
www.mdpi.com/journal/water

Special Issue Reprint

Advances in Aquaculture 
Ecology Research 

Edited by 

Xiangli Tian and Li Li



Advances in Aquaculture Ecology
Research





Advances in Aquaculture Ecology
Research

Editors

Xiangli Tian

Li Li

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Xiangli Tian

Ocean University of China

China

Li Li

Ocean University of China

China

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Water (ISSN 2073-4441) (available at: https://www.mdpi.com/journal/water/special issues/

Aquaculture Ecology).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7974-0 (Hbk)

ISBN 978-3-0365-7975-7 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Xiangli Tian and Li Li

Editorial: Advances in Aquaculture Ecology Research
Reprinted from: Water 2023, 15, 1629, doi:10.3390/w15081629 . . . . . . . . . . . . . . . . . . . . . 1

Wan Zhang, Wen Zhao, Jingjing Zou, Jie Wei, Shan Wang and Dongpeng Yin

Comparative Biology of Daphniopsis tibetana from Different Habitats under Seawater
Acclimation
Reprinted from: Water 2023, 15, 34, doi:10.3390/w15010034 . . . . . . . . . . . . . . . . . . . . . . 5

Mingyang Wang, Yang Liu, Kai Luo, Tengfei Li, Qingbing Liu and Xiangli Tian

Effects of Bacillus pumilus BP-171 and Carbon Sources on the Growth Performance of Shrimp,
Water Quality and Bacterial Community in Penaeus vannamei Culture System
Reprinted from: Water 2022, 14, 4037, doi:10.3390/w14244037 . . . . . . . . . . . . . . . . . . . . . 17

Xiuhong Zhang, Jiajia Wang, Chengwei Wang, Wenyang Li, Qianqian Ge, Zhen Qin, et al.

Effects of Long-Term High Carbonate Alkalinity Stress on the Ovarian Development in
Exopalaemon carinicauda
Reprinted from: Water 2022, 14, 3690, doi:10.3390/w14223690 . . . . . . . . . . . . . . . . . . . . . 39

Kun Wang, Nan Li, Zhaohui Wang, Guangjun Song, Jing Du, Lun Song, et al.

The Impact of Floating Raft Aquaculture on the Hydrodynamic Environment of an Open Sea
Area in Liaoning Province, China
Reprinted from: Water 2022, 14, 3125, doi:10.3390/w14193125 . . . . . . . . . . . . . . . . . . . . . 55

Jiahao Liu, Ce Shi, Yangfang Ye, Zhen Ma, Changkao Mu, Zhiming Ren, et al.

Effects of Temperature on Growth, Molting, Feed Intake, and Energy Metabolism
of Individually Cultured Juvenile Mud Crab Scylla paramamosain in the Recirculating
Aquaculture System
Reprinted from: Water 2022, 14, 2988, doi:10.3390/w14192988 . . . . . . . . . . . . . . . . . . . . . 75

Hanmo Song, Yan Liu, Jingyu Li, Qingli Gong and Xu Gao

Interactions between Cultivated Gracilariopsis lemaneiformis and Floating Sargassum horneri
under Controlled Laboratory Conditions
Reprinted from: Water 2022, 14, 2664, doi:10.3390/w14172664 . . . . . . . . . . . . . . . . . . . . . 89

Yilin Yu, Jiwu Wan, Xiaochen Liang, Yuquan Wang, Xueshen Liu, Jie Mei, et al.

