiencies of three microalgae decreased

consistently over time in all groups (Figure 2). From Figure 2A, the

highest absorption efficiencies by N. oceanica were observed at day 2,
TABLE 1 The maximal quantum yield of PSII (Fv/Fm) and contents of total Chlorophyll and carotenoids (Car) in N. oceanica, C. atomus, and C. weissflogii
in two groups.

Cultivation time (d)
Fv/Fm Total chlorophyll (mg·L-1) Car (mg·L-1)

NC NW NC NW NC NW

N. oceanica

1 0.83±0.01a 0.83±0.01a 1.63±0.05a 1.63±0.05a 0.30±0.01a 0.30±0.01a

2 0.83±0.01a 0.82±0.01a 1.94±0.10a 1.81±0.10a 0.36±0.03a 0.34±0.01a

3 0.82±0.01a 0.82±0.01a 2.21±0.12a 2.02±0.09a 0.49±0.10a 0.46±0.03a

4 0.83±0.01a 0.81±0.00b 3.65±0.17a 2.82±0.11b 0.92±0.01a 0.54±0.01b

5 0.82±0.01a 0.80±0.01b 3.84±0.17a 3.17±0.10b 0.99±0.03a 0.51±0.01b

6 0.81±0.01a 0.78±0.01b 3.61±0.07a 2.82±0.11b 1.00±0.07a 0.50±0.02b

7 0.80±0.01a 0.77±0.01b 3.57±0.26a 2.73±0.07b 1.06±0.11a 0.45±0.05b

8 0.78±0.01a 0.73±0.02b 3.36±0.31a 2.66±0.13b 1.03±0.14a 0.42±0.01b

C. atomus

1 0.80±0.01a 0.80±0.01a 1.34±0.05a 1.34±0.05a 0.23±0.01a 0.23±0.01a

2 0.83±0.01a 0.83±0.00a 1.81±0.05a 1.78±0.03a 0.42±0.02a 0.41±0.01a

3 0.83±0.01a 0.82±0.00b 2.80±0.10a 2.46±0.02b 0.78±0.03a 0.68±0.02b

4 0.82±0.00a 0.81±0.01b 3.37±0.12a 2.72±0.04b 1.02±0.02a 0.78±0.02b

5 0.81±0.01a 0.77±0.02b 3.83±0.16a 2.33±0.19b 0.96±0.03a 0.71±0.01b

6 0.80±0.01a 0.73±0.04b 3.55±0.09a 2.18±0.09b 1.01±0.12a 0.71±0.05b

7 0.79±0.02a 0.66±0.05b 3.13±0.20a 2.18±0.09b 1.16±0.06a 0.65±0.01b

8 0.75±0.02a 0.57±0.04b 2.83±0.05a 2.03±0.02b 1.26±0.03a 0.60±0.03b

C. weissflogii

1 0.82±0.01a 0.82±0.01a 1.43±0.03a 1.43±0.03a 0.24±0.02a 0.24±0.02a

2 0.85±0.01a 0.85±0.01a 2.00±0.02a 1.81±0.01b 0.45±0.03a 0.41±0.02a

3 0.85±0.01a 0.85±0.01a 3.10±0.17a 2.44±0.08b 0.85±0.11a 0.67±0.02b

4 0.85±0.01a 0.81±0.01b 4.33±0.07a 3.16±0.14b 1.23±0.03a 0.88±0.01b

5 0.83±0.01a 0.78±0.01b 4.85±0.02a 3.53±0.05b 1.29±0.05a 0.87±0.06b

6 0.80±0.01a 0.75±0.01b 4.35±0.07a 3.35±0.18b 1.50±0.01a 0.87±0.01b

7 0.79±0.01a 0.74±0.01b 4.33±0.07a 3.26±0.17b 1.72±0.11a 0.82±0.05b

8 0.74±0.02a 0.68±0.01b 4.18±0.13a 3.24±0.12b 1.58±0.08a 0.76±0.02b
fro
NC, nitrate-N concentration of 13.85 mg·L–1. NW, nitrate-N concentration of 5 mg·L–1. Different letters (a and b) indicate significant differences (P< 0.05) between NC and NW at the same timepoint.
Data are displayed as the mean ± SD (standard deviation) (n = 3).
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i.e., 0.40 (NC) and 0.36 pg·cell–1·d–1 (NW). For C. atomus, the

absorption efficiencies were between 4.61 and 1.91 pg·cell–1·d–1 in

NC group and between 4.23 and 0.98 pg·cell–1·d–1 in NW group

(Figure 2B). Compared to N. oceanica and C. atomus, the highest

absorption efficiencies were obtained with C. weissflogii at day 2,

reaching 19.02 (NC) and 16.28 pg·cell–1·d–1 (NW), respectively

(Figure 2C). The absorption efficiencies in NC groups by all the

three microalgae were significantly higher than NW group (p< 0.05)
Frontiers in Marine Science 06171
at the same timepoint. These results revealed that the absorption

efficiency was significantly affected by the initial N concentration.

By monitoring the residual nitrate-N in cultural water every day,

it was found that nitrate-N was exhausted at day 8. As shown in

Figure 2, the removal rates of N. oceanica, C. atomus, and C.

weissflogii all exceeded 90% at day 4 and 99% at day 5 in NW

group (Figure 2). Moreover, despite with higher initial N

concentration in NC groups, they could also remove 90%/99% of
B

C

A

FIGURE 2

Nitrate-N absorption efficiency and nitrate-N removal rate of N. oceanica (A), C. atomus (B), and C. weissflogii (C). NC, nitrate-N concentration of 13.85
mg·L–1. NW, nitrate-N concentration of 5 mg·L–1. The one-way ANOVA analysis and the Tukey’s post hoc test were executed to estimate the differences.
“*” above the column indicates a significant difference (P< 0.05) between NC and NW at the same timepoint. Data are displayed as the mean ± SD
(standard deviation) (n = 3).
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nitrate-N within five/seven days (Figure 2), showing excellent nitrate-

N removal capacities.
Analyses on nutritional properties

At the end of cultivation, microalgal cells were respectively harvested

for the assessment of nutritional composition. As displayed in Figure 3A,

the soluble sugar and total lipid of N. oceanica in NW group were

obviously higher (56.8% and 28.8%) than that in NC group (p< 0.05),

while the soluble protein decreased by 37.3% (p< 0.05). Eleven fatty acids

were identified in N. oceanica and listed in Table 2. C16:0, C16:1, C18:1

(trans-9), and C20:5 were the predominant types. C16:0 and C16:1

increased by 8.2% and 8.1% (P< 0.05) in NW group compared to NC,

further leading to the significant increases in SFA and MUFA (P< 0.05).

Conversely, C18:2, C20:4 (ARA), and C20:5 declined by 21.0%, 24.7%,

and 30.6% (P< 0.05) in NW group compared to NC. As a result, PUFA

decreased dramatically (27.4%, P< 0.05) in NW group.

As for C. atomus (Figure 3B), compared to NC, the soluble sugar

and total lipid increased by 42.3% and 97.5%, while the soluble

protein decreased by 36.9% (p< 0.05) in NW. Compared to N.
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oceanica, thirteen fatty acids were detected in C. atomus (Table 2).

C14:0, C16:0, C16:1, and C20:5 were the predominant ones. SFA

obviously increased in NW group compared to NC (P< 0.05), mainly

attributing to the increasements of C14:0 (11.4%, P< 0.05) and C16:0

(6.1%, P< 0.05). Different from N. oceanica and C. weissflogii, no

significant difference was observed in MUFA between NC and NW

groups (P > 0.05). PUFA decreased significantly in NW group (13.7%,

P< 0.05) by reason of the substantial reductions of C16:2 (29.1%, P<

0.05) and C16:3 (46.8%, P< 0.05).

Similar to N. oceanica and C. atomus, C. weissflogii accumulated

more soluble sugar and total lipid but less soluble protein in NW

group, in comparison to NC (p< 0.05) (Figure 3C). In particular, C.

weissflogii seemed to produce more soluble sugars than N. oceanica

and C. atomus, reaching 41.7% dry cell weight in NW group. Here,

fourteen fatty acids were detected in C. weissflogii (Table 2). C14:0,

C16:0, C16:1, and C20:5 accounted for the largest proportion, just like

C. atomus. SFA (9.8%, P< 0.05) and MUFA (3.3%, P< 0.05) enjoyed

the mark increases in NW groups compared to NC, caused by the

increases of 16:0 (16.6%, P< 0.05) and C18:1 (trans-9) (33.9%, P<

0.05). What is more, higher PUFA was observed in NC group

(P< 0.05).
B
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FIGURE 3

Contents of soluble sugar, soluble protein, and total lipid of N. oceanica (A), C. atomus (B), and C. weissflogii (C). NC, nitrate-N concentration of 13.85
mg·L–1. NW, nitrate-N concentration of 5 mg·L–1. The one-way ANOVA analysis and the Tukey’s post hoc test were executed to estimate the differences.
“*” above the column indicates a significant difference (P< 0.05) between NC and NW. Data are displayed as the mean ± SD (standard deviation) (n = 3).
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Discussion

The demand for innovative wastewater treatment techniques has

been growing in many nations, in particular with nitrogen removal.

Microalgal cultivation using aquaculture wastewater is a promising

technology for integrated nitrogen removal and subsequent biomass

accumulation. Apart from improving water quality, microalgae have

demonstrated to be an excellent living diet, which is the principal

advantage of incorporating them into wastewater treatment

(Mohsenpour et al., 2021). However, several practical challenges

still hinder the industrial application of microalgae in this field,

which need to be addressed (Mohsenpour et al., 2021). One such

challenge is the availability of superior microalgal strains with optimal

nitrogen removal capacity and nutritional properties. Many species of

microalgae, e.g., N. oceanica, C. atomus, and C. weissflogii, have been

applied in aquaculture as live diets. However, estimation of nitrogen

removal capability and concomitant nutritional properties of the

three species have been rarely reported. It is necessary to

comprehensively analyze their growth performances, nitrogen

removal capacities, and accumulations of sugar, protein, lipid, and

fatty acid, which have been carried out in this study.
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As referred above, nitrogen is one of the main pollution sources of

aquaculture wastewater. The inorganic nitrogen forms in aquaculture

wastewater comprise of nitrate, nitrite, nitric acid, ammonium, etc.

(Wuang et al., 2016). Nitrate-N is the most oxidized and the most

thermodynamically stable form. It is hence more common to find

nitrate-N in aquaculture environments (Goncalves et al., 2017).

Nitrate-N is also the main concern of this study and chosen as the

nitrogen source with two concentrations, both of which exceeded the

limit of the environmental quality standards for surface water of China

(GB 3838-2002). For the selected three strains, there were significant

differences observed in the maximum cell density, specific growth rate,

biomass concentration, Fv/Fm, total chlorophyll and Car content

between two groups. These results indicated nitrate-N concentration

had a substantial effect on microalgal growth and photosynthetic

performance. This has been a broad consensus proved in many

microalgae (Ma et al., 2016). For instance, it was observed that

Chlorella zofingiensis showed rapid growth with sufficient nitrogen,

whereas growth inhibition under nitrogen limitation condition (Zhu

et al., 2014). Additionally, the nitrogen removal rates were in line with

the growth curves of the three microalgal strains in this study

(Figures 1, 2), clearly reflecting the importance of nitrogen for
TABLE 2 The fatty acid composition (% of total fatty acids) of N. oceanica, C. atomus, and C. weissflogii under different nitrate-N concentrations.

N. oceanica C. atomus C. weissflogii

NC NW NC NW NC NW

C14:0 7.54±0.59a 7.18±0.53a 9.79±0.94a 10.91±0.31b 10.54±0.34a 10.33±0.51a

C15:0 0.83±0.05a 0.60±0.08b 1.76±0.21a 1.62±0.22a 3.09±0.02a 3.09±0.12a

C16:0 32.49±0.69a 35.16±0.77b 33.41±0.62a 35.45±0.53b 25.18±0.66a 29.36±0.17b

C18:0 3.65±0.10a 3.37±0.20a 1.06±0.12a 1.02±0.09a 1.11±0.04a 1.04±0.05a

SFA 44.51±0.14a 46.30±0.15b 46.02±1.06a 49.00±0.32b 39.92±0.92a 43.83±0.23b

C16:1 23.15±0.77a 25.02±0.65b 30.84±1.08a 31.50±0.98a 27.81±0.42a 28.27±0.44a

C18:1 trans-9 12.10±0.43a 12.88±0.61a 0.77±0.10a 0.55±0.07b 1.59±0.15a 2.13±0.15b

C18:1 cis-9 1.63±0.09a 2.28±0.05b 2.63±0.51a 1.92±0.44a 0.53±0.11a 0.52±0.08a

MUFA 36.88±0.44a 40.19±0.31b 34.24±0.70a 33.97±0.69a 29.93±0.36a 30.93±0.34b

C16:2 4.36±0.44a 3.09±0.12b 7.80±0.61a 5.80±0.27b

C16:3 2.22±0.31a 1.18±0.11b 4.07±0.18a 2.67±0.15b

C16:4 3.14±0.44a 3.19±0.25a

C18:2 2.05±0.25a 1.62±0.15b 0.69±0.03a 0.41±0.03b

C18:3 0.44±0.05a 0.45±0.06a

C18:4 2.40±0.15a 3.00±0.03b

C20:4 (ARA) 4.25±0.30a 3.20±0.11b

C20:4 (ETA) 0.88±0.02a 0.67±0.06b

C20:5 11.87±0.24a 8.24±0.19b 8.65±0.15a 8.17±0.32a 12.28±0.36a 11.02±0.28b

C22:5 0.45±0.05a 0.48±0.06a

C22:6 0.93±0.03a 0.91±0.11a 2.02±0.13a 1.68±0.05b

PUFA 18.61±0.57a 13.51±0.31b 19.74±1.38a 17.03±0.83b 30.15±1.24a 25.24±0.76b
fr
NC, nitrate-N concentration of 13.85 mg·L–1. NW, nitrate-N concentration of 5 mg·L–1. SFA (saturated fatty acid) consisted of C14:0, C15:0, C16:0, and C18:0. MUFA (monounsaturated fatty acid)
included C16:1, C18:1 (trans-9), and C18:1 (cis-9). PUFA (polyunsaturated fatty acid) comprised C16:2, C16:3, C16:4, C18:2, C18:3, C18:4, C20:4 (ARA), C20:4 (ETA), C20:5, C22:5, and C22:6. One-
way ANOVA and Tukey’s post hoc test were carried out to show the differences between NC and NW groups. Different letters (a and b) indicate significant differences (P< 0.05). Data are displayed as
the mean ± SD (standard deviation) (n = 3).
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microalgal biomass generation and confirming the feasibility of

removing nitrogen from wastewater with them.

Fv/Fm is a sensitive indicator of plant photosynthetic performance

(Jägerbrand and Kudo, 2016). Generally, lower values of Fv/Fm may at

least partly reflect stress, photoinhibition, or downregulation of

photosynthesis (Jägerbrand and Kudo, 2016). Fv/Fm has been used

as an indicator of environmental stress in algae, including nutrient

depletion. For example, studies in Scenedesmus obliquus, Chlorella

sorokiniana, and Ankistrodesmus falcatus demonstrated that Fv/Fm

values obviously decreased with nutrient depletion (Ansari et al., 2017).

Another study also indicated that the negative effect of ultraviolet

radiation on Isochrysis galbana was partly supported by the decline of

Fv/Fm (Cao et al., 2019). In the present study, photosynthetic

efficiencies of the three strains were monitored in terms of Fv/Fm.

The decline of Fv/Fm values was indicative of nitrogen consumption in

both groups, which was further confirmed by analyses of nitrate-N

utilization (Figure 2). It is worth mentioning that Fv/Fm of N. oceanica

still maintained at a high level (0.78 and 0.73), even though there was

almost no residual nitrate-N in cultural water at the end of culture

process (Figure 2). However, Fv/Fm values of C. atomus and C.

weissflogii decrease by a much wider margin, compared to that of the

first day. It can be speculated that N. oceanica has better adaptability

towards nitrogen depletion compared to other two selected strains.

In the current study, N. oceanica, C. atomus, and C. weissflogii

removed 90% of nitrate-N within five days and 99% of that within

seven days, showing splendid nitrogen removal potentials.