Effects of Protein Level on the Production and Growth Performance of Juvenile Chinese Mitten
Crab (Eriocheir sinensis) and Environmental Parameters in Paddy Fields
Reprinted from: Water 2022, 14, 1941, doi:10.3390/w14121941 . . . . . . . . . . . . . . . . . . . . . 101

Yiming Xue, Li Li, Shuanglin Dong, Qinfeng Gao and Xiangli Tian

The Effects of Different Carbon Sources on the Production Environment and Breeding
Parameters of Litopenaeus vannamei
Reprinted from: Water 2021, 13, 3584, doi:10.3390/w13243584 . . . . . . . . . . . . . . . . . . . . . 129

Jingyu Li, Guohua Cui, Yan Liu, Qiaohan Wang, Qingli Gong and Xu Gao

Effects of Desiccation, Water Velocity, and Nitrogen Limitation on the Growth and Nutrient
Removal of Neoporphyra haitanensis and Neoporphyra dentata (Bangiales, Rhodophyta)
Reprinted from: Water 2021, 13, 2745, doi:10.3390/w13192745 . . . . . . . . . . . . . . . . . . . . . 145

v



Jing Yuan, Chuansong Liao, Tanglin Zhang, Chuanbo Guo and Jiashou Liu

Advances in Ecology Research on Integrated Rice Field Aquaculture in China
Reprinted from: Water 2022, 14, 2333, doi:10.3390/w14152333 . . . . . . . . . . . . . . . . . . . . . 159

vi



About the Editors

Xiangli Tian

Xiangli Tian is a professor at the Laboratory of Aquaculture Ecology at the Fisheries College in

Ocean University of China. He was honored with the Distinguished Young Scientists of Shandong

Province and New Century Excellent Talents of the Ministry of Education awards. He obtained

his Ph. D in the field of aquaculture from Ocean University of China in 2001. He carried out his

postdoctoral study in Flinders University of South Australia from 2001 to 2002. He was a visiting

scholar at Auburn University, USA from 2008 to 2009. His primary expertise focuses on Aquaculture,

Aquaculture Ecology and Aquatic Microbial Ecology. For Aquaculture and Aquaculture Ecology, his

research has an emphasis on the optimization of structure, function and management of aquaculture

ecosystems. Moreover, his recent research interests are mainly focused on the structure and function

of microbial communities in aquaculture ecosystems and the application of probiotics. He has served

as the PI for more than 50 grants, including for the National Natural Science Foundation of China,

National Key R&D Program of China, Natural Science Funds for Distinguished Young Scientists

of Shandong Province, etc. He has published more than 200 peer-reviewed papers in English and

Chinese and six books (in Chinese).

Li Li

Li Li is an associate professor in the Laboratory of Aquaculture Ecology at the Fisheries College

in Ocean University of China. She obtained her Ph.D. degree from Auburn University, USA, in 2012

and was honored as a “Graduation Marshal” of the university. She has been studying and working

in the field of aquaculture ecology for over 20 years. Two of her main research interests include: (1)

traceability of aquatic products using multiple technologies, including stable isotope analysis, trace

element analysis, phospholipid fatty acid analysis, etc.; and (2) water quality management principles

and technologies in aquaculture systems. She has served as the PI for more than 10 grants and has

published more than 70 peer-reviewed papers, of which 60 were published in English. The papers

were published in journals such as Reviews in Aquaculture, Aquaculture, Aquaculture Research, Food

Chemistry, Food Control, Marine Pollution Bulletin, etc. She has also published two book chapters and

obtained two patents.

vii





Citation: Tian, X.; Li, L. Editorial:

Advances in Aquaculture Ecology

Research. Water 2023, 15, 1629.

https://doi.org/10.3390/w15081629

Received: 12 April 2023

Accepted: 17 April 2023

Published: 21 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Editorial

Editorial: Advances in Aquaculture Ecology Research

Xiangli Tian * and Li Li *

Key Laboratory of Mariculture, Ministry of Education, Ocean University of China, Qingdao 266003, China
* Correspondence: xianglitian@ouc.edu.cn (X.T.); l_li@ouc.edu.cn (L.L.)