Nevertheless, the nitrogen absorption efficiencies were quite different

from one another. Analyzing the average amount of nitrate-N absorbed

by each cell daily, C. weissflogii gained the largest value, followed

successively by C. atomus and N. oceanica. This was likely due to

species specificity. Similarly in a comparative study by Ansari et al.

(2017), A. falcatus showed stronger nitrate-N absorption capacity than

S. obliquus and C. sorokiniana. An additional aspect was that the

absorption efficiency in NC group was significantly higher than that in

NW group at the same timepoint, applicable for all three microalgae.

We speculated that it was mainly caused by the discrepancy in nitrogen

concentration. In two independent studies of Wang et al. (2010) and

Cabanelas et al. (2013), Chlorella sp. both showed an improved

nitrogen absorption efficiency when treating wastewater with higher

nitrogen concentration, similar to the results observed in this study.

Indeed, apart frommicroalgal species and nitrogen concentration,

there are many other factors influencing nitrogen absorption

efficiency. One of them is the preference of nitrogen species. The

assimilation of nitrate-N requires previous reduction into

ammonium, in a two-step process catalyzed by nitrate reductase

and nitrite reductase, while ammonium assimilation does not

(Goncalves et al., 2017). Therefore, most algae prefer ammonium as

the nitrogen source rather than nitrate-N, as less energy is needed

(Ramli et al., 2020). Nannochloropsis oculata, Stigeoclonium nanum,

and Chlorella vulgaris fall into this category (Ansari et al., 2017; Ramli

et al., 2017). There are, of course, some exceptions. For example,

diatoms prefer nitrate-N over ammonium (Ramli et al., 2020). Other

factors, such as light intensity and temperature, are also deemed

closely correlated with nitrogen uptake by microalgae (Goncalves

et al., 2017). Considering that nitrate-N is the main nitrogen form in

aquaculture wastewater, this study was conducted with nitrate-N as

the only nitrogen source under the same light intensity and
Frontiers in Marine Science 09174
temperature. Further investigation is needed to ascertain the

impacts of other factors.

Nitrogen, one of fundamental macronutrients, is required for the

accumulation of nutritional components (Zarrinmehr et al., 2020). It

was reported that many microalgal species could transform protein to

lipid or sugar as energy reserve component when encountering

nitrogen-depletion (Huo et al., 2011). For example, studies in N.

oceanica, I. galbana, and Scenedesmus sp. have demonstrated that

nitrogen depletion triggered more lipids (Pancha et al., 2014; Jia et al.,

2015; Zarrinmehr et al., 2020). Nitrogen starvation was thus proposed

to be an effective technique for lipid production in microalgae

(Yaakob et al., 2021). On the other hand, limitation of nitrogen

availability also seemed to be the most promising way of

accumulating sugars in microalgae (Chen et al., 2013). Zarrinmehr

et al. (2020) found that the sugar content in I. galbana was enhanced

by 47% under nitrogen-deficient condition. Cultivating Spirulina sp.

in nitrogen-reduction medium caused the dramatical elevation in

sugars (Braga et al., 2018). Additionally, there are many reports

showing that nitrogen bears directly on the fatty acid profile. The

common view is that low nitrogen leads to more saturated fatty acid

and monounsaturated fatty acid, while high nitrogen is more

conducive to the synthesis of polyunsaturated fatty acid (Zhang

et al., 2021). Our results further confirmed this view. Another

notable aspect was C20:5, one famous polyunsaturated fatty acid

(Zhang et al., 2021). The content of C20:5 changed drastically with

nitrogen concentration, especially in N. oceanica and C. weissflogii.

Over the past decades, abundant studies have clearly shown that

the nutritional requirements of aquatic animals depend on different

species (fish, shrimp, shellfish, etc.) and different ages (e.g., larva or

juvenile) (Ayisi et al., 2017; <xr rid="r106">Li et al., 2021</xr>). The

appropriate supply of nutrition is beneficial for the growth,

development, and production performance of aquatic animals.

According to literatures, the concentration of nitrogen in

aquaculture wastewater ranges from 2-110 mg·L−1 (Ansari et al.,

2017). Since the nutritional properties of microalgae varies with

nitrogen concentration, the selection of suitable microalgae species

should be taken into consideration in practical application for

assimilating nitrogen and simultaneously producing biomass as diet

for various aquatic animals. Nitrogen concentration is one of key

factors in the coupling system of wastewater treatment and biomass

production of microalgae. The present study was designed to estimate

the growth performances, absorption efficiencies of nitrate-N, and

biochemical compositions of three diet microalgae with synthetic

medium. However, Microalgal treatment of real wastewater exhibited

many complexities, mainly resulting from the increased physiological

stresses caused by variable nutrient levels as well as high

concentrations of organics in real wastewater. In the follow-up

studies, the effects of other nutrient (e.g., phosphorus) on the

potentials of diet microalgae for wastewater treatment will be

investigated. Furthermore, cultivation with real wastewater without

any additional nutrients will be carried out.
Conclusion

In this study, N. oceanica, C. atomus, and C. weissflogii were

cultivated with two initial nitrate-N concentration, designated as NC
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(13.85 mg·L–1) and NW (5 mg·L–1) groups, respectively. Two nitrate-

N concentrations both exceeded the limit of the environmental

quality standards for surface water of China (GB 3838-2002). For

the selected three strains, significant differences were observed in the

maximum cell density, specific growth rate, biomass concentration,

Fv/Fm, total chlorophyll and Car content between two groups.

Judging from Fv/Fm, N. oceanica has better adaptability towards

nitrogen depletion compared to other two selected strains. At the end

of cultivation, the biomass concentration of N. oceanica, C. atomus,

and C. weissflogii in NC group was 1.59, 1.29, and 1.25 times that in

NW group, respectively. In addition, the three strains all showed

excellent nitrogen removal potentials. The nitrate-N absorption

efficiencies in NC group were all significantly higher than that in

NW group at the same timepoint. From the average amount of

nitrate-N absorbed by each cell daily, C. weissflogii gained the largest

value, followed successively by C. atomus and N. oceanica. Further

analyses on nutritional properties demonstrated lower nitrate-N was

conductive to the synthesis of soluble sugar, total lipid, and saturated

fatty acid, while higher nitrate-N resulted in more soluble protein and

polyunsaturated fatty acid. To sum up, N. oceanica, C. atomus, and C.

weissflogii all possessed strong nitrogen removal capacity. And their

growth performance and nutritional properties were closely related

with nitrogen concentration.
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Hydroacoustic survey on fish
spatial distribution in the early
impoundment stage of Yuwanghe
Reservoir in southwest China
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Feng Mei2,4, Yuxi Lian5, Dongxu Zhang2,3, Shaoqiu Hu2,6,
Longgen Guo2 and Ming Duan2*

1College of Animal Science, Guizhou University, Guiyang, China, 2State Key Laboratory of Freshwater
Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China,
3College of Advanced Agricultural Sciences, University of Chinese Academy of Sciences, Beijing, China,
4School of Life Sciences, Nanchang University, Nanchang, China, 5College of Life Science, Anqing
Normal University, Anqing, China, 6College of Fisheries, Huazhong Agricultural University, Wuhan, China
Understanding the fish community structure and spatial distribution characteristics

is essential for appropriate reservoir fishery management, especially in the early

impoundment stage of the reservoir, which could help in obtaining basic data and

performing artificial adjustments to biological communities. On the basis of this

concept, we conducted a survey of the fish community and distribution at the

newly constructed reservoir in southwest China by using a combination of

methods, including hydroacoustic survey and fish sampling. Fish sampling

showed a single fish community structure (six species belonging to four families)

assembled in the reservoir, and the dominant species was Pseudorasbora parva

which accounted for 98.79% of the fish population. In the hydroacoustic survey,

the average fish density was 318.7 ± 256.1 individuals/1,000 m2. Irregular

distribution of the fish was observed in the horizontal direction. The fish

densities in the head area, middle area, and tail area of the reservoir were

168.5 ± 60.1, 306.8 ± 124.7, and 696.4 ± 288.9 individuals/1,000 m2,

respectively, which showed a trend of increase in fish density with an increase in

distance from the dam. More than 97.3% of the fish in the vertical direction were

distributed in the water layer of depth 0 to 12 m. The average total length of fish

was 75.4 mm, and the mean fish biomass in the reservoir was approximately 984.8

g/1,000 m2. According to Pearson correlation analysis, the main factors affecting

the spatial distribution of fish were water depth, water temperature, dissolved

oxygen, total nitrogen, and plankton density. Our results suggested that the fish

community structure should be adjusted by releasing native carnivorous fish to

control the abundance of small fish. Moreover, filter-feeding fish such as silver carp

and bighead carp should be released in the reservoir to control the plankton

community; this will enable the maintenance of the reservoir ecosystem in a

healthy state while increasing the economic benefits to the local area.

KEYWORDS

fish communication structure, spatial distribution, reservoir, early impoundment
stage, hydroacoustic
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1 Introduction

The increasing demand for water resources, combined with the

nonuniform temporal and spatial distribution of precipitation, has

resulted in severe water shortage in many parts of the world.

Reservoirs, as important and effective means for ensuring adequate

water resources, not only supply water for humans, enable the

generation of hydroelectric energy, and prevent floods but also play

an important role in fisheries and aquaculture (Prchalová et al., 2009;

He, 2016). Among the different types of aquaculture, reservoir

aquaculture is an important method of aquaculture in Guizhou

Province, China. Based on the data from the China Fisheries

Statistical Yearbook (Bureau of Fisheries, 2021), the reservoir

aquaculture area in Guizhou Province accounted for 19.1% of the

total aquaculture area in the province, while the output of aquaculture

products in reservoirs constituted 23.1% of the total output in 2020.

During the early operation period, the reservoir had a relatively

homogeneous ecosystem and healthy quality of water (Han, 2010).

However, because of dam construction, the velocity of the incoming

water flow decreased, and the hydraulic retention time extended,

which changed the original runoff characteristics of the water.

Moreover, the industrial pollution sources around the reservoir

area, domestic waste discharge, and other sources of pollution from

the watershed enrichment increased the eutrophication in many

reservoirs so that it further declined the quality of the water. It not

only affected the production but also raised concerns regarding water

safety for residents (Wu et al., 2012; Guo et al., 2018). To maintain the

quality of large water bodies such as lakes and reservoirs, to reduce the

loss of ecosystem energy, and to exploit the productive potential of

wa t e r bod i e s , fi l t e r - f e ed ing fi sh such as s i l v e r ca rp

(Hypophthalmichthys molitrix) and bighead carp (Aristichthys

nobilis) have been widely released into the water (Liu and Xie,

2003; Guo et al., 2015). It has therefore become crucial to conduct

an assessment of fishery resources to determine appropriate methods

to enhance the fish population and release them in a scientific and

rational manner (Liu and Zhang, 2016).

There is a pressing need for knowledge of reservoir ecosystems in

fishery management and monitoring water quality. Hydroacoustics is

an effective tool to understand the dynamics of freshwater ecosystems,

and many studies have applied hydroacoustics in their investigations.

Hydroacoustics has been developed over several decades, and it is

presently recognized as a robust and reliable method for fish

assessment (Drastik et al., 2017; Anne et al., 2019). Traditional

methods of fishery resource surveys, such as sampling fishes by

gillnets, electricity, purse seine, or trawlnet, are based on rough

estimates of the number and weight of catches, which are time-

consuming and error-prone when implemented in deep reservoirs

(Xie et al., 2003; Maclennan and Simmonds, 2005; Kubečka et al.,

2009). Compared with the passive survey method, the hydroacoustic

survey can provide long-term, continuous, and abundant fishery

resource data; thus, this method has the advantages of highly

efficient and nondestructive approach to the survey object and

relatively low labor cost (Maclennan and Simmonds, 2005; Guillard

et al., 2012; Winfield et al., 2013). Recent advances in hardware and

software have enabled the more widespread use of hydroacoustic

methods, which are more suitable for open water systems such as

deep lakes and reservoirs (Godlewska et al., 2004; Anne et al., 2019).
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Hydroacoustic survey has been widely used in fishery resource

assessment, fish behavior assessment, and aquatic plant and

plankton research in large water bodies in China and abroad (Lian

et al., 2015; Samedy et al., 2015; Anne et al., 2019).

Guizhou Province is located in the eastern part of the Yunnan-

Kweichow Plateau, and 92.5% of its region is mountainous and hilly,

which has a typical karst landform and constitutes a unique karst

ecosystem in southwest China, resulting in poor soil quality and easy

infiltration of surface water. Consequently, there are fewer natural

lakes, thereby leading to a very severe water shortage, particularly in

mountainous areas (Lv, 2019). To resolve this water shortage issue,

the government has constructed several reservoirs. Reservoirs are an

important water resource for ensuring an adequate water supply and

the preservation of the natural environment in Guizhou (Ou, 2015;

Lv, 2019). In the present study, we chose Yuwanghe Reservoir in

southwest China as the study case. By using the hydroacoustic survey

as the main tool, combined with the fish catch sampling method, we

obtained the spatial distribution pattern and resources of fish at the

early stage of the reservoir with an aim to provide a theoretical basis

and technical support for reservoir management and development in

the Yunnan–Guizhou region.
2 Materials and methods

2.1 Study area

Yuwanghe Reservoir is located in the northern part of Liupanshui,

Guizhou Province; it belongs to Yuwanghe River, which is a first-class

tributary of the Beipan River and is situated approximately 50 km

from Shuicheng County (26°08ʹ30–26°09ʹ02N, 104°45ʹ30—104°

45ʹ50E; Figure 1). The reservoir started to store water and began its

operation in 2020 with a maximum depth of 42.3 m and an average

depth of 18.8 m. The average capacity is 1.022 × 107 m3. The main

function of the reservoir is to provide water and irrigation facilities to

the residents of the area. To analyze the horizontal distribution of fish

assemblages, the reservoir was divided into three sections —namely,

head area, middle area, and tail area —on the basis of its

geographical features.
2.2 Hydroacoustic measurements

The hydroacoustic survey was conducted during daylight hours in

May 2021. A DT-X split-beam echosounder (BioSonics, Seattle, WA,

USA) operating at a frequency of 200 kHz was used, with a transducer

beam angle of 6.8° × 6.8°. The transducer was mounted on the

starboard side of the vessel at a distance from the bow equal to one-

third of the hull length; thus, the transducer could reach a depth of

0.5 m below the water. The vertical geographic position and the

hydroacoustic route of the beam were recorded in real-time by

Garmin GPS 17×HVS. The echosounder was connected to a laptop

to display and store the hydroacoustic data in real-time by using

Acquisition 6.0 software. Water temperature and salinity data

required for the data acquisition program were determined using

the YSI6600V2 multiparameter water quality monitor. To reduce the

impact of vessel noise on the survey, the hydroacoustic survey was
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conducted along zigzag transects, with the vessel sailing at the speed

of approximately 6–8 km·h–1 (Lian et al., 2018). The survey started

from the head area of the reservoir and ended at the tail area

(Figure 1). The route covered the entire reservoir. The investigation

was repeated twice back and forth to ensure coverage of more than 6%

(Matthias et al., 2012).
2.3 Fish sampling captures

Fish catch surveys were conducted to obtain the fish composition

and community structure; the aim of these surveys was to determine

the consistency between the hydroacoustic survey signals and the

distribution of fish body length. Six fish sampling sites were selected,

including two sites each at the head, middle, and tail areas (Figure 1).