This Special Issue describes the advances in the last decades in the research fields of
individual ecology of commercial aquatic organisms, the ecology of aquaculture systems,
interactions between aquaculture activities and the environment, the structure and function
of the microbial community, principles of environment management in aquaculture ecosys-
tems, etc. We collected ten valuable contributions focused on advances in aquaculture
ecology research. All of the authors are from China, which is the largest aquaculture
country and contributes more than 60% of global aquaculture production.

Aquaculture is one of the fastest-growing human activities, which not only provides
high-quality food for human beings but can also pose a potential risk to the surrounding
environment. The multiple outbreaks of golden tide caused by Sargassum have attracted lots
of attention. Song et al. studied interactions between cultivated Gracilariopsis lemaneiformis
and floating Sargassum horneri [1]. Results of the study could provide important references
for mariculture management to reduce golden tide outbreaks. Wang et al. evaluated the
impact of floating raft aquaculture on the hydrodynamic environment of an open sea area
in Liaoning Province, China by establishing depth-averaged two-dimensional shallow
water equations and three-dimensional incompressible Reynolds-averaged Navier–Stokes
equations [2]. The work provides a good reference for other studies on aquaculture in open
sea areas.

Much research has been performed to develop bioremediation technologies to reduce
environmental influences from aquaculture and ensure the sustainability of aquaculture
activities. Li et al. selected the appropriate seaweed species for bioremediation of aquaculture
wastewater [3]. Results of the study demonstrated that the seaweeds Neoporphyra haitanensis
and N. dentata are likely to be used as efficient and environmentally friendly remediation tools.

The bio-floc technology has been developed in the recent decade and is considered
an environmentally friendly technology in aquaculture. Carbon sources are added in
biofloc systems to increase the carbon-to-nitrogen ratio (C/N) and thus promote the growth
of heterotrophic bacteria [4,5]. Water-soluble carbon sources such as molasses need to
be applied frequently, which increases the management effort. Two collected papers
investigated the production environment in biofloc systems [4,5]. The papers evaluated the
effects of Bacillus pumilus BP-171 and different carbon sources, i.e., poly-3-hydroxybutyrate-
co-3-hydroxyvalerate (PHBV) and molasses, on water quality, bacterial community and
the production of Litopenaeus vannamei in culture systems. Both papers demonstrated that
adding carbon sources or probiotics could affect the water quality and microbial community.
The PHBV, which is insoluble biodegradable polymers and simple to manage, is a good
alternative for a water-soluble carbon source.

Effects of various environmental factors, including temperature, carbonate alkalinity
and protein levels in compound feeds on commercial aquatic species including ridgetail
white prawn (Exopalaemon carinicauda), juvenile mud crab (Scylla paramamosain) and Chi-
nese mitten crabs (Eriocheir sinensis) were comprehensively investigated in three collected
papers [6–8]. Yu et al. comprehensively analyzed the protein requirements of juvenile
Chinese mitten crabs in a rice–crab co-culture system and provided important references
for the optimization of the feeding strategy in the rice–crab co-culture system [6]. Liu et al.
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evaluated the optimal temperature range for juvenile mud crabs in terms of growth, molt-
ing, energy metabolism, antioxidant capacity and stress response [7]. Results of the study
could provide guidance for crab management in aquaculture and support the design of
recirculating aquaculture systems for the species. The saline–alkaline water areas in China
is about 46 million hectares and the government encouraged the land to be reclaimed
into fishponds [8]. The saline-alkaline water usually has high carbonate alkalinity and
pH, which limits the growth of most aquatic species. Zhang et al. explored the effects of
long-term high carbonate alkalinity stress on ovarian development and revealed the genes
and pathways involved in the ovarian development of E. carinicauda under long-term high
carbonate alkalinity stress [8]. The study demonstrated that E. carinicauda is an excellent
candidate species for aquaculture in saline-alkaline water as this species could tolerate the
saline–alkaline stress.

The Daphniopsis tibetana is an important food source for marine fish and shrimp during
the nursery period. Zhao et al. evaluated the biology of D. tibetana from three lakes in
Tibet or on the genetic difference between wild-type and seawater domesticated D. tibetana,
which provides important information for the large-scale cultivation of D. tibetana [9].