Composite gillnets of multiple meshes (50 m in length and 3 m in

height; mesh size of 1.0, 1.6, 2.0, 2.5, 3.1, 4.0, 4.8, 6.0, 7.5, 8.5, 11.0, and

12.5 cm), trammel gillnets (200 m in length and 5 m in height; mesh

size of 6.0, 8.0, 10.0, and 12.0 cm), and floor cage net (20 m in length,

0.4 m in width, 0.4 m in height, and mesh size of 5 mm) were used for

the field sampling. The floor cage nets were installed in the coastal

zone near each sample site at a position as distant as possible. The

gillnets were installed at each sample site in the main area. The nets

were set for 12 h from 17:00 to 5:00. Fish catches were identified,

measured, and counted in fresh condition. Species identification was

performed by referring to the guidelines of the Zoology of China

(Chen, 1998; Yue, 2000). Spatial and trophic ecological niche

classification was performed by referring to the Guizhou Fish

Journal (Wu, 1989). Measurements were performed at the accuracy

level of 1 mm in length and 0.01 g in weight.
2.4 Environmental variables

Quantitative samples of plankton and water were collected along

with the catch collection. The plankton samples obtained from the
Frontiers in Marine Science 03179
mixtures of the bottom, middle, and surface water at each site were

collected in 50- ml polyethylene bottles, and 1 ml of formaldehyde

solution was added for preservation. The samples were then stored for

laboratory tests (Zhang and Huang, 1991). Water samples were

collected in 1, 000- ml black polyethylene bottles at a surface water

depth of 0.5 m. The samples were brought to the laboratory under low

temperature conditions to measure the content of total nitrogen, total

phosphorus, ammonia nitrogen, and chlorophyll a. Water depth was

measured based on acoustic signals. Water temperature, pH, dissolved

oxygen, and conductivity were measured on site by using a YSI 6600V2

multiparameter water quality monitor (Zhang and He, 1991). A

transparency disk was used to measure the water transparency.
2.5 Hydroacoustic data
processing and analysis

The hydroacoustic data were converted and post-processed with

Visual Analyzer version 4.3 software. Because the fish signals from the

echosounder were scattered, the blind areas of detection and areas

with high interference at 1 m below the level of the transducer and

0.5 m above the bottom of the probe were artificially eliminated; this

step minimized the effect of noise (Li et al., 2022; Lian et al., 2022).

The echograms of all survey sections were carefully examined and

manually edited to regenerate the bottom surface if required.

Background noise beyond the target signal, such as bubbles and

noise interference from ships, was manually eliminated based on the

characteristics of the echogram (Huang et al., 2019). To shield the

echo signal from weak scatterers such as plankton, the minimum

threshold in the target intensity echo image was set to –70 dB.

The total length of the fish was derived from the empirical

formula (TS - TL) of target strength (TS) and total length (TL) of

carp as proposed by Frouzova et al. (2005):

T S = 23:97lg TL−103:9 (1)
FIGURE 1

Map of Yuwanghe Reservoir in southwest China and the hydroacoustic sampling transects.
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where TS is the target strength of the fish body, TL is the total

length of the fish, and 103.9 is a constant value.

The conversion between the t otal length and the fish weight is

based on the relational expression obtained by applying the power

function W = a*TLb (W is the fish weight and a and b are the

parameters) to fit the total length and weight of the fish catch samples

(Ricker, 1975; Ye et al., 2007).

The biomass for each transect was calculated by multiplying the

average fish numerical density estimated acoustically with the weight

corresponding to the average TS for this transect. The total biomass

for the given area was calculated as a weighted mean.
2.6 Statistical analysis

The goodness of fit between fish catch samples and hydroacoustic

data was analyzed by Mann–Whitney U-test. The differences between

areas for mean fish density and fish biomass were analyzed with two-

sample t-test. Pearson correlation coefficient was used to determine

the correlation of fish spatial distribution and environmental factors.

All analyses were completed with the OriginPro 2021 (OriginLab,

2021) and ArcGIS 10.2 software (Esri, 2013).
3 Result

3.1 Composition of fish catches

In the survey offish catches, six species offishes belonging to three

orders and four families were found in Yuwanghe Reservoir, and a

total of 1,892 fish were sampled. The status and the role of species in

the community were classified according to their number and the

weighted proportion of catches. Species with an index of relative

importance (IRI) > 1,000 are defined as dominant, those with IRI

between 100 to 1,000 are important species, those with IRI between 10

to 100 are common species, and those with IRI < 10 are occasional

species (Jutagate and Sawusdee, 2022). On the basis of this criterion,
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topmouth gudgeon (Pseudorasbora parva) was the dominant species

in the fish community, Carassius auratus and Culter alburnus were

important species, and Micropercops swinhonis and Paramisgurnus

dabryanus were common species (Table 1). The curve-fitting result

between the total length and the weight of the fish catch samples

(Figure 2) by using regression analysis showed that the relation

formula was W = 0.00295*TL3.404 (R2 = 0.9755), and the fitting

degree was good.
3.2 Comparison between fish catches and
hydroacoustic data

The total length range of the fish catches was 38 to 236 mm. Small

fishes formed the main group, with more than 96% of the fish having

a total length of <100 mm. The quantitative proportion of the fish in

the catches decreased rapidly with the increase in the total length. The

hydroacoustic survey showed that the target strength of fish was –62

to –48 dB, which showed a fluctuation in the value (Figure 3A). The

target strength was concentrated in the range of –62 to –58 dB, with a

peak strength appearing at around –58 dB. The total length of

topmouth gudgeon, whose population accounted for 95.74% of the

total population, ranged from 38 to 96 mm. Based on the empirical

formula (Eq. 1), the target strength of –56 dB was converted into a

length of approximately 100 mm. Thus, it can be inferred that the

acoustic signal with the target strength of <–56 dB mainly originated

from topmouth gudgeon. The results of the Mann–Whitney U-test

indicated no significant difference (P > 0.05) in the total length

between the fish catches and the hydroacoustic data; this finding

indicated a good agreement between the results of the hydroacoustic

survey and the field analysis (Figure 3B).
3.3 Horizontal distribution pattern of fish

The hydroacoustic survey showed an uneven horizontal

distribution of fish in Yuwanghe Reservoir (Figure 4). Fish density
TABLE 1 Species composition and ecotypes of fish in Yuwanghe Reservoir.

Species Vertical
position

Feeding
Type TL/mm Number percentage Weight

percentage IRI

Cyprinidae

Pseudorasbora parva LL O 58–96 95.74% 70.96 ++++

Carassius auratus LL O 156–171 2.26% 12.59 +++

Culter alburnus UL C 38–228 1.01% 9.06 +++

Eleotridae

Micropercops swinhonis DL O 46–52 0.36% 2.11 ++

Cobitidae

Paramisgurnus dabryanus DL O 87–191 0.53% 3.42 ++

Synbranchidae

Monopterus albus DL C 236 0.1% 1.86 ++
frontier
LL, lower layer; UL, upper layer; DL, demersal layer; O, omnivorous; C, carnivorous.
++++, IRI >1,000; +++, 100 < IRI <1,000; ++, 10 < IRI <100.
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and fish biomass were significantly varied in the different areas of the

reservoir (P < 0.05). The mean fish density of the entire reservoir was

318.7 ± 256.1 individuals/1,000 m2, and the fish density tended to

increase from the head area and the middle area to the tail area of the

reservoir, with values of 168.5 ± 60.1 individuals/1,000 m2, 306.8 ±

124.7 individuals/1,000 m2, and 696.4 ± 288.9 individuals/1,000 m2,

respectively (Figure 5A). On the basis of the W - TL relation formula

and the weighted average calculation, the mean fish biomass was

984.8 g/1,000 m2, and the fish biomass from the head area and the

middle area to the tail area of the reservoir was 532.5 ± 230.4 g/1,000

m2, 1,264.2 ± 400.6 g/1,000, m2 and 2,482.6 ± 600.8 g/1,000 m2,

respectively (Figure 5B). Based on fish density and biomass, the

highest distribution of fish was in the tail area of the reservoir, and

the lowest was in the head area (Figure 4).
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3.4 Vertical distribution pattern of fish

Based on 3 m as the water layer according to the water depth of the

reservoir, the proportion of fish density in different water layers in

different areas of the reservoir to the sum of fish density in the entire

water column was calculated as shown in Figure 5. The majority of the

fish population was found in the water layer within the depth range of 0

to 12 m, where more than 97.3% of fish were distributed. In the water

layer at depths of more than 12 m, the fish density tended to decrease

gradually with the increase in water depth. However, differences were

noted in the fish distribution pattern in the different areas of the

reservoir along the vertical direction. Fish at the tail area preferred to

move to the surface, and the proportion offish in the depth range of 0 to

6 m was 81.5%; this proportion was higher than that at the head area

(69.9%) and at the middle area (61.3%) (Figure 6). The reason for this

difference may be the fact that the tail area of the reservoir has a shallow

depth on average, and the fish were closer to the water surface.

Consequently, the proportion of fish density in the surface waters

was higher in the entire water column.
3.5 Relationship between fish distribution
and environmental factors

According to Pearson correlation coefficient analysis, the main

factors that influenced the fish distribution in Yuwanghe Reservoir

were water depth (WD), water temperature (WT), dissolved oxygen

(DO), total nitrogen (TN), and plankton (including zooplankton and

phytoplankton) density (Figure 7). WT, DO, and plankton density

were positively correlated with fish density, whereas WD was

negatively correlated with fish density on the contrary. The pH,

conductivity (Cond), total phosphorus (TP), ammonium nitrogen

(NH4
+–N), and chlorophyll a (Chl a) were not observed to have a

significant connection with fish density.
FIGURE 2

Relationship between total length and weight of the fish catches.
A B

FIGURE 3

(A) Frequency distribution of fish target strength (TS). The bottom horizontal axis represents the intervals of TS (the width is 2 dB), the top horizontal
axis represents the corresponding fish total length converted from fish target strength by empirical formula (1), and the vertical axis represents the
percentage of individual fish corresponding to each interval of TS. (B) Comparison of fish catches and hydroacoustic data (fish target strength was
converted to total length).
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4 Discussion

4.1 Analysis of the fish community structure

From the survey data, only six species of fish were found in

Yuwanghe Reservoir (Table 1). Regarding ecosystem stability,

Yuwanghe Reservoir had fewer fish species, and the community

structure was more based on a single species. Furthermore, the

variety of trophic levels was poor, particularly for secondary

consumers. A community with a very simple structure is extremely

unstable and prone to retrograde succession under external

interferences (Balazs et al., 2022; Wu et al., 2022). In terms of

biological manipulation, the proportion of small fish in Yuwanghe

Reservoir was too high. The hydroacoustic survey results showed the

proportion of fish with a target strength of <–56 dB; accordingly, the

proportion of fish with a total length of <100 mm was 92.9%.

The proportion of fish with a total length of <100 mm in the

collected fish catches was 96.3%, and the predominant species was
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topmouth gudgeon (P. parva). Zooplankton is an important prey

population for small fish (Zhang, 2005; Liu et al., 2007; Lian et al.,

2018). However, zooplankton feeds on phytoplankton, and the

presence of a large number of small fish will result in a large

decrease in zooplankton biomass in the water column, which is not

favorable for controlling the phytoplankton biomass. Secondly, the

absence of filter-feeding fish that feed on phytoplankton can easily

lead to a massive growth of some algae under suitable conditions,

which can trigger the occurrence of water blooms (Liu and Xie, 1999;

Liu and Xie, 2003; Xie and Liu, 2001). Thirdly, because of the short

generation cycle, early sexual maturity, and high reproductive

capacity (Pollux and Korosi, 2006), topmouth gudgeon has been

widely distributed in Central Asia, Europe, and North Africa in less

than 50 years (Gozlan et al., 2010), and this fish species is listed as one

of the most severe aquatic invasive species in Europe (Sala et al., 2000;

Andreou et al., 2012) Following invasion into new areas, topmouth

gudgeon poses a serious threat to the survival and reproduction of

indigenous fish of the water bodies and can impair the stability of
A B

FIGURE 4

Horizontal distribution of fish in Yuwanghe Reservoir.
A B

FIGURE 5

Horizontal distribution of the mean fish density [±SD, individuals/1,000 m2 (A)] and biomass [±SD, g/1,000 m2 (B)] in Yuwanghe Reservoir. Values with the
same letters are not significantly different in different areas (P > 0.05); values with different letters are significantly different (P < 0.05).
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aquatic ecosystems by competing for food and habitat, carrying new

diseases, and changing the characteristics of the habitat (Fletcher

et al., 2016)— for example, topmouth gudgeon invasion in the

Yunnan Plateau lakes led to the reduction or even extinction of

many native fish species and a series of knock-on ecological effects

(Chen et al., 1998; Yan and Chen, 2009). In the British Lake District,

the whelk has become the most abundant fish in the region after 4

years of invasion, thereby threatening the survival of other native fish

species (Britton et al., 2007). Unfortunately, there were too few

carnivorous fish in the reservoir, and topmouth culter (Culter

alburnus) was the only carnivorous fish species; its proportion in

the catches was also extremely low, with a population share of only

1.01%. Moreover, topmouth culter prefers to inhabit the upper layers

of the water column, while topmouth gudgeon inhabits the lower

layers; this makes the topmouth culter population insufficient in

gaining effective control over topmouth gudgeon in terms of energy

conversion efficiency and habits.
4.2 Analysis of the fish distribution
and its influencing factors

In the horizontal direction of Yuwanghe Reservoir, the fish

densities and biomass showed a trend of gradual increase from the

head area to the tail area of the reservoir; this trend was related to WT,

DO, TN, and plankton feed from the correlation analysis between fish

density and environmental factors (Figure 7). Although there was no

significant difference in water temperature between the different areas

of Yuwanghe Reservoir, the overall trend of a gradual increase in

temperature from the head area to the middle area to the tail area of the

reservoir was observed. Fish do not like to move in areas with low water

temperatures; hence, the fish density tends to increase as they move

further away from the dam. A similar result was reported by Prchalova

et al. in their study on Rimov Reservoir (Prchalová, 2009). The DO and

TN levels were another major cause of differences in fish horizontal

densities. The inflowing river is located at the tail area of the reservoir,

and the highest DO levels are found at the tail area of the reservoir

where the water flows in. The DO concentration slowly decreased as the

exogenous nutrient salts diffused away from the inlet river. As the
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predominant species in Yuwanghe Reservoir, topmouth gudgeon

prefers to inhabit shallow waters (Asaeda and Manatunge, 2005;

Asaeda and Manatunge, 2007). The shallow water area of Yuwanghe

Reservoir provides the necessary habitat for P. parva, and it also has

little risk offish predation because of the low percentage of carnivorous

fish. Consequently, fish density is higher in shallow waters than in deep

water. Furthermore, the sampling survey of plankton in Yuwanghe

Reservoir revealed that the horizontal distribution of plankton in the

reservoir area showed a gradual increase from the head area to the tail

area of the reservoir; thus, the difference in bait organisms was also a

primary factor that led to a difference in the horizontal distribution

pattern of fish in Yuwanghe Reservoir in the present study.

Vertically, most of the fish in Yuwanghe Reservoir were distributed

in the water layer within a depth of 0 to 12 m, and the fish density

tended to decrease gradually with the increase in water depth. Some

studies have been conducted on the distribution of fish density or

biomass in different water layers. Mou et al. (2012) surveyed Hongfeng

Lake, a large deep lake, by using the hydroacoustic method, and they

found significant differences in fish density in different water layers, and

the fish density gradually decreased with an increase in water depth.

Lian et al. (2018) reported that more than 97.6% offish were distributed

in the water layer within the depth range of 0 to 10m in a hydroacoustic

study of deep-water reservoirs in Yunnan Plateau. Zhou et al. (2021)

showed a negative correlation between fish density distribution and

water depth in Hongchaojiang Reservoir. The results of the present

study agreed with those of former studies. Fish lack the ability to

regulate body temperature, and most warm-water fish prefer a suitable

water temperature of 20 to 30°C; consequently, the either too high or

too low water temperature will affect the growth and movement of fish

(Yin, 1995). Hence, most fish tend to stay away from the water layer

below the thermocline, while zooplanktons—which is the food of most

fish —are mainly distributed in the water layer above the thermocline
FIGURE 6

Vertical distributions of fish in Yuwanghe Reservoir.
FIGURE 7

Pearson correlation between environmental factors and fish density.
FD, fish density; WD, water depth; WT, water temperature; SD, Secchi
disk depth; DO, dissolved oxygen; Cond, conductivity; TN, total
nitrogen; TP, total phosphorus; NH4

+–N, ammonia nitrogen; Chla,
chlorophyll a; PD, phytoplankton density; ZD, zooplankton density.
The different colors represent the size of the correlation coefficient;
the number in the box is the P-value, and P <0.05 is not displayed
(significant level is 0.05).
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(Lian et al., 2018). DO is also an important factor that affects the vertical

distribution of fish. In general, DO concentration in the deep-water

reservoir gradually decreases as the water depth increases; thus, fish will

actively migrate to avoid low-oxygen or anoxic water (He and Cai,

1998; Lian et al., 2018). It was also the reason why most fish species

were distributed in the upper water layer in the present study.
5 Conclusion

Yuwanghe Reservoir is a typical plateau deep-water reservoir in the

early impoundment stage. Presently, although the quality of water is

good and the phytoplankton biomass level is low, its biological

community structure is relatively homogeneous, and topmouth

gudgeon is the dominant species. There are serious concerns

regarding the invasion of topmouth gudgeon into plateau lakes, which

would severely affect the stability of water ecosystems (Chen et al., 1998).