In China, we have explored a wide diversity of polyculture applications, both marine
and freshwater. It is very important to understand the underlying biological processes
of various polyculture models. We collected one review paper from Yuan et al., who
systematically reviewed the advances in ecology research on three major integrated rice
field aquaculture models in China including rice–fish, rice–crab and rice–crayfish co-culture
systems [10]. Integrated rice field aquaculture is one of the main freshwater aquaculture
systems. The progress in ecology research on theories, biological studies, models and
eco-engineering techniques were systematically reviewed in the paper, which could help
aquaculture scientists to further study ecology in integrated aquaculture systems.

The fastest-growing aquaculture achieved high and predictable yields in the past
decades; however, the industry is also facing numerous challenges in the long term, such as
environmental pollution, excessive resource consumption, etc. The mission of aquaculture
ecology is to lay an ecological foundation for the sustainable development of aquaculture.
The Special Issue on “Advances in Aquaculture Ecology Research” is closed, but the
research on aquaculture ecology is still being rapidly developed.

Author Contributions: Conceptualization, X.T. and L.L.; writing-original draft preparation, X.T. and
L.L.; writing—review and editing, X.T. and L.L. All authors have read and agreed to the published
version of the manuscript.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

Comparative Biology of Daphniopsis tibetana from Different
Habitats under Seawater Acclimation

Wan Zhang, Wen Zhao *, Jingjing Zou, Jie Wei, Shan Wang and Dongpeng Yin

Key Laboratory of Hydrobiology in Liaoning Province, College of Fisheries and Life Science,
Dalian Ocean University, Dalian 116023, China
* Correspondence: zhaowen_1963@163.com; Tel.: +86-159-4266-0511

Abstract: In this paper, we used experimental ecology methods and third-generation transcriptome
sequencing to see the differences in growth, development, and reproduction of three strains of
Daphniopsis tibetana Sars, 1903 from different locations in Tibet (Lake Namukacuo, NMKC; Lake
Pengcuo, PC; and Lake Zigetangcuo, ZGTC). We also wanted to determine if the genes had changed
after seawater-domesticated D. tibetana was reared in a laboratory. The results showed that at
15–16 ppt salinity and 15 ± 0.5 ◦C, the NMKC strain exhibited the highest survival rate of 26 d, and
the ZGTC strain had the lowest survival rate at 53 days of culture. The body length was observed in
NMKC (153.6 ± 12.1%), followed by PC (136.4 ± 16.1%), and then ZGTC (86.2 ± 7.6%). Combined,
wild-type and seawater-acclimated D. tibetana produced 7252 DEGs, of which 4146 were up-regulated
and 3106 were down-regulated. DEGs were subjected to gene ontology enrichment analysis. The
DEGs were mainly enriched in single-organism localization, transporter activity, macromolecule
localization, and organic substance transport. The Kyoto Encyclopedia of Genes and Genomes
enrichment analysis was also performed and revealed that the RNA transport, protein digestion and
absorption, and protein processing in the endoplasmic reticulum pathways were highly enriched.
The data mined can provide a reference for follow-up research.

Keywords: Daphniopsis tibetana; biology; different habitats; population growth parameters; third-
generation transcriptome sequencing

1. Intraducation

Daphniopsis tibetana Sars, 1903 belongs to Daphniidae and is a rare saltwater clado-
ceran [1] that is mainly distributed in high-altitude areas such as Tibet, Qinghai, and
Xinjiang in China. D. tibetana preferentially live in low temperatures. Moreover, they
are well-suited for living at high altitudes in cold and nutrient-poor saline water bodies.
D. tibetana also plays an important role in the study of cladoceran biology [2].

With the rapid development of mariculture, the demand for live farmed animals
is increasing. China and other countries have conducted several series of studies on
the cultivation and domestication of cladocerans. Among them, a euryhaline species of
cold water, D. tibetana is suitable for the water temperature conditions used during the
nursery period of northern marine fish and shrimp. Its low temperature tolerance makes
D. tibetana preferable to warm-adapted species that need to be raised for cultivation in
high-temperature environments. D. tibetana has a longer developmental period and lower
fecundity than Moinidae and Daphnia but higher fecundity than marine copepods and
marine zooplankton [3]. Additionally, the amino acid composition of D. tibetana can fully
meet the essential amino acid needs of most marine and freshwater fish and shrimp, and
the contents of certain unsaturated fatty acids in the body are even higher than those of
many common species, such as Moina mongolica, Moina spp., Tigiopus japonica, Brachionus
plicatilis, and Artemia.

To date, there have been reports on the influence of D. tibetana morphology and struc-
ture [4], living habits [5], ecological distribution [3], and classification and evolution [6],
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and on how environmental factors influence D. tibetana population growth and physiolog-
ical metabolism [7,8]. However, there has been no research on the biology of D. tibetana
from three lakes in Tibet (Lake Namukacuo, NMKC; Lake Pengcuo, PC; and Lake Zige-
tangcuo, ZGTC) or on the genetic difference between wild-type and seawater-domesticated
D. tibetana. This article reports on and compares some biological observations of D. tibetana
from these three locations that were domesticated indoors to enrich the biological data on
D. tibetana. This information can be used for in-depth study of indoor seawater domestica-
tion and large-scale cultivation of D. tibetana.

2. Materials and Methods

2.1. Source and Domestication of Test Animals

Daphniopsis tibetana is an inland saline cladoceran that is widely distributed in saltwater
lakes in Tibet and Qinghai, China, including NMKC (31◦83′ N, 89◦79′ E), PC (31◦89′ N,
90◦95′ E), and ZTGC (32◦00′ N, 90◦90′ E) (Figure 1).

 
Figure 1. Sampling points of each lake. SLC, Selincuo Lake; BGH, Bangehu Lake.

The D. tibetana used in the experiment were collected from NMKC, PC, and ZGTC
in Tibet in October 2018. Daphniopsis tibetana were brought back to the laboratory and
domesticated in diluted seawater with a salinity of 15–16 ppt at 15 ± 0.5 ◦C and fed
with Chlorella pyrenoidosa. To avoid the negative impact of individual differences on the
experiment, observation of life history started with the larval-stage of D. tibetana of the
same maternal line. We isolated one gravid mother prior to the experiment and only
used its offspring. For the process of domestication, pure water was added to sterilized
seawater to adjust the salinity, and the seawater was diluted to 15~16 as culture water. The
room temperature was controlled by air conditioning, and the temperature was adjusted
to 15 ± 0.5 ◦C. The Chlorella pyrenoidesa was used as feed with one daily feeding. The
culture medium was not replaced during the observation period.

2.2. Experimental Design

Some 30 larval D. tibetana cultured under seawater domestication conditions during
the same period were selected for experimentation. One larval D. tibetana each was placed
in a 16-mL test tube. During the experiment, its death, molting, time of first birth, interval
between births, and number of births were observed and recorded. The experiment was
conducted until the D. tibetana died.

2.3. Data Analysis

The population growth parameter was calculated by the following formula:

∑∞
x=0 e−rmxlxmx = 1, R0 = ∑ lxmx, λ = erm , T = ln R0 · rm

−1
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In the formula, x is the age period (d), lx is the survival rate at stage x (%), mx is the
birth rate at stage x, rm is the intrinsic growth rate (d−1), R0 is the net reproductive volume
(individual), T is the generation period (d), and λ is the weekly growth rate (d−1).

Microsoft Excel 2010 was used to process test data, and IBM SPSS Statistics 23 (IBM
Corporation, Armonk, NY, USA) was used for one-way ANOVA and Duncan’s multiple
comparison test to test for significance and variance homogeneity. The arithmetic mean of
replicate groups was taken and expressed as mean ± standard deviation; p < 0.05 indicated
significant difference; p < 0.01 indicated extremely significant difference.

The growth rate of body length was calculated as follows:

LGR =
L1 − L0

L0
× 100%

In the formula, LGR is the growth rate body length (%), L0 is the initial body length
of the D. tibetana used in the experiment, and L1 is the body length at the time of death in
the experiment.

2.4. Transcriptome Sequencing

Approximately 400 D. tibetana were randomly selected from each treatment group as
a biological replicate. Total RNA was extracted from D. tibetana using TRIzol (Invitrogen,
Carlsbad, CA, USA), and DNase I (TaKara, Dalian, China) was used to remove gene DNA.
Using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA), the concentration and purity of
the extracted RNA were detected by ND-2000 microspectrophotometer (Thermo Scientific,
Wilmington, DE, USA) to ensure the integrity of all RNA samples (OD260/OD280 = 1.8–2.2,
OD260/OD230 ≥ 2.0, RIN ≥ 8.5, 28S/18S ≥ 1.0) and perform transcriptome sequencing.
The mRNA sequencing was conducted using the HiSeq platform, and library construction
was performed using the Illumina TruSeq™ RNA sample prep kit method as follows: total
RNA was extracted (>1 μg), and mRNA was then enriched, fragmented, and inverted into
cDNA; then, adapter ligation and illumina sequencing were performed.

2.5. Differentially Expressed Genes (DEGs)

To explore the differential gene expression of wild-type and domesticated D. tibetana,
the expression levels of protein-coding genes were calculated by the FPKM method. DEGs
were screened, and differential gene expression volcano plots were drawn. Quantitative
analysis of gene expression levels was conducted using RSEM (https://deweylab.biostat.
wisc.edu/resm/ accessed on 6 June 2019); after obtaining the number of read counts of gene
transcripts, DEGseq (http://bioconductor.org/packages/stats/bioc/DESeq/ accessed on 6
June 2019) software was used to analyze gene expression differences between samples. The
significance of differential expression was measured by FPKM (fragments per kilobases per
million reads) using false discovery rate (FDR) and fold change (FC) as criteria. When a gene
exhibited both FDR < 0.05 and |log2FC| > 1, it was considered differentially expressed.

2.6. KEGG Enrichment of DEGs

Functional enrichment analysis of DEGs in different groups was determined using
KOBAS (https://kobas.cbi.pku.edu.cn/home.do, accessed on 6 June 2019) leverage of
the KEGG database. Genes were classified according to the pathways they participate
in or the functions they perform, and the biological processes most relevant to biological
phenomena were identified. The Benjamini and Hochberg method was used for multiple
test correction, with p ≤ 0.05 indicating that there was significant enrichment in the GO
enrichment function or KEGG pathway.

3. Results and Analysis

3.1. Comparison of Survival Rate and Survival Time of D. tibetana from Different Origins

The survival rate and survival time of D. tibetana that originated in each area are
shown in Figures 2 and 3. The survival rate of D. tibetana from the three areas dropped

7
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rapidly after the fifth instar (Figure 2). In general, the survival rate of the NMKC strain was
higher than those from the other two areas. However, the NMKC strain had the shortest
survival time and failed to complete the seventh instar. This was followed by the PC strain
and finally the ZTGC strain, which had the longest survival time and for which there were
still survivors after the ninth instar. The longest survival time of each strain was 26 d for
NMKC, 35 d for PC35, and 53 d for ZGTC (Figure 3).

Figure 2. Survival rates of Daphniopsis tibetana from different origins.*: Have difference; **: Have a
significant difference.

 
Figure 3. Life span of Daphniopsis tibetana from different origins. Means with different lowercase
letters are significantly different (p < 0.05). a: no significant difference.