Typical examples include Tien Lake, Lake Erhai, and Fuxian lake in

Yunnan, where the population of many indigenous fish species is

declining or endangered because of the invasion of topmouth

gudgeon (Yan and Chen, 2009; Li et al., 2017). In the absence of

artificial control of the topmouth gudgeon population, the survival

environment of indigenous fish in Yuwanghe Reservoir and the

surrounding waters will be threatened, and a series of chain ecological

effects will occur, which will be easily affected by human activities

around the reservoir area, resulting in the occurrence of water

deterioration events, such as eutrophication, in the future. We also

found that the proportion of carnivorous fish was too low, which cannot

control the population of topmouth gudgeon under natural conditions.

Therefore, native carnivorous fish should be introduced to control the

size of the small fish population to adjust the fish community structure;

this can reduce the feeding pressure of small fish on zooplankton and

thus control the phytoplankton population. Moreover, because of the

current lack of filter-feeding fish, the reservoir should be appropriately

increased, and silver and bighead carp should be released in the

reservoir. This will strengthen the filter-feeding effect on plankton to

prevent their proliferation and thus cause a competitive environment in

the reservoir and also yield certain economically beneficial effects.
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Effect of inlet pipe design on
self-cleaning ability of a
circular tank in RAS

Yuji Zhang1, Xu Yang1*, Jiajun Hu1*, Xiaoyu Qu2, Dejun Feng1,
Fukun Gui1 and Fang Zhu3

1National Engineering Research Center for Marine Aquaculture, Zhejiang Ocean University,
Zhoushan, China, 2School of Fisheries, Zhejiang Ocean University, Zhoushan, China, 3School of Naval
Architecture and Maritime, Zhejiang Ocean University, Zhoushan, China
To improve the water reuse efficiency of circular recirculating aquaculture tanks in

Recirculating Aquaculture Systems (RAS) this research investigated the effect of

inlet pipe deployment distance d (the distance between the stream tube hole and

the tank wall) and the inlet pipe deployment angle a (the acute angle between the

inlet pipe jetting direction and the nearest tank wall) on the self-cleaning ability of

the circular aquaculture tank under dual and single inlet pipe designs. First, waste

collection experiments were conducted to figure out the preferable inlet pipe

design based on the efficiency of waste collection. Then, flow field measurement

experiments were carried out employing the Particle Image Velocimetry (PIV)

technique to measure the flow field in the near bottom layer of the tank, and the

essential mechanism of the inlet pipe deployment on the waste collection was

explored by analyzing the flow field and the corresponding hydrodynamic

characteristic indicators, such as the average flow velocity (vavg), the uniformity

coefficient of water flow (DU50), and the water resistance coefficient (Ct). The

results indicate that the variations of waste movement, flow filed and

hydrodynamic indicators are consistent in both designs of dual inlet and single

inlet, and merely differ in the absolute value. Based on the comprehensive analysis,

the optimal performance of self-cleaning can be obtained at a=0°~10°, 20°~30°,
40°~50° for d=1/2 r, 1/4 r, and 1/50 r, respectively. At the same flow rate condition,

the jetting velocity of the inlet pipe in the single inlet pipe design is significantly

greater than that in the dual inlet pipe design, and the hydrodynamic

characteristics of the waste collection are better. Therefore, in circulating water

aquaculture production, it is recommended to design the inlet pipe in a similar

aquaculture tank to the single inlet pipe with d=1/4 r, a=20°~30°, thus improving

the self-cleaning ability of the aquaculture tank. The study results also provide a

reference for adjusting the inlet pipe in circular recirculating aquaculture tank.

KEYWORDS

recirculating water aquaculture, flow field distribution, waste collection, hydrodynamic
characteristics, circular aquaculture tank
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1 Introduction

China is the world’s largest aquaculture country, with aquaculture

production accounting for most of the world’s total aquaculture

production, but many problems need to be solved, such as low

efficiency of the current production system, pollution of the

aquaculture environment, and frequent occurrence of diseases.

Under resource and environmental constraints, the Recirculating

Aquaculture System (RAS) has been recognized as an effective

solution for increased biosecurity and control of parasites and

pathogens and gradually becomes one of the main directions for

the future development of aquaculture in China. RAS is an advanced

aquaculture method with a high level of aquaculture technology and a

controllable aquaculture environment, which has the advantages of

integrated use of space and water, intensive production, and fewer

negative environmental impacts. Thus, it performs much better than

traditional aquaculture methods, such as ponds and open-water

aquaculture in the outdoor environment. Effective removal of offish

wastes (uneaten feed and feces) is crucial for RAS since they can be

decomposed into fine particles and release a series of harmful

substances to cultured fishes. Overall, improving the self-cleaning

ability to remove fish wastes from tank water is conducive to

enhancing the water quality of the aquaculture system to maintain

a good culture environment and achieve satisfactory production.

A good flow environment of aquaculture tanks contributes to the

welfare and growth of cultured fish. The circular tank is widely used in

RAS. However, there is few design criteria in particles to guide the

inlet pipe design. Thus, it is of vital importance to figure out the effect

of inlet pipe design on the flow environment to improve the self-

cleaning ability of circular tanks. Many previous studies have focused

on this problem and given many helpful results. Tvinnereim et al.

(1989) and Skybakmoen et al. (1989) compared the effects of four inlet

pipe designs of open-ended pipe point source, vertical inlet pipe with

evenly spaced holes, lateral inlet pipe with evenly spaced holes, and a

combination of horizontal and vertical inlet pipes. They

recommended using the lateral inlet pipe to drive the water body in

actual production, and the formula for calculating the average flow

velocity in the culture tank was also given. Burrows et al. (1995)

advanced the experimental method by injecting pigments into a

model circular aquaculture tank to observe pigment distribution to

visualize its hydrodynamic characteristics. Benoit et al. (2007) showed

through an experiment that different inlet pipe angles significantly

affect the flow field distribution in the aquaculture tank. Firstly, three-

dimensional unsteady models were established by replacing a

rectangular tank with a circular arc tank. Then, the hydrodynamics

of recirculating aquaculture tanks were analyzed, including velocity

distribution, vorticity strength, energy effective utilization coefficient,

and the flow uniformity index. Furthermore, flow characteristics,

including the evolution of turbulent structures and the relevant

influence factors, were also analyzed. Finally, a comprehensive

performance index was proposed to effectively evaluate the spatial

utilization and hydrodynamic characteristics for different aquaculture

tanks. In addition to experiments, numerical techniques have been

widely applied to analyze the flow field and improve fish wastes

removal efficiency (Ren et al., 2020; Xue et al., 2020). The study of
Frontiers in Marine Science 02188
Davidson et al. (2004) demonstrated that the deployment angle of the

jetting pipe is an important parameter affecting the tangential and

radial flow velocity in the aquaculture tank, while the average flow

velocity (vavg) in the aquaculture tank is an important indicator of

waste collection ability, and the larger the average flow velocity, the

better the waste collection ability. Good water flow uniformity in the

aquaculture tank can make the distribution of dissolved oxygen more

uniform, which is beneficial to the growth of aquaculture objects. Oca

and Masalo et al. (2013) used the velocity distribution uniformity

coefficient (DU50) to measure velocity distribution uniformity. In

addition, characteristic quantities such as torque, friction coefficient,

wall shear stress, velocity gradient, and kinetic energy gradient affect

the flow field distribution, the effect of waste collection and discharge,

and the distribution pattern of dissolved oxygen in the tank. Venegas

et al. (2014) conducted experiments on the effect of the injector on

flow field characteristics in a circular aquaculture tank, where the inlet

system was switched to an injector. Studies have indicated that

injectors obtain better results than the conventional setup, e.g.,

producing significantly higher tangential velocity and uniformity of

the flow field and lower mixing times and secondary flow patterns,

thus ensuring self-cleaning of fish wastes. The hydrodynamic

characteristics of the waste collection of the aquaculture tank have

been studied by investigating the waste collection or discharge ability

in the aquaculture tank. Optimizing the design of the tank shape and

the internal structure parameters of the aquaculture tank system can

improve the flow field conditions in the aquaculture tank, which is

crucial to increasing energy utilization and improving the collection

and discharge performance of the aquaculture tank system.

investigated the effect of different water intake structures on the

flow velocity and discharge in a circular aquaculture tank. They

considered that the key to waste discharge was that the flow

velocity at each point of the tank bottom was greater than the

starting flow velocity of waste. Oca et al. (2007) carried out a

comparative analysis of water flow patterns in rectangular

aquaculture tanks with four different inlet and outlet modes, and

they used Particle Tracking Velocimetry (PTV) to track the flow

patterns in the tank. The study results indicated that the horizontal

tangential inlet mode effectively reduces the low-flow velocity vortex

zone, leading to higher and more uniform flow velocity in the tank

and avoiding sludge settling. Currently, there are few studies on the

self-cleaning ability of different inlet modes of circular aquaculture

tanks, and the change in the parameters of the aquaculture tank

system will directly affect the hydrodynamic characteristics of the

aquaculture tank, which further affects the waste collection and

discharge performance. Therefore, it is necessary to conduct in-

depth systematic research on the self-cleaning ability of circular

aquaculture tanks, optimize the flow field characteristics of the

system, and enhance the self-cleaning ability of the aquaculture

tank, thus ensuring the stable operation of the aquaculture

tank system.

Currently, Hu et al. (2022) have explored the self-cleaning ability

of octagonal aquaculture tanks and the results indicated that the inlet

pipe design has considerable effects on the hydrodynamic

characteristics and further the performance of fish wastes collection

and discharge within the tank. However, similar studies on circular
frontiersin.org
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aquaculture tanks are rare. To further investigate the self-cleaning

ability of circular aquaculture tanks, this paper conducts an in-depth

systematic study on the self-cleaning ability of circular aquaculture

tanks based on the research of Hu et al. (2022). The study results can

guide the design of the most common circular aquaculture tanks in

actual production.
2 Material and methods

To elucidate the effect of inlet pipe design on the aquaculture

tank's self-cleaning ability, waste collection and flow field experiments

in the aquaculture tank were carried out. The details of the

experiments are as follows.
2.1 Waste movement collection experiments
in aquaculture tank

2.1.1 Setup of waste collection experiments
The experiment on the effect of the inlet pipe design on waste

collection in the aquaculture tank was conducted at the National

Engineering Research Center for Marine Aquaculture, Zhejiang

Ocean University. The aquaculture tank is connected to the conical

barrel through a wire pipe, and the water in the tank forms a

circulation through the pump. As indicated in Figure 1, the blue

arrow represents the direction of water flowing out of the aquaculture

tank, and the red arrow represents the direction of water flowing into

the aquaculture tank. The circular tank is made of transparent acrylic

sheets, with a height of 50 cm, an internal diameter of 98 cm, a flat

bottom, and a drainage opening right in the center with a diameter of

5 cm. The circular tank is placed on an operating table made of

aluminum profiles. The inlet pipe is a rigid PVC pipe with an external
Frontiers in Marine Science 03189
diameter of 20 mm, which is set up on an aluminum operating table,

and the distance of the inlet pipe is adjusted by changing the length of

the horizontal PVC pipe above the aquaculture tank. A dial is placed

at the connection of the inlet pipe and the bracket, a pointer is set on

the inlet pipe in the same direction as the inlet, and the pointer is kept

relatively stationary with the inlet pipe. When the inlet pipe turns, the

pointer points out the corresponding angle on the dial, thus adjusting

the angle of the inlet pipe. The flow meter measurement system

consists of a valve and two flow meters (Keyence FD-Q20C) mounted

on the inlet pipe. The valve regulates the volume of the water flow in

the inlet pipe, and the flow meter monitors the flow rate (L/min) of

the water input from the inlet pipe to the aquaculture tank in real

time, thus achieving precise control of the inlet pipe flow. The inlet

pipe has three uniform round holes of 5 mm at an interval of 3 cm

from the bottom so that water enters the aquaculture tank evenly. The

image acquisition system consists of a high-definition camera (VA-

200PRO) placed directly above the tank and the corresponding

control software, which mainly records the waste particle's

movement process. Besides, a white film is laid on the bottom of

the aquaculture tank to more clearly capture the waste distributed at

the bottom of the tank.

2.1.2 Design of waste collection experiment
The effect of the deployment and the angle of the inlet pipe driven

by the jet on the waste collection characteristics in the circular

aquaculture tank is mainly studied in this research. The

experimental design water depth for measuring the waste collection

characteristics was 20 cm, the diameter-to-depth ratio (diameter/

water depth) was about 5:1, the inlet flow rate was 5.2 L/min (the flow

velocity at each inlet was about 0.51 m/s in the dual inlet experiment

and about 1.02 m/s in the single inlet experiment, and the hydraulic

retention time is about 30 minutes. Based on the previous studies Hu

et al. (2021) and the inlet pipe design in aquaculture practices, we

totally designed 54 inlet pipe design cases in this experiment,

including two inlet pipe designs of a single inlet pipe and dual inlet

pipes (Figure 2) three groups of inlet pipe layout distance of d=1/50 r,

1/4 r, and 1/2 r, and nine groups of inlet pipe design angles: a=0°, 10°,
20°, 30°, 40°, 45°, 50°, 60°, 70°. The angles above 70° are not

considered in this paper since the self-cleaning ability is obviously

poor in such conditions and 45° is included for its wide use in

aquaculture practice Gorle et al. (2018). In which before the

experiment was started, the angle and distance of the inlet pipe

were first adjusted to the preset condition, the pump and the flow

meter were turned on, and the valve regulated the flow of the inlet

pipe. Then, the flow of water through the inlet pipe into the

aquaculture tank was monitored in real-time (L/min) by the flow

meter, and the flow was regulated to the required value of the

experiment. After waiting about 30 min, the flow field in the tank

tended to be stable (the pre-test results showed that the flow field in

the aquaculture tank was almost unchanged when the system was

operated for 30 minutes). At this time, the high-definition camera was

turned on, and 10 g shrimp feed with a diameter of 1.6 mm and a

length of 1.0-2.0 mm were sprayed quickly and evenly into the tank,

and the waste collection situation and pattern in the tank were

observed from this time (t=0 min at this point). Based on the

previous studies Summerfelt et al. (2016), Xue et al. (2021), the

maximum monitoring time was set to 30 min. That is to say, we
FIGURE 1

Diagram of experiment setup 1. Aquaculture tank; 2. Camera; 3.
Aluminum bracket; 4. Flowmeter; 5. Cone-shaped bucket; 6. Angle
adjusting device; 7. Inlet pipe; 8. Outlet hole; 9. Water pump.
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will turn off the recording camera and start the next cases even though

not all the waste particles were completely discharged.

2.1.3 Data processing of waste collection
experiment

In the experiment of waste collection under the dual inlet pipe

design, it was found that the waste residuals could not completely

discharge within 30 min. To quantitatively compare the self-cleaning

ability, MATLAB R2020b software was used to process the raw image

of the waste residuals in the tank. (1) After the raw image (Figure 3A)

of the waste in the aquaculture tank was input into MATLAB

software, the rgb2gray function was used to convert it into a

grayscale image. (2) The grayscale image of the waste in the

aquaculture tank was binarized, and the binarized image of the

aquaculture tank was extracted by deploying the grayscale threshold

after processing. In this study, the gray index value threshold was set

to 200, i.e., when the gray value of a pixel point is greater than 200, the

color of the pixel point is set to black; otherwise, it is set to white, and

the black pixel point represents the waste residual in the aquaculture

tank. (Figure 3B) (3) The calculation range in the binarized image was

set, and all the black pixels outside the bottom of the aquaculture tank

were removed to obtain the binarized bottom waste image. (Figure

3C) (4) After binarization, the number of black pixels in the bottom

waste image of the aquaculture tank was calculated, and the self-

cleaning ability of the aquaculture tank was quantified by comparing

the number of pixels in the binarized image of the bottom waste

residuals under different experimental working conditions.
Frontiers in Marine Science 04190
2.2 Flow field measurement experiments

2.2.1 Setup of flow field measurement experiments
The flow field measurement experiment in the aquaculture tank

was conducted in the marine measurement laboratory of QD GL

Technology Co, Ltd. The flow field measurement setup (Figure 4) was

similar to the waste collection experiments except for the flow field

measurement system. In this test, the PIV technique was employed to

measure the flow field distribution characteristics in the aquaculture

tank. The circular aquaculture tank was embedded in a square acrylic

tank to avoid refraction of the laser by the circular tank wall. The

waste residuals have a small effect on the flow velocity in the

aquaculture tank. The water clarity will be affected if the water is in

the aquaculture tank for a long time, thus weakening the laser

penetration and affecting the PIV experiment results. Considering

this, no waste residuals were spread into the aquaculture tank in the

flow field distribution characteristic measurement experiments.

The PIV system combines tracer particles, a laser transmitter,

high-speed cameras, control systems, and data processing software.

Measurements were conducted by scattering tracer particles in the

aquaculture tank, and the velocity of the fluid in the flow field was

represented with particle velocity. Meanwhile, a laser was applied to

irradiate a test plane, and the position of particles exposed twice was

recorded with an imaging method. An image analysis technique

obtained the displacement of the particle swarm, and the flow

velocity vector at each point was obtained by the time interval of

displacement and exposure.
B CA

FIGURE 3

Image processing procedure (A) Raw image (B) Thresholding image (C) Diagram of waste residual pixel image.
BA

FIGURE 2

Top view (A) Single inlet deployment (B) Dual inlet deployment.
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50-mm polystyrene tracer particles were used in this experiment

(the white particles in Figure 4B), with a density of 1.3 kg/m3 (close to

the density of water) and good following and light diffusion

characteristics. The laser is an ideal light source for the PIV system,

which can ensure good collimation and uniformity of the slice beam.

In the experiment, a continuous laser plane was generated by the GL-

532-1045 model from QD GL Technology Co, Ltd. Besides, the GL-

JR-20P high-speed camera was used, with a maximum frame rate of

16 fps and an image resolution of 5,120×3,800.
2.2.2 Data processing of flow field measurement
experiments

The SVMC capture software of QD GL Technology Co, Ltd. was

used for image acquisition of the flow field (Figure 5). The camera

shooting frame rate was 16 fps, the image frequency was set to 8, and

the number of images collected in the experiment was 96 (with every

two images forming a group, there were 48 groups in total). The

experimental acquisition duration was 6 s; dt is the acquisition time

interval of two images in the same group, and the dt was set to 15000

ms. The high-speed camera automatically stopped shooting after 96

images were acquired, and the captured photos were stored

automatically. The flow pattern tracking master V50 software
Frontiers in Marine Science 05191
performed preliminary flow field processing on the captured images

and automatically saved the flow field image and flow velocity data.

The PIV images were analyzed by a direct cross-correlation method

to obtain the flow field under different inlet pipe design cases. The

removal efficiency offish wastes is evaluated in a comprehensive analysis.

For this purpose, the EQ method was deployed to determine the inlet

setup considering the uniformity of water flow velocity (1) Masaló and

Oca et al. (2016). To systematically compare the hydrodynamic

characteristics in the aquaculture tank under different working

conditions, the flow field was quantitatively analyzed based on the

hydrodynamic characteristic quantities such as the average flow

velocity (vavg) in the aquaculture tank, the flow uniformity coefficient

(DU50), and the resistance coefficient (Ct) of the aquaculture tank. vavg can

be expressed mathematically in the following form Venegas, et al. (2014):

DU50 =
v50
v
� 100,

where,

v =
o
n

i=1
viri

o
n

i=1
ri

(1)
BA

FIGURE 5

Diagram of (A) Flow pattern tracking master V50 treatment; (B) MATLAB treatment.
BA

FIGURE 4

Photo of (A) PIV flow field measurement setup (B) PIV tracer particles.
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Ct =
2Q(v1 − vavg)

(A� v2avg)
(2)

The average flow velocity (vavg) is the average flow velocity of each

monitoring point in the aquaculture tank. In formula (1), v is the

average weighted velocity (m/s); vi is the velocity of the monitoring

point (m/s); ri is the distance of the monitoring point from the center

of the tank (m); DU50 is the uniformity coefficient of the water flow in

the aquaculture tank; v50 is the average value of the first 50% of the

velocity at each point of a depth section (m/s); DU50 is larger than 0

and smaller than 100, and the closer to 100 represents better velocity

uniformity. In formula (1), the aquaculture tank resistance coefficient

(Ct) refers to the quantified expression of the aquaculture tank on the

energy obstruction of the water flow in the tank, and a larger

aquaculture tank resistance coefficient represents more energy loss

of the inlet pipe input to the aquaculture tank; Q is the inlet flow rate

(m3/s); v1 is the inlet velocity (m/s).
3 Results

3.1 Effect of the inlet pipe design on the
waste collection

3.1.1 Dual inlet pipe design
Figure 6 shows the waste residuals distribution driven by dual inlet

pipe at t=30 min, and the inlet pipe design angles of 0°, 10°, 20°, 30°, 40°,

45°, 50°, 60°, and 70° and distance of 1/50 r, 1/4 r, and 1/2 r are represented

in horizontal and vertical axis represents, respectively. Obviously, it can be

observed that the angle and distance of the inlet pipe significantly affect the

waste collecting process in the aquaculture tank.

When the distance of the inlet pipe is at d=1/50 r and the angle is

at a=0°~70°, the waste collection ability of the aquaculture tank shows
an overall trend of first strengthening and then weakening with the

increase of the angle of the inlet pipe, and the highest ability was

achieved when the angle of the inlet pipe was at a=50°; when the

waste residual in the tank was distributed in a hollow oval shape, the

overall waste collection ability was low. When the distance at d=1/4 r

and the angle at a=0°~10°, some waste remained in the aquaculture

tank, and the waste collection ability was low; when the angle of the

inlet pipe was at a=20°~40°, the waste remained in the area near the

outside of the aquaculture tank, and the outlet was reduced;

meanwhile, most of the waste was gathered in the middle area of

the aquaculture tank in a hollow elliptical distribution, and the waste
Frontiers in Marine Science 06192
collection ability was poor; when the angle of the inlet pipe was at

a=50°~70°, a small amount of circular waste remained at the wall of

the aquaculture tank, and the waste collection ability was low.

When the distance of the inlet pipe was at d=1/2 r, and the angle

was at a=0°~20°, the waste in the aquaculture tank was basically

discharged out of the tank, and the waste collection effect was the best;

when the angle of the inlet pipe was at a=30°~70°, a small amount of

circular waste remained at the wall of the aquaculture tank, and the

waste collection effect was poor.

To further measure the effect of the distance and angle of the inlet

pipe on the hydrodynamic characteristics of the waste collection of

the aquaculture tank, the images in the aquaculture tank were

quantitatively analyzed at t=30 min, and the results are illustrated

in Figure 7. It can be observed from the figure that the overall amount

of waste residual (pixel numbers) decreased with the increase in the

distance of the inlet pipe, and the difference of waste residual between

d=1/4 r and 1/2 r was significantly smaller than that at d=1/50 r.

When the angle of the inlet pipe was at a=0°~20°, the amount of

waste residual gradually decreased with the increase of d; when the

angle of the inlet pipe was at a=30°~50°, the difference of waste

residual between d=1/4 r and 1/2 r was small but significantly smaller

than that of d=1/50 r. When the angle of the inlet pipe was at a=50°
~70°, there was no obvious pattern change in the waste residual.

The above analysis indicates that the aquaculture tank achieves

the best effect of collecting waste at distance of d=1/4 r, angle of a=20°
~40° or at distance of d=1/2 r, angle of a=10° and its self-cleaning

ability is the highest.
3.1.2 Single inlet pipe design
The single inlet pipe is to remove one inlet pipe in the dual inlet

pipe experiment, and the rest of the device is the same as that of the

dual inlet pipe experiment. The inlet pipe flow rate was set to 5.2 L/

min in the single inlet pipe experiment to ensure the same hydraulic

retention time. The single inlet pipe experiment design was identical

to the dual inlet pipe experiment. However, during the experiment, it

was found that due to the large flow rate of the single inlet pipe, the

waste in the aquaculture tank could be completely discharged within

the hydraulic retention time of 30 minutes except for three groups of

special conditions. Thus, in the cases of single inlet, the time

consumed for completing the discharge of waste residuals in the

aquaculture tank was used as an index to quantify the waste collection

ability of the aquaculture tank, and the shorter the waste collection

time, the stronger the waste collection ability.
FIGURE 6

Photo of the waste collection under different conditions (Dual inlet deployment; t=30 min).
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The waste collection time under different inlet pipe design angles

is indicated in Figure 8. Note that the data of waste collection time

exceeding 30 min will not be displayed in the figure. In the case of

d=1/50 r, the curve of waste collection time featured a parabolic

shape, showing a bottom at the angle of a=45°. It decreased rapidly at

a=0°~30°, slowing its reduction among angle of a=30°~45° and

finally increased from 45°~70°. For the case the distance of d=1/4 r,

the waste collection time was almost the same for the angles of a=0°
~45° and depicted an increasing trend from 45°~70°. The waste

collection time increased gradually with the inlet pipe angle

increment, achieving the best waste collecting performance for

a=0° at the distance of d=1/2. The waste in the aquaculture tank

cannot be completely discharged at the angle of a=60°~70°.
3.2 Effect of inlet pipe design on the
flow field

The flow field in the near bottom (2 cm from the bottom) in the

cases of dual inlet pipe design was indicated in Figure 9 with the

variations of jetting angle and jetting distance in the horizontal and

vertical axes, respectively. Two long black arrows (not so obvious) in

each subpanel show the jetting angle and distance. Meanwhile, the
Frontiers in Marine Science 07193
small arrows and colormap indicated the velocity direction and

magnitude, respectively. Not all the small arrows were displayed in

the figure to enhance visibility.

3.2.1 Effect of inlet pipe design on the flow field
The flow field in the near bottom (2 cm from the bottom) in the

cases of dual inlet pipe design was indicated in Figure 9 with the

variations of jetting angle and jetting distance in the horizontal and

vertical axes, respectively. Two long black arrows (not so obvious) in

each subpanel show the jetting angle and distance. Meanwhile, the

small arrows and colormap indicated the velocity direction and

magnitude, respectively. Not all the small arrows were displayed in

the figure to enhance visibility.

As depicted in Figure 9, two kinds of high-speed circulation flow

were formed in the tank at all the cases, one is around the center of the

tank caused by the narrow outlet and one is around the inlets due to

the high jetting flow. However, the location and area of the high-speed

circulation flow due to the jetting varied with the jetting angle. The

flow evolution process with jetting angle is similar in general and still

several little inconsistencies exist and the details are described in the

following. For the case of d=1/50 r, with the increase of the jetting

angle, the flow velocity close to the wall of the tank gradually

decreases and the high-speed circulation flow moves away from

the tank wall. In addition, the area of the high-speed flow increases

from a=0° ~ 45° and decreases after a=45°, indicating a uniform good

flow condition for aquaculture. The area increment arises from the

less water flow collision between the jetting flow and the tank wall. On

the contrary, the area decrement is caused by energy loss due to the

discrepancy in the directions of the general flow in the tank and the

jetting. The similar phenomenon (flow evolution) also can be found

in the case of d=1/4 r but it differs in the velocity magnitude with

obviously larger velocities than these in the case of d=1/50 r owing to

the longer distance between the jetting and tank wall. Meanwhile, a

gradual decrease in the area of high-speed flow with increasing jetting

angle is observed in the case of d=1/2 r, revealing that the jetting

distance is far enough to avoid the flow collision in this case. Figure 10

shows the flow field measured in the cases of single inlet pipe design.

Although the inlet pipe design was adjusted to single pipe, the

characteristics of flow field are basically the same with those in

Figure 9. Notably, the maximum value of the colorbar in Figure 10

is twice that in Figure 9, thus the velocity magnitude in single inlet

pipe design is generally larger. Assessing from the views of high-speed

flow area and the flow uniformity, the optimum flow environment

can be achieved at the angel of a=40° ~ 50°, 20° ~ 30° and 10° ~ 20°

for d=1/50 r, 1/4 r and 1/2 r, respectively.
3.3 Effect of inlet pipe design on the
hydrodynamic characteristics

The hydrodynamic characteristics in the case of dual inlet pipe

design obtained from PIV measurements are displayed in Figure 11.

Moreover, the average velocity, uniformity coefficient and resistance

coefficient are presented in panels (A), (B) and (C). For the average

velocity in Figure 11A, it shows a parabolic shape and reaches the

peak around a=45° at d=1/50 r. A slow downward trend can be found

at the cases of d=1/4 r and 1/2 r with the increasing jetting angle,
FIGURE 8

Time of the waste collecting under different conditions (Single inlet
deployment).
FIGURE 7

The number of pixels of the waste under different conditions (Dual
inlet deployment; t=30 min).
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resulting in the largest average velocity at a=20° ~ 30° and 10° ~ 20°,

respectively. The uniformity coefficient can be regarded as an

indicator for a better flow condition in the tank. However, it should

be noted that the larger uniformity coefficient does not necessarily

guarantee a better flow condition. For example, as shown in

Figure 11B, it increases with the jetting angle for the case of d=1/50

r and achieved the maximum value at a=70°. However, the flow

condition at d=1/50 r and a=70° is not good since its average velocity

is so low. In short, the uniformity coefficient and average velocity

should be considered comprehensively to evaluate the flow. For the

case of d=1/4 r and 1/2 r, the variation in uniformity coefficient is

consist with that in average velocity and achieves the maximum value

at similar jetting angles. It can be observed in Figure 11C the variation

in resistance coefficient of aquaculture tank is not obvious before

a=50° and a significant increment is following after that. The lower

resistance coefficient, the better the energy utilization of the

aquaculture tank. Thus, the jetting angle is reasonably designed not

larger than a=50°. The hydrodynamic characteristics in the tank

equipped with single inlet pipe is exhibited in Figure 12. Obviously, it

is very similar to those generated by dual inlet pipe design and only

differs in the absolute value of each indicator.
4 Discussion

The core of RAS is to make the water in the system recyclable

through efficient water treatment. The primary source of pollution in
Frontiers in Marine Science 08194
the water body of the system is the uneaten feed, feces and other waste

produced by the culturing objects. The waste left in the tank for a long

time will decompose, produce harmful substances such as ammonia

and nitrogen, and consume dissolved oxygen, thus seriously affecting

the safety of the culturing objects and greatly increasing the water

treatment load. Therefore, how to quickly and efficiently discharge the

waste from the aquaculture tank is the primary problem that needs to

be solved for RAS. The optimal solution to this problem is to

construct an aquaculture tank with excellent hydrodynamic

characteristics of waste collection by appropriately designing the

inlet structures.

The previous studies assessed the self-cleaning ability mainly

from direct and indirect aspects by comparing the residual amount

of waste. Scattering fish feed pellets (representing feces and uneaten

feed) into the aquaculture tank and then observing and recording the

process of waste movement is the most intuitive and effective way to

study the hydrodynamic characteristics of the waste collection of the

aquaculture tank. However, previous studies did not fully study the

inlet pipe design. Venegas et al. (2014) scattered 10 feed pellets into

the tank from a position 10 cm from the tank wall; Davidson et al.

(2004) scattered 1 pellet feed particle into the tank from a position 0.6

m from the tank wall. This is not consistent with the actual culturing

situation. The fish wastes are generated randomly distributed during

the culturing process, and it is not concentrated at a fixed point. For

this reason, in this study, the pellet feed was scattered evenly and

densely into the aquaculture tank during the stable operation of the

water circulation system to meet the actual culturing conditions.
FIGURE 10

Distribution of flow field under different conditions (Single inlet deployment).
FIGURE 9

Distribution of flow field under different conditions (Dual inlet deployment).
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FIGURE 11

Hydrodynamic characteristics under different conditions ·(A) Distribution of average velocity under different conditions (B) Distribution of uniformity
coefficient under different conditions (C) Distribution of resistance coefficient under different conditions (Dual inlet mode).
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Therefore, it is necessary to integrate several hydrodynamic

characteristics and the waste collection results to more reasonably

analyze the aquaculture tank's advantages and disadvantages to better

design the inlet pipe.