3.2. Comparison of Growth and Reproduction of D. tibetana from Different Origins

Growth rates of the NMKC and PC strains were significantly higher than that of the
ZGTC strain (p < 0.05; Figure 4). The body lengths of the NMKC, PC, and ZGTC strains
increased by 1.21 ± 0.91 mm (growth rate, 153.6 ± 12.1%), 1.17 ± 0.13 mm (growth rate,
136.4 ± 16.1%), and 0.70 ± 0.07 mm (growth rate, 86.2 ± 7.6%).

8
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Figure 4. Growth rate of body length of Daphniopsis tibetana from different origins. Means with
different lowercase letters are significantly different (p < 0.05).

Under the conditions of laboratory seawater acclimation (15 ± 1 ◦C), the NMKC
strain had the shortest prenatal development period (19.6 ± 0.25 d), followed by the
PC strain (20.25 ± 0.25 d), and the ZGTC strain had the longest prenatal development
period (24.5 ± 0.5 d) (Figure 5). The prenatal development period of the ZGTC strain was
significantly different from those of the other two strains (p < 0.05).

 
Figure 5. Prenatal development time of Daphniopsis tibetana from different origins. Means with
different lowercase letters are significantly different (p < 0.05). a: no significant difference;
b: significant difference.

The average number of offspring per litter for the NMKC and PC strains was higher
(p < 0.05) than that of the ZGTC strain (p < 0.05) (Figure 6). Among them, the NMKC strain
had the most offspring per litter (11.5 ± 0.65), followed by the PC strain (9.5 ± 0.57), and
then the ZGTC strain (3.0 ± 1.0).
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Figure 6. Average number of offspring per litter of Daphniopsis tibetana from different origins. Means
with different lowercase letters are significantly different (p < 0.05). a: no significant difference;
b: significant difference.

3.3. Comparison of Population Growth Parameters of D. tibetana from Different Origins

The intrinsic growth rate and net reproductive capacity of the NMKC and PC strains
were significantly higher than those of the ZGTC strain (p < 0.05), and the generation cycle
of ZGTC was significantly longer than those of the other two strains (p < 0.05) (Table 1).
However, the weekly growth rates of the three strains were not significantly different
(p > 0.05).

Table 1. Comparison of population growth parameters of Daphniopsis tibetana from different origins.

Population Growth Origin

Parameter NMKC PC ZGTC

Intrinsic growth rate (d−1) 0.11 ± 0.033 a 0.13 ± 0.017 a 0.04 ± 0.021 b

Weekly growth rate (d−1) 1.12 ± 0.036 a 1.13 ± 0.019 a 1.04 ± 0.022 b

Generation cycle (d) 19.40 ± 0.55 a 22.37 ± 2.74 a 31.01 ± 26.88 a

Net reproductive rate (ind.) 9.20 ± 4.00 a 19.00 ± 11.83 a 3.00 ± 1.41 a

Note: a: no significant difference; b: significant difference.

3.4. Embryo Development

The development time and cumulative development time of each instar of each
D. tibetana strain are shown in Figures 7 and 8. In general, the three D. tibetana strains
developed to the sixth instar. Among them, the NMKC strain had the shortest survival time;
this strain survived after the sixth instar, but soon died and failed to complete the seventh
instar. The PC strain developed to the eighth instar. ZGTC had the longest development
time but failed to complete the 10th instar. The cumulative development time of the ZGTC
strain was longer than those of the other two D. tibetana strains.
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Figure 7. Instar development time of Daphniopsis tibetana from different origins.

 
Figure 8. Cumulative development time of Daphniopsis tibetana from different origins.

3.5. Transcriptomic Analysis of D. tibetana

Compared with Y, 7252 differentially expressed genes were generated after acclimation
with seawater, among which 4146 were up-regulated and 3106 were down-regulated. The
results indicated that D. tibetana had significant gene expression difference after acclimation
in seawater (Figure 9).