A comprehensive comparison of the two inlet designs revealed that

high-speed flow from the inlet pipe collides with the tank wall, when the

distance of the inlet pipe is set to d=1/50 r. In this case, a large amount

of energy is lost, the overall flow velocity in the aquaculture tank is

small, the high-speed circulation area is small, and the waste collection

performance is not good. As the deployment distance increases to d=1/

4 r, the collision between the high-speed flow from the inlet pipe and

the tank wall is weakened, and the energy loss is apparently reduced. In

this case, the overall flow velocity in the aquaculture tank is the highest,

the high-speed circulation area is the largest, and the waste collection

performance is satisfactory. Myong et al. (2021) found that in the case

of a single inlet pipe, the self-cleaning ability of the tank is best at the

golden split point, which is very close to the results in this paper. After

further increasing the inlet pipe deployment distance to d=1/2 r, the

high-speed flow was less affected by the tank wall due to the large

deployment distance. Meanwhile, the overall flow velocity in the

aquaculture tank is higher, the high-speed circulation area is larger,

and the hydrodynamic characteristics of the waste collection are better.

The numerical simulation results of Hu et al. (2022) indicated that the

optimal waste collection efficiency was achieved when the inlet pipe was

set at an angle of a=0° and 45° and at the distance of d=3/8 r and d=1/

50 r, respectively, which basically agreed with the results of this paper

and provided support for the experimental study of this paper.

The angle of the inlet pipe design is an essential factor affecting

waste collection and flow field characteristics in the aquaculture tank.

The loss of energy in the aquaculture tank is mainly due to the

collision between the high-speed flow and the tank wall and the loss of

the fusion of the high-speed flow and the overall circulation. The

circular aquaculture tank studied in this paper exhibits good

hydrodynamic characteristics of the waste collection when the
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distance and angle of the inlet pipe are set to d=1/4 r and a=20°
~30° in the single inlet pipe design and d=1/2 r and a=0°~10° under
the dual inlet pipe design. Ren et al. (2020) investigated the effect of

angle on waste movement and collection in a square circular angle

aquaculture tank with dual inlet pipe. The results show that when the

angle is 40° and 50°, respectively, the performance of waste collection

and hydrodynamic characteristics in the aquaculture tank are

optimal, which is similar to the optimal single inlet pipe

deployment angle when the distance is d=1/50 r in this paper. Since

the difference between the optimal deployment angle and the data of

the adjacent angle is small, for the convenience of the deployment

operation in actual production, this study gives the reference range

instead of a specific value of the deployment angle of the inlet pipe.
5 Conclusion

This paper investigated the effect of the inlet pipe design on the

waste collection and hydrodynamic characteristics of the aquaculture

tank under two types of inlet pipe design (dual and single inlet pipe

designs) through physical model experiments, and the main findings

are as follows:
1. The variations of waste movement, flow filed and

hydrodynamic indicators are consistent in both designs of

dual inlet and single inlet, and merely differ in the absolute

value. Based on the comprehensive analysis, the optimal

performance of self-cleaning can be obtained at a=0°~10°,
20°~30°, 40°~50° for d=1/2 r, 1/4 r, and 1/50 r, respectively.

2. By comparing the optimal results of each deployment

distance in both inlet pipe designs, it is recommended to

adopt the single inlet design with the setup of a=20°~30°,
d=1/4 r on the condition of the same flow rate of these two

inlet designs.
B CA

FIGURE 12

Hydrodynamic characteristics under different conditions (A) Distribution of average velocity under different conditions (B) Distribution of uniformity
coefficient under different conditions (C) Distribution of resistance coefficient under different conditions (Single inlet mode).
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Estimating stocking weights for
Atlantic salmon to grow to
market size at novel aquaculture
sites with extreme temperatures

Danielle P. Dempsey1*, Gregor K. Reid1, Leah Lewis-McCrea1,
Toby Balch1†, Roland Cusack2, André Dumas3 and Jack Rensel4

1Centre for Marine Applied Research, Dartmouth, NS, Canada, 2C&H Aquatic and Laboratory
Veterinary Services Ltd, Halifax, NS, Canada, 3Aquaculture Nutrition Services Inc., Souris, PEI, Canada,
4System Science Applications Inc., Arlington, WA, United States
Land-based hatcheries are now capable of growing large Atlantic salmon (Salmo

salar) post-smolts (approximately 150 – 1000 g), whichmeans that marine net-pens

can be stocked with substantially larger fish compared to traditional stocking sizes

(< 150 g). This stocking strategy typically aims to reduce the time required for fish to

grow to market size in the marine environment and limit risks (e.g., exposure to

pathogens and diseases, opportunities for escapes). This study investigates another

potential application of this strategy: the use of novel sites in areas previously

considered unsuitable for aquaculture due to seasonally cold temperatures. The

thermal-unit growth coefficient (TGC) model was applied to estimate the stocking

weight needed to reach a harvest size of 5.5 kg, based on observed degree days for

three sites. High resolution, depth-partitioned temperature time series from coastal

locations in Atlantic Canada were used to represent a short, medium, and long

growing season, as constrained by seasonal temperature extremes. Growing days

formodel inputswere defined as temperatures > 4 °C and trending up for stocking, <

18 °C to account for heat stress, and > -0.7 °C to avoid superchill conditions.

Different TGC values were applied to simulate remedial, average, and elite growth

performance. There was a range of model stocking weight estimates for each site

(1.5 – 2.5 kg, 0.94 – 2.8 kg, and < 0.1 – 0.52 kg, for the short, medium, and long

season sites, respectively). Results were sensitive to the number of degree days, heat

stress threshold, and TGC value. At the two sites where season length was

constrained by superchill, fish with a stocking weight of approximately 1.5 kg

could grow to market size in shallow water depths (< 15 m), assuming elite

growth performance. This investigation suggests that with appropriate growth

performance assumptions and high-resolution temperature data, large post-smolt

stocking strategies could enable the use of novel sites in coastal areas previously

considered unsuitable for aquaculture.

KEYWORDS

degree days, growing days, heat stress, model, net-pen, Nova Scotia, post-smolt,
thermal-unit growth coefficient
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1 Introduction

In traditional Atlantic salmon (Salmo salar) aquaculture in

temperate waters, fish typically spend 12 – 18 months in

freshwater hatcheries prior to transfer to net-pens when they are

smolts weighing 100 – 150 g (Gardner Pinfold Consultants Inc.,

2019). These salmon are grown over the next 18 – 24 months and

harvested when they reach market size at approximately 5.5 kg

(Njåstad, 2020; MOWI, 2021). However, there has been recent

industry interest in extending growth time in land-based facilities or

semi-closed containment cages to stock large post-smolts between

500 – 1000 g or larger in marine net-pens (Calabrese, 2017; Grieg

Seafood, 2020; Fish Farming Expert, 2021; Holland, 2021; Withers,

2021; Mayer, 2022). Growing such large post-smolts requires

significant technological and infrastructure investment, but there

can be substantial advantages to stocking these large fish (Calabrese,

2017; Gardner Pinfold Consultants Inc., 2019; EY, 2020; Grieg

Seafood, 2020).

Post-smolt stocking strategies were initially developed to reduce

the time required for marine grow-out (i.e., growth from stocking to

market size) (Fish Farming Expert, 2019; Fish Farming Expert,

2021; MOWI, 2021). Less time in marine net-pens can reduce

pathogen transfer (e.g., sea lice and diseases), exposure to harmful

algal blooms, and opportunities for escapes (Calabrese, 2017;

Gardner Pinfold Consultants Inc., 2019). Shorter grow-out times

can enable more production cycles with a more flexible stocking

schedule, which can increase site productivity and allow longer

fallowing periods if necessary to reduce benthic impacts (Fish

Farming Expert, 2019; Fish Farming Expert, 2020; Grieg Seafood,

2020). Finally, large post-smolts can be more robust than smolts,

improving fish survival, health, and welfare (Grieg Seafood, 2020;

Fish Farming Expert, 2021; Fisheries and Oceans Canada, 2022).

Another potential advantage of stocking large post-smolts appears

to be unexplored in the scientific literature: this stocking strategy may

enable use of novel sites in areas traditionally considered unsuitable for

aquaculture due to seasonally cold temperatures. For example,

decision-makers are unlikely to consider year-round culture in

locations with historical superchill (i.e., when temperatures fall below

the lethal limit for salmonids; Saunders et al., 1975). However,

depending on the local temperatures and stocking weight, large post-

smolts could potentially grow to market size at these locations in less

than a year (Mayer, 2022), circumventing periods of lethally

cold temperatures.

Temperature is a key consideration for salmon aquaculture site

selection (Saunders, 1995; Feindel et al., 2013). Practically all fish

(including salmon) are ectotherms, which means the environment

regulates their body temperature and governs biological processes.

If it is assumed that optimal nutritional needs are being met, which

is a major objective for aquaculture, temperature is the primary

growth driver until maturity (Reid et al., 2020). Fish can grow at a

range of temperatures, but growth will slow if the water is too cold

or too warm, particularly in the presence of other stressors such as

low dissolved oxygen (Vikesa et al., 2017; Gamperl et al., 2020).

Prolonged exposure to extreme temperatures can cause mortality

(Elliott and Elliott, 2010; Pörtner and Peck, 2010). When given the
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option, fish tend to swim at their preferred temperature, which

usually corresponds to the optimal temperature for growth (Jobling,

1981). These temperature ranges and thresholds depend on several

factors, including species, life stage, body size, dissolved oxygen

concentration, diet, food availability, and acclimation temperature

(Jobling, 1981; Elliott and Hurley, 2000; Elliott and Elliott, 2010;

Morita et al., 2010; Pörtner and Peck, 2010).

Atlantic salmon typically grow at temperatures between 4 – 18 °C,

and heat stress begins to occur around 16 – 18 °C (Saunders, 1995;

Johansson et al., 2009; Thyholdt, 2014; Gamperl et al., 2021; MOWI,

2021). Heat stress can cause salmon to stop eating, resulting in reduced

growth, and warmer temperatures eventually become lethal (Thyholdt,

2014; Gamperl et al., 2020). Cold water (< 4 – 6 °C) also results in

reduced growth rates, decreased response to stress, and eventually

death (Saunders et al., 1975; Handeland et al., 2008). The superchill

threshold (-0.7 °C) is a particular risk for salmon aquaculture in cold

regions. At this temperature, ice crystals can form in salmon fluids and

tissues, which can cause substantial mortalities at a site (Saunders et al.,

1975; CBC, 2015).

The thermal-unit growth coefficient (TGC) model accounts for

temperature effects on ectothermic growth (Iwama and Tautz,

1981), and is commonly used to project fish growth rates in

aquaculture (Iwama and Tautz, 1981; Cho and Bureau, 1998;

Dumas et al., 2007; Dumas et al., 2010; Chowdhury et al., 2013;

Reid et al., 2017). There are more accurate fish growth models,

although these have greater complexity and data needs (Aunsmo

et al., 2014). For the purpose of assessing growth response under

different temperature regimens, the TGC model was considered

sufficient to meet conditions of good model parsimony. TGC

models are also more simplistic than ecological fish growth

models. There is no need to account for density dependent food

availability and quality or partitioning of energetic flux because it is

reasonably assumed that cultured fish consume energy-dense, high-

quality feed to satiety. Consequently, the TGC model is a function

of historical growth performance under a given temperature

regimen, which is summarized by the degree days term

(Equations 1A and 1B). Degree days are a useful metric for

modelling the growth of ectotherms because it accounts for both

calendar time and temperature. The TGC coefficient is calculated as

shown in Equations 1A and 1B:

TGC = (
ffiffiffiffiffiffi
Wt

3
p

−
ffiffiffiffiffiffiffi
W0

3
p

) ∗
1000

degree days
(1A)

degree days = TAvg ∗ ndays (1B)

where

TGC = thermal growth coefficient

Wt = final weight

W0 = initial weight

TAvg = average water temperature over a given number of days, ndays
ndays = number of growing days

degree days = time-integrated temperature

Note that the multiplier in Equation 1A is 1000 in some studies

(e.g., Iwama and Tautz, 1981; Thorarensen and Farrell, 2011; Reid

et al., 2020), and 100 in others (e.g., Cho and Bureau, 1998;
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Chowdhury et al., 2013; Reid et al., 2013a). Additionally, the unit of

weight used can differ (e.g., grams or kilograms), as long as the same

units are used forWt andW0. Depending on these choices, the TGC

value can be less than 1 or greater than 1. When applying TGC

models from other studies the multiplier, units, and coefficient value

should be reviewed and converted if necessary.

There are several TGC model assumptions for aquaculture

application. Fish culture practices aim to harvest fish before

sexual maturity, when less energy is directed into growth, to

avoid reduced feed conversion efficiency (assuming oxic

conditions). In this context, there is no need for TGC or other

types of fish aquaculture models to consider reproductive growth.

Salmonids may have different growth rates (i.e., stanzas) associated

with different life stages, and therefore different TGCs may apply at

the various stages (Dumas et al., 2007; Reid et al., 2017). However,

the TGC value is typically averaged over the growth period of

interest, which embodies this variation in the term. The major

assumptions of the TGC model are discussed in detail in Jobling

(2003). In summary, the model assumes that: 1) the growth rate

increases with temperature, 2) weight is proportional to length

cubed, and 3) length increases linearly over time.

Here we develop a method to explore the suitability of novel

aquaculture sites using the TGC model and high-resolution coastal

temperature profiles. The method is illustrated with three case study

sites in Nova Scotia, Canada, which is located in a temperate region of

the Northern hemisphere (Figure 1). Nova Scotia is a small Canadian

province that supports a low-impact/high-value, sustainable

aquaculture industry, despite relatively cool temperatures (Saunders,

1995). Multi-year, high-resolution temperature time series are available

for discrete locations around the province, which show temperatures

can dip below 4 °C as late as July, and winter temperatures can drop

below the superchill threshold in some bays (Saunders, 1995; Centre for
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Marine Applied Research, 2022). Farm operators and fish health

veterinarians have developed strategies to protect fish from extreme

temperatures. For example, salmon smolts are stocked when the spring

water temperature is not expected to fluctuate below 4 °C. Based on the

authors’ practical experience, this reduces occurrence of skin lesions

and improves the recovery from transfer stress. The main strategy for

avoiding superchill mortalities is to refrain from operating in areas

where these lethal conditions have been observed. Large post-smolt

stocking strategies could therefore enable novel culture sites in the

province and afford additional opportunities for industry.

The objectives of this study are four-fold:
1. Select three different geographic coastal locations in Nova

Scotia that reflect a range of seasonal temperatures as case

studies.

2. Calculate degree days within operational temperature

ranges to determine the maximum practical culture

duration for each location and depth.

3. Apply the TGC model to determine stocking weight

required to grow to market size, under the observed

degree days at each location and depth.

4. Assess the sensitivity of model output to the heat stress

threshold, TGC value, and depth strata.
2 Materials and methods

2.1 Stocking weight estimation

The TGC model was applied to calculate the initial weight (i.e.,

stocking weight) required for salmon to grow to market size (i.e.,
FIGURE 1

Stations selected to represent a short, medium, and long stocked season. Map made using the rnaturalearth and rnaturalearthhighres R packages
(South, 2022a; South, 2022b).
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harvest weight) given observed temperatures (Equation 2).

W0 = (
ffiffiffiffiffiffi
Wt

3
p

−
TGC
1000

∗ degree days)3 (2)

Three different TGC values were applied to model a range of growth

performance. Reid et al. (2013a) calculated a TGC value of 0.30 for

commercial Atlantic salmon culture in Atlantic Canada. This value was

calculated across the full grow-out season, and therefore embodies

inherent differences in growth rates due to life stage and environment

conditions. Here, a TGC value of 0.30 was assumed to represent

average growth performance, 0.25 represented slower growing,

“remedial” performance, and 0.35 represented faster growing, “elite”

performance. A single TGC value was applied across the entire growth

period because initial weights were calculated based on the final weight,

as opposed to stepwise growth stanzas. The final weight (Wt) was set to

5.5 kg, because it is a typical target market size (Njåstad, 2020;

MOWI, 2021).

To account for the effects of heat stress on growth rates, it was

assumed that there was no growth for 24 hours after a temperature

observation ≥ 18 °C. All such heat stress observations were filtered

out of the data so that growing days were used to calculate the

degree days (also called growing degree days; see Table 1 for

terminology). Temperatures within the 24-hour window of heat

stress were not included in TAvg, and the corresponding number of

days were not included in ndays (Equation 1). While it is known that

salmon can migrate vertically in response to environmental cues

including temperature (Johansson et al., 2006; Johansson et al.,

2009; Oppedal et al., 2011), the model is constrained to one depth

for the duration of the stocked season as a simplifying assumption.

It is likely that fish would avoid depths with temperatures causing

heat stress when possible. In consequence, the calculated stocking

weights may be conservative.

Model sensitivity to the heat stress threshold was assessed using

the average growth model (TGC value = 0.30). The results of the

original model (heat stress threshold = 18 °C) were compared to

results from a model with a lower heat stress threshold (16 °C) and a

higher heat stress threshold (20 °C).

The model assumes that missing temperature values are the

average of the growing day temperatures (TAvg). To check this

approximation, the average of the temperature for the 24 hours

before and after any data gap was calculated (TGap) and compared
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to TAvg. To assess the sensitivity of the results when TGap was close

to the heat stress threshold (≥ 16 °C), the analysis was repeated

assuming there was no growth during the period of missing data. If

the data gap represented less than 5 % of the stocked season and

TGap was not close to the heat stress threshold, it was assumed that

the missing data had negligible impact on the results.
2.2 Case study

2.2.1 Data collection
The Centre for Marine Applied Research (CMAR) has

coordinated an extensive Coastal Monitoring Program in Nova

Scotia, Canada since 2017 (Centre for Marine Applied Research,

2022). Through this program, temperature and other essential

ocean variables (Global Ocean Observing System, 2021) are

measured at locations selected in collaboration with local

stakeholders (Centre for Marine Applied Research, 2022).

Temperature data is collected from sub-surface “sensor strings”

(Figure 2). Each string is anchored to the seafloor and suspended

under constant tension from a subsurface float. Autonomous

sensors are attached at various depths, typically 2, 5, 10, 15 m

below the surface (at low tide), or greater depending on total depth,

and most strings include a sensor just above the seabed. Several

types of temperature sensors are used, including HOBO Water

Temp Pro v2 U22 series (Onset, 2012), aquaMeasure DOT

(InnovaSea, 2021), and Vemco VR2AR (Vemco, 2016). A sensor

string is generally deployed at a sampling station 200 m – 1000 m

from shore in depths up to 75 m for 6 – 12 months. Sensors record

data every 1 minute to 1 hour, depending on the deployment

settings. At the time of analysis, CMAR had data from 84 stations

around the coast of Nova Scotia, resulting in 338 time series at

various depths. Time series range from 1 month to 4.6 years,

although some stations have substantial data gaps caused by

battery failure, accidental and intentional vandalism, or other

disruptions. This data is publicly available to visualize and

download from the CMAR website (https://cmar.ca/coastal-

monitoring-program/), the Nova Scotia Open Data Portal

(https://data.novascotia.ca/browse?tags=coastal+monitoring

+program), and the Canadian Integrated Ocean Observing System

(https://catalogue.cioosatlantic.ca/dataset?q=cmar) platforms.
TABLE 1 Definition of key terms.

Stocking date First observation in the spring/summer when temperature exceeds 4 °C and does not return below this threshold.

Harvest date Last observation before temperature decreases below the superchill threshold (-0.7 °C).
If no superchill: 540 days after the stocking date.

Stocked days Number of days the fish were stocked (from the stocking date to the harvest date).

Stocked season Period the fish were stocked (from the stocking date to the harvest date).

Heat stress Biological response to extreme warm temperature resulting in reduced or arrested growth rate.
It was assumed that no growth occurred for 24 hours after a temperature observation ≥ the heat stress threshold (18 °C for the original model).

Growing days Number of days with temperature amenable to growth (stocked days – number of days with heat stress).

Growing degree days Degree days calculated from the growing days (Equation 1B).
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2.2.2 Site selection
The 338 time series of temperature at depth were carefully

evaluated to select three case study stations that represent a short,

medium, and long stocked season. First, stocked seasons were

defined for each time series by identifying the optimal stocking

and harvest dates (Table 1). The stocking date was defined as the

first observation in the spring or summer when the temperature

exceeded 4 °C and trended up (i.e., did not go below 4 °C), a

threshold recommended by provincial fish health veterinarians in

Nova Scotia to maximize fish heath and welfare. If superchill

occurred the following winter, the harvest date was defined to

end one minute before the first observation of superchill. If

temperatures remained above this threshold, the harvest date was

set at 540 days after the stocking date (i.e., a typical grow-out time).

It was assumed that all fish were stocked on the stocking date and

harvested on the harvest date, although in practice these events can

take several weeks or months. Time series for which these dates

could not be defined (e.g., data gaps) were excluded from the

analysis, leaving 127 time series from 38 stations.

Next, any stocked season with more than 2 days of missing data

was removed from the analysis, leaving 106 time series from 35

stations to evaluate. The durations of these remaining time series

were used to inform season length categories, where “short” was less
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than 8.5 months; “medium” was 8.5 months to less than 17 months,

and “long” was 17 months or more (i.e., seasons that did not

experience superchill).

There were 12 stations with data for a short season, 10 stations with

data for a medium season, and 14 stations with data for a long season.

One station with data for at least 2, 5, 10 and 15 m was selected from

each category to assess influence of depth on suitable temperatures.

This left one station each in the short and medium season categories,

and three in the long season category. Finally, the station to represent

the long season was selected based on geography.
2.3 Software

All data analysis was done using R version 4.1.1. The R package

tgc was developed by the authors to identify stocked seasons, filter

out heat stress observations, apply the TGC model, and visualize

results. The package can be installed from the GitHub repository at

https://github.com/dempsey-CMAR/tgc. Data analysis code is

available at https://github.com/dempsey-CMAR/TGC_Analysis.
3 Results

3.1 Stocking weight estimates

Stocking weight had an inverse relationship with growing

degree days (Figure 3). For each TGC model, the stocking weight

approached the harvest weight at lower degree days and approached

0 kg at very large degree days. For a given degree day, the elite

growth model (TGC = 0.35) always resulted in the smallest stocking

weight, and the remedial growth model (TGC = 0.25) resulted in the

largest. The three models diverge the most at moderate degree days.

For example, at a location with 2000-degree days, the stocking

weight for the remedial model was 2.0 kg, while that of the elite

model was only 1.2 kg. The modelled stocking weight decreased

more rapidly for smaller number of degree days (Figure 3). For the

average model, a 500-degree day increase from 1000 to 1500-degree

days reduced the stocking weight by 0.88 kg (from 3.15 kg to

2.27 kg). In contrast, a 500-degree day increase from 3500 to 4000-

degree days reduced the stocking weight by only 0.19 kg (from

0.37 kg to 0.18 kg).
3.2 Short season: Madeline Point

The station that met the criteria to represent a short season was

Madeline Point, Guysborough County, located in the north-eastern

part of mainland Nova Scotia (Figure 1). The station is approximately

500 m from shore and 22 m deep, with temperature sensors at 2, 5, 10,

15, and 22 m below the surface at low tide, and a tidal range of up to

2 m. The stocked season selected for analysis was approximately 8

months long (Table 2; Figure 4A), beginning on June 17 for the

shallowest depths (2 m and 5 m), followed five days later by the mid-

depths (10 m and 15 m), and one additional day later for the bottom

(22 m). While 22 m is an impractical culture depth for this site, it is
FIGURE 2

Example sensor string configuration (not to scale).
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included in this theoretical exercise for context and comparison with

the other depths. The season ended in mid-February near the surface

(2 m) and near the bottom (15 m and 22 m), followed a week later by

the remaining strata.

There was an overall increasing temperature trend in the

summer, with substantial diurnal variability (Figure 4A). Limited

temperature stratification occurred between 2, 5, and 10 m (average

July and August temperatures for these depths were 15.3 °C, 14.6 °C,

and 13.5 °C, respectively), while the bottom temperature was

typically cooler (average bottom temperature was 9.2 °C). There

was a distinct decreasing temperature trend throughout the fall and

winter months, with no appreciable diurnal variability or

stratification (average temperature ranged from 6.2 °C at 22 m to

6.6 °C at 2 m).

Heat stress events were observed at all depths (Table 2;

Figure 4A). The warmest temperatures typically occurred mid-

August to early September, although surface depths (2 and 5 m)

experienced earlier seasonal heat stress events. These shallow depths

experienced the most heat stress, with no growth assumed for 31

days at 2 m depth and 27 days at 5 m depth (approximately 13 %

and 11 % of the stocked days, respectively; Figure 5). In contrast, the

bottom had only two short (< 2 days) heat stress events. As a result

of heat stress and growing season length, the 2 m depth had the

fewest growing days, and 22 m had the most (Table 2).

The top four depths had a very similar number of degree days

(Figure 6A; Table 1). This translated to a negligible difference in the

stocking weight required to grow salmon to market size at these

depths (a difference of about 0.05 kg for each TGC value; Figure 6B).

However, there was a substantial difference in the results between

the remedial and elite models, with remedial growth requiring a

stocking weight of approximately 2.3 kg and elite growth requiring a

stocking weight of 1.5 kg. Near the bottom, the average temperature

of the growing days was about 1 °C cooler, resulting in about 100

fewer degree-days, and a stocking weight about 0.1 kg higher than

the other depths.
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3.3 Medium season: Beaver Point

The station that met the criteria to represent a medium season

was Beaver Point, located on the eastern shore of Halifax County

(Figure 1). The station is approximately 300 m from shore and 15 m

deep. Temperature was measured at 2, 5, 10, and 15 m below the

surface at low tide, with a tidal range up to 2 m. The stocked season

selected for analysis was approximately 9 months for the top three

depths, beginning in late May and ending with the onset of

superchill in late February (Table 2; Figure 4B). The bottom

depth had a much shorter growing season of 6.4 months, because

the temperature crossed the 4 °C and trending up threshold a

month and a half later and experienced superchill about a month

earlier than at the other depths (Table 2).

Temperature was stratified from June through to mid-August, with

the average temperature at 2 m (9.8 °C) about 1 °C warmer than that at

5 m depth; in turn, the average temperature at 5 m was about 1 °C

warmer than the temperatures at 10 and 15 m. Heat stress events

occurred at all depths in late August, with the most prolonged at 2 m,

where 26 days (9.4 % of stocked season) were assumed unsuitable for

growth. In contrast, only 12 days and 5 days were considered

unsuitable at 10 m and 15 m, respectively (Table 2; Figure 5).

August through October was a period of rapid variability for the

deeper waters. For example, in late August the temperature at 15 m

dropped 13 °C over 6 days, and then rebounded 12 °C in the following

5 days. Temperature was less variable and more well-mixed in the

winter months (Figure 4B), although temperature at the bottomwas on

average ~ 0.6 °C cooler than at the shallower depths.

The number of degree days ranged from 1450 degree days at the

bottom (15 m) to 2247 degree days near the surface (2 m;

Figure 6A), which translated to a difference in stocking weight of

about 1 kg (Figure 6B). The smallest stocking weight occurred at

2 m, ranging from 1.7 kg for the remedial model to 0.93 kg for the

elite model. The stocking weight at 5 m and 10 m had negligible

differences at each TGC (~ 0.01 kg), owing to the similar number of

degree days at these depths. The elite growth model at 2, 5, and 10 m

required a smaller stocking weight than any of the depths for the

remedial model (Figure 6B).

The 2 m temperature time series was missing 0.58 days of

observations in mid-September. The average temperature for the 24

hours before and after the data gap was 17.8 °C, very close to the

heat stress threshold. Assuming that there was no growth during the

period of missing data (e.g., subtracting 0.58 days from ndays;

Equation 1B) resulted in 5.2 fewer degree days (0.23 % fewer than

the original model) and a stocking weight 0.006 kg larger (0.44 %

larger for the average growth performance), which were considered

negligible differences.
3.4 Long season: Flat Island

The three stations that met the criteria to represent a long

season were Shad Bay, Flat Island, and Little Rafuse Island. These

stations are within 35 km of each other, near the border of Halifax

and Lunenburg Counties. The Flat Island station (Figure 1) was

ultimately selected for analysis because it is geographically between
FIGURE 3

The thermal-unit growth coefficient model, showing the stocking
weight required to grow a post-smolt salmon to market size (5.5 kg)
for a given number of degree days, assuming remedial (TGC = 0.25),
average (TGC = 0.30), and elite (TGC = 0.35) growth performance.
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the other two long season station candidates. The Flat Island station

is approximately 22 m deep, with temperature sensors at 2, 5, 10, 15,

and 22 m below the surface and a tidal range of up to 3 m. It is

located approximately 5 km from shore, 2 km from Big Tancook

Island, and 600 m from Flat Island.

The stocked season selected for analysis started in early May near

the surface (2 and 5 m), later May at the middle depths (10 and 15 m),

and mid-June at the bottom depth (22 m; Table 2). No superchill was

observed in the following winter or spring, therefore the growing

season lasted ~ 18 months (540 days) at each depth (Figure 4C). There

was an overall increasing temperature trend at all depths in the spring

and summer months, with notable stratification and diurnal variability.

The temperature near the surface (2 m) was ~ 5 °C warmer than at the

bottom (22 m) for the summer of 2019 and spring/summer of 2020.

There was limited heat stress during this growing season, and when it

occurred, it was confined to near the surface, with 17 days considered

unsuitable for growth at 2 m and 9.7 days at 5 m (Table 2).

Temperature was less stratified and less variable in the fall and

winter months, with an overall decreasing temperature trend.

Notably, there was a temperature inversion for most of mid-

November through mid-March, with the coolest average temperature

near the surface (3.8 °C) and the warmest average temperature near the

bottom (7.6 °C; Figure 4C).

There was a range of nearly 1000-degree days for the different

depths (Figure 6A). As a result of summer heat stress at the surface and

the winter temperature inversion, the 5 m depth had the most degree

days (4800-degree days), and the 15 m stratum had the least (3853

degree days; Table 2). The 2, 10, and 22 m depths all had relatively

similar number of degree days, ranging from 4120 degree days to 4350

degree days. For the remedial growth model, this translated into

modelled stocking weight ranging from 0.18 kg at 5 m to 0.52 kg at
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15 m, while the results of the average model ranged from 0.034 kg to

0.23 kg. The elite model resulted in very small stocking weights, ranging

from only 0.0006 kg to 0.072 kg (Figure 6B).

Delays in sensor redeployment resulted in two short gaps in the

temperature data series: 1.5 days in early June 2019 (for all depths

except for 22 m) and 0.2 days in November 2019. The temperature

24 hours before and after each gap is reasonably close to the

average temperature (absolute difference from 0.26 °C to 2.1 °C),

and the missing days represent only 0.30 % of the stocked season.

The missing data was assumed to have negligible impact on the

model results.
3.5 Sensitivity to heat stress threshold

3.5.1 Lower heat stress threshold (16 °C)
When the heat stress threshold was lowered to 16 °C there were

~ 20 (9 %) fewer growing days for most depths at Madeline Point

and Beaver Point, which resulted in 227 (16 %) and 330 (19 %)

fewer degree days, respectively. On average, this increased the

stocking weight for each depth at Madeline Point by ~ 0.409 kg

(22 %) and at Beaver Point by ~ 0.485 kg (26 %; Figure 7). The

bottom temperature at Madeline Point rarely exceeded the 16 °C

threshold, so there were only 5 fewer growing days at this depth,

which required a 0.103 kg (5 %) larger post-smolt (Figure 7).

Flat Island had the largest reduction in number of growing days

and degree days, particularly at the shallow depths. At 2 m, there

were 88 (17 %) fewer growing days and 1184 (28 %) fewer degree

days compared to the original heat stress threshold. At 5 m, there

were 71 (13 %) fewer growing days and 1068 (22 %) fewer degree

days. The increase in stocking weight was similar to the other
TABLE 2 Stocked season and degree day results for each station and depth.