Results of GO enrichment analysis performed on the DEGs of wild-type and domesti-
cated D. tibetana are shown in Figure 10. The DEGs between wild-type and domesticated
D. tibetana were mainly enriched in four biological process terms (establishment of localiza-
tion, transport, single-organism operation, and single-organism localization), one cellular
component term (extracellular region), and two molecular function terms (substrate-specific
transporter activity and transporter activity).
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Figure 9. Gene expression differences between wild-type and domesticated Daphniopsis tibetana.

Figure 10. GO enrichment analysis of DEGs between wild-type and domesticated Daphniopsis.

Compared with wild-type D. tibetana, domesticated D. tibetana had higher enrichment
of RNA transport, protein digestion and absorption, and protein processing in endoplasmic
reticulum pathways (Figure 11).
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Figure 11. Scatterplot of DEGs between wild-type and domesticated Daphniopsis tibetana enriched in
the KEGG pathways.

4. Discussion

ZGTC salinity is greater and the water body larger than that of PC, although the
ecological environments are similar, and D. tibetana is less dense than in NMKC. The
salinity of NMKC is between 15–25 ppt, and the composition of salt ions is different from
that of other lakes because of its unique geographical location and water environment
characteristics; this could be why the D. tibetana biomass is greater in NMKC.

A previous study on the salt lakes in northern Tibet revealed that the fish biomass in
these salt lakes is low, and D. tibetana has become the main food for some water birds in
Tibet [9]. Because most of the salt lakes are not connected, the inhabiting activities of birds
may be the main reason that D. tibetana can be distributed in each salt lake even though the
water ecosystem of each salt lake is different and there is a certain amount of geographical
isolation. This may be the main reason why D. tibetana formed different strains.

Different geographical populations of the same Daphnia species must adapt to the spe-
cific ecological environment of their habitat; therefore, certain interspecies differences occur.
In May and July 2001, Zhao [10] investigated the biological and ecological characteristics of
22 lakes in northern Tibet; the lake salinities ranged between 1 and 390 ppt, and 95 taxa
phytoplankton and 42 zooplankton taxa were recorded. Moreover, Na+ and Mg2+ were the
main cations in lake water; however, CO3

2−was the dominant anion under low salinity,
whereas Cl− was the dominant anion with increasing salinity. This is consistent with the
results of our laboratory’s investigation in a few of Tibet’s salt lakes in September 2018.
Therefore, this experiment used the optimum temperature (15 ◦C) and salinity (15 ppt)
for D. tibetana survival and growth to further explore the dynamic changes of D. tibetana
seasonal populations in three different areas [9].

Under certain environmental conditions, a change in the intrinsic growth rate of a
population can reflect small changes in the environment and is an important indicator of
the reproductive ability of a species [11,12].This study found that there was no significant
difference in the D. tibetana intrinsic growth rate, weekly growth rate, and generation
cycle between the NMKC and PC strains, but the net reproductive capacity of NMKC was
significantly less than that of PC. This is because individuals of the NMKC strain gave birth
only once during their entire life cycle, whereas individuals of the PC strain gave birth more
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than once. However, the ANOVA results for the experimental data of these two strains
showed that the average prenatal development period, average reproductive volume per
litter, and growth rate of body length were not significant (p > 0.05). This finding shows
that the D. tibetana of NMKC and PC may be the same geographic population. However, on
average, the prenatal development period of the NMKC strain was shorter, and the average
reproductive capacity per individual was the largest. This may be because the water used
in this experiment was closer to the salinity of NMKC and had less impact on this strain.
Compared with the other two groups, ZGTC had obvious differences in intrinsic growth
rate and net reproductive capacity; this may result from the geographical isolation and
salinity changes having important impacts on D. tibetana biology.

From the perspective of salinity, the three lakes are all inland salt lakes; however,
the populations of these cladocerans in different areas have very different adaptability to
salinity