Station Depth
(m)

Stocking Date
(yyyy-mm-dd)

Harvest Date
(yyyy-mm-dd)

Stocked
Days

Filtered
Days

Growing
Days

Average
Temperature

(°C)

Degree
Days

Madeline Point 2 2019-06-17 2020-02-15 243.02 30.98 212.04 8.26 1751

Madeline Point 5 2019-06-17 2020-02-22 249.60 27.12 222.49 7.98 1775

Madeline Point 10 2019-06-22 2020-02-22 244.45 21.14 223.31 7.92 1768

Madeline Point 15 2019-06-22 2020-02-15 237.59 15.54 222.05 7.84 1742

Madeline Point 22 2019-06-23 2020-02-15 236.42 3.46 232.96 7.05 1643

Beaver Point 2 2018-05-21 2019-02-22 276.30 26.14 250.16 8.98 2247

Beaver Point 5 2018-05-27 2019-02-22 271.16 21.93 249.23 7.15 1782

Beaver Point 10 2018-05-31 2019-02-22 267.48 12.14 255.34 7.03 1794

Beaver Point 15 2018-07-11 2019-01-20 193.08 5.04 188.04 7.71 1450

Flat Island 2 2019-05-01 2020-10-22 540.00 17.45 522.55 8.11 4240

Flat Island 5 2019-05-08 2020-10-29 540.00 9.67 530.32 9.05 4801

Flat Island 10 2019-05-19 2020-11-09 540.00 0.00 540.00 8.05 4350

Flat Island 15 2019-05-19 2020-11-09 539.99 0.00 539.99 7.14 3853

Flat Island 22 2019-06-19 2020-12-10 540.00 0.00 540.00 7.61 4107
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stations (0.491 kg at 2 m and 0.235 kg at 5 m; Figure 7). The

difference at 10 m was also substantial, with 32 (6 %) fewer growing

days and 464 (11 %) fewer degree days, which translated to an

increase in stocking weight of 0.118 kg (121 %). The deeper strata

rarely exceeded the 16 °C threshold and had small changes in

stocking weight (< 0.030 kg; < 12 %).

3.5.2 Higher heat stress threshold (20 °C)
Increasing the heat stress threshold to 20 °C was nearly equivalent

to not accounting for heat stress in the model. Few observations

exceeded this threshold, with only 1 day considered unsuitable for

growth at Madeline Point (2 m) and 2.3 days at Beaver Point (2 m).

Consequently, there were additional growing days through the whole

water column at these stations, most notably for the shallower depths.

At 2 m and 5 m, there were over 25 (10 %) more growing days at

Madeline Point, and over 20 (9 %) additional growing days at Beaver

Point. At Madeline Point, this translated into an additional 540 (30 %)

degree days at 2 m, and 478 (27 %) at 5 m. Similarly at Beaver Point,

there were an additional 581 (26 %) degree days at 2 m and 396 (22 %)
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at 5 m. No heat stress events for Flat Island were observed in this

simulation, which resulted in an increase of 241 (5.7 %) degree days at

2 m and 168 (3.5 %) degree days at 5 m. No heat stress events were

observed in the original model at the other depths, and so those results

did not change.

The largest absolute decrease in stocking weight was for the

surface depths at Madeline Point, which were 0.653 kg (34 %) and

0.581 kg (31 %) smaller than in the original model for 2 m and 5 m.

This was closely followed by Beaver Point, with a reduction of

0.528 kg (40 %) and 0.489 kg (26 %) at the same depths. There was a

modest reduction of < 0.050 kg for the Flat Island example.
4 Discussion

4.1 Potential for seasonal site usage

The TGC model results showed that fish weighing 1.5 – 2.5 kg

can theoretically grow to market size at seasonal sites. This suggests
A

B

C

FIGURE 4

Temperature observations for (A) Madeline Point (short season), (B) Beaver Point (medium season), and (C) Flat Island (long season). The shaded blue
area indicates the superchill threshold (-0.7 °C), the dashed grey line indicates the 4 °C threshold, and the shaded red area indicates the heat stress
threshold (18 °C). Greyed observations were considered heat stress (within 24 hours of an observation ≥ 18 °C) and were filtered out of the analysis.
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that post-smolt stocking strategies can potentially enable use of

novel sites in areas previously considered unsuitable for aquaculture

because of cold winter temperatures. The modelled stocking weight

was substantially larger than typical target post-smolt weights (Fish

Farming Expert, 2019; Gardner Pinfold Consultants Inc., 2019; Fish

Farming Expert, 2021; MOWI, 2021); however, it is technically

feasible to grow salmon to this size or larger on land (Atlantic

Sapphire, 2020; Sustainable Blue, 2021). Several companies have

successfully moved the entire Atlantic salmon production cycle to

land-based Recirculating Aquaculture System (RAS) facilities (see

Table 1 of Gardner Pinfold Consultants Inc., 2019). There are still

substantial challenges in the grow-out phase at these facilities,

including improving fish quality, maintaining fish health,
Frontiers in Marine Science 09205
preventing fish mortalities, and managing increased costs

(Calabrese, 2017; Gardner Pinfold Consultants Inc., 2019; EY,

2020; Hoel and Howell, 2021). Transferring large post-smolts to

marine net-pens may offset some of these challenges, and we

recommend future research into the costs and benefits of growing

large post-smolts on land to stock in novel sites.
4.2 Assessing site suitability

The approach discussed here highlights that the TGC model in

conjunction with high-resolution, site-specific temperature data can

be a useful tool for assessing the suitability of novel areas. This
FIGURE 5

Percent of the stocked season at each station and depth with arrested growth caused by heat stress (≥ 18 °C). Note that there was no heat stress
observed at Flat Island at 10, 15, and 22 m.
A

B

FIGURE 6

(A) The number of growing degree days observed at each station and depth, and (B) Stocking weight of post-smolts required to reach market size as
a function of TGC value, location and depth (heat stress threshold ≥ 18 °C).
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temperature data can provide insight on optimal stocking and

harvest dates as well as anticipated heat stress. For example, local

temperature profiles were key for informing the optimal stocking

date, which was related to both latitude and depth. The season

began in early May at Flat Island (the most southern station) and in

mid-June at Madeline Point (the most northern station), illustrating

the value of using local data to inform operational decisions.

Despite being on the same coast, using Flat Island data to inform

the timing of stocking at Madeline Point would subject the post-

smolts to 6 weeks of sub-optimal temperatures. At each station, the

season started progressively later with depth, with up to 7 weeks

difference between the surface and the bottom at Beaver Point. This

highlights the importance of incorporating the temperature profile

throughout the water column, especially for the full cage depth, into

stocking decisions. Using only the surface data to inform the timing

of stocking could subject the fish to potentially harmfully cold

temperatures. Inter-annual temperature variation was beyond the

scope of this paper, but is known to vary substantially along the

coast of Nova Scotia (Centre for Marine Applied Research, 2022),

and would be an important site suitability consideration.

4.2.1 Superchill
Despite seasonal occurrence of superchill along some coastal

regions, it is not always predictable and is therefore a major risk for

the aquaculture industry. The ability to better predict the onset of

superchill would be an asset to existing and new operations,

especially for potential seasonal sites. Several days or weeks

warning of impending superchill would provide time to

implement risk management strategies, including preparing to

harvest or ceasing feeding and other activities at the cage sites

(LGL Limited, 2019; Sweeney International Marine Corp, 2019).
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Analyzing several years of historical high-resolution data at a given

location could provide useful insight into inter-annual patterns,

typical and extreme events, and early warning indicators. This

information could eventually feed into model forecasts of

superchill extent and timing (Payne et al., 2017). Our analysis

suggests that the timing of superchill is not typically related to

depth, due to minimal stratification in the winter/spring, when

superchill occurs. The main exception was the bottom

temperatures, where superchill was observed ~ 1 month earlier at

Beaver Point and ~ 1 week earlier at Madeline Point than at other

depths. The occurrence of superchill at the bottom could be an early

warning indicator of superchill at shallower depths where cages are

located. An extensive analysis of CMAR’s Coastal Monitoring

Program data to investigate whether this pattern is consistent

spatially and inter-annually is recommended.

4.2.2 Heat stress
In contrast to superchill, the amount of heat stress was related to

depth, with more days considered unsuitable for growth near the

surface at each station (Figure 5). Surprisingly, the most heat stress

was observed at Madeline Point (Table 2). This was the most

northern site and had the earliest onset of superchill, and it was

expected to be generally cooler than the other sites. Instead, over 8 %

of the stocked days were unsuitable for growth as deep as 10 m

(Figure 5). It may be worth investing in a deep net for this location so

fish can avoid warm surface waters and continue to grow. In

contrast, the only heat stress observed at Flat Island was near the

surface, and so a typical net depth would be sufficient at this location.

A major limiter of the industry in Nova Scotia is that sites are

typically located in relatively shallow waters, so the net depth may be

constrained by bathymetry. Site location in deeper water could
FIGURE 7

Stocking weight estimated from applying three different heat stress thresholds (16°C, 18°C, 20°C).
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enable access to a wider range of stratified temperatures, although

this could require management and infrastructure changes. Long-

term, high-resolution data such as those provided by the CMAR

Coastal Monitoring Program can assist to inform such cost-

benefit analyses.
4.3 Heat stress threshold

It is critical to choose an appropriate heat stress threshold to

account for reduced growth at high temperatures. The threshold

value can substantially impact the results, and an erroneous value

could lead to increased economic and ecologic risks. In the original

model (heat stress threshold = 18 °C), heat stress was a major

impediment to growth at all three locations, particularly at shallow

depths (Figure 5). When the threshold was increased to 20 °C, few

observations were considered heat stress. This resulted in more

growing days and higher average temperatures, and therefore

required smaller stocking weights (Figure 7). If this model was

used to guide stocking weight decisions, the fish may not grow to

market size in the allotted season. This would be of particular

concern for the seasonal sites, which are constrained by superchill,

making it challenging or impossible to extend the season. For

example, smolts with a stocking weight estimated from this model

for Madeline Point would only grow to 4.12 kg if the stock truly

experiences heat stress at 18 °C.

Lowering the heat stress threshold to 16 °C reduced the number

of growing days and associated average temperatures, resulting in

higher stocking weights. This model provides a more conservative

estimate of the stocking weight, i.e., these large post-smolts would

likely grow to market size during the defined season. However, the

fish would need to grow longer on land to reach this stocking

weight, which has associated costs and risks (Gardner Pinfold

Consultants Inc., 2019; Hoel and Howell, 2021). For example, fish

transferred to Beaver Point would require an extra 4 to 6 weeks in

the land-based facility to grow to the stocking weight estimated

from this model.
4.4 Growth performance

Differences in temperature driven growth performance

(Handeland et al., 2004) were reflected in the remedial, average,

and elite models. As expected, the elite model resulted in the

smallest stocking weights for each station (Figures 3, 6). The

largest discrepancy between elite and remedial models occurred

for the stations with moderate degree days, Madeline Point and

Beaver Point (Figure 6). There was a much higher number of degree

days at Flat Island (long season), which resulted in a relatively small

absolute difference in stocking weight between TGC models

(Figure 6). Using a smaller TGC value (i.e., assuming a slow

growth) to calculate the stocking weight is more conservative for

ensuring the smolts will grow to market size during a predefined

season. However, an overly conservative estimate could result in

unnecessary additional time in post-smolt facilities (Gardner

Pinfold Consultants Inc., 2019; Hoel and Howell, 2021).
Frontiers in Marine Science 11207
The TGC values applied here were based on estimates from the

literature, which originated from 10 – 15-year-old data (Reid et al.,

2013b). Ground truthing by Cooke Aquaculture Inc.’s average

production model suggested these values were reasonable. This

production model aims to stock 120 g – 150 g smolts, which grow

out over 22 months to a market size of 5.5 – 6 kg (Jennifer Hewitt,

Cooke Aquaculture Inc., personal communication October 2022).

Using these initial and final weights and temperature data from the

example stations, TGC values ranging from 0.234 – 0.263 were

calculated (equation 1), which correspond with the remedial growth

performance TGC. The elite growth performance value was derived

based on the assumption that selective breeding suggests improved

growth rate by about 10 % per generation (Gjøen and Bentsen,

1997; Gjedrem, 2000; Thorarensen and Farrell, 2011). This

highlights the need for updated commercial TGC coefficients for

Atlantic salmon grown in marine net-pens to improve confidence in

the model results.

Determining whether elite performing stocks grow faster than

the average and remedial performing salmon at high temperatures

would be relevant for breeding programs. Tolerance to high

temperature, often measured using the critical thermal maximum,

varies between families (Anttila et al., 2013). Moreover, it has been

shown that tolerance to heat stress, which is a heritable trait in

salmon, and growth rate may be inversely correlated, suggesting

that simultaneous selection for both traits is unattainable (Debes

et al., 2021).
4.5 Degree days drivers and outcomes

Degree days are a key metric for modelling growth of

ectotherms, accounting for both growing time and temperature.

Our results reinforce that both degree day factors, ndays and TAvg,

are important drivers. For example, Flat Island and Madeline Point

had similar average temperatures at 10 m; however, Flat Island had

more than double the number of growing days (Table 2). The

resulting stocking weights at Flat Island were 7 (remedial model) to

100 (elite model) times smaller than at Madeline Point (Figure 6). In

this analysis, ndays was adjusted to account for reduced growth rates

caused by heat stress. Other factors that affect growth rates (e.g., no-

feed events, photoperiod influence) are assumed to be accounted for

in the TGC value, which is derived from historical production data

over the growth period. There is no historical production data for

the novel locations assessed in this study, and so the application of

remedial, average, and elite performing TGC values aimed to

account for a range of potential influences to growth performance.

The Beaver Point and Madeline Point results illustrate the

importance of temperature. At 5 m and 10 m, there were ~ 30

more growing days at Beaver Point (Table 2). A naïve prediction

would be that smaller smolts could be stocked at Beaver Point

because they have more time for grow-out. However, the average

temperature of the growing days at Madeline Point was 0.8 °C

warmer that that at Beaver Point, resulting in very similar stocking

weights for both locations (Figure 6). It is therefore critical to have

high-quality, ideally site-specific temperature data for useful

estimates from the TGC model.
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Under the TGC model, initial weight is related to the number of

degree days through a non-linear (cubic) relationship (Equation 2),

which can also lead to unintuitive results. For example, an absolute

change in the degree days can result in a differential change in initial

weight (Figure 3). A wide range in the number of degree days at

Beaver Point results in a ~ 1 kg difference in stocking weight

between the surface and the bottom depths. Flat Island had a similar

range of degree days at depth, but a substantially smaller range of

stocking weights, particularly for the elite model (Figure 6). This is

because the range of degree days at Beaver Point (1450 – 2247

degree days) corresponds to a relatively steep part of the curve

shown in Figure 3. In contrast, the number of degree days at Flat

Island is substantially higher (3858 – 4801 degree days) and

corresponds to a flat part of the curve, most notably for the elite

model. These results illustrate that additional degree days at a

location may not translate to appreciable differences in stocking

weight. We recommend consulting a stocking weight-degree day

curve (Figure 3) to inform cost-benefit of expanding to an

additional depth or location with more degree days.

The Flat Island example also highlights that TGC results should be

interpreted carefully and in context, especially at extreme degree day

values. At high degree days the modelled stocking weight approaches

zero and can even become negative (Figure 3). At Flat Island, the

stocking weight of the elite growth model for all depths was less than

120 g, a typical size for smolt stocked in Nova Scotia (Jennifer Hewitt,

Cooke Aquaculture, personal communication, October 2022). The

stocking weight at 5 m was only 0.6 g, which is about the size of a

fry and would not survive in the marine environment.

At very small degree days, the modelled stocking weight will

approach market size (Figure 3). It may be impractical to transport

such large fish to ocean net-pens for the remaining short grow-out

period. Before modelling, it is important to identify operational

thresholds including the minimum and maximum acceptable smolt

size, and to inspect the results accordingly.
5 Conclusion

The method and results presented here suggest that further

investigations into large post-smolt stocking to circumvent short

periods of cold temperatures are warranted. The method is

straightforward to apply to any potential site with observed

temperature data. We recommend high-resolution, long-term,
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and site-specific temperature data for estimates of stocking and

harvest dates and heat stress. This method could be easily adopted

for other species with known TGC values and heat stress thresholds.
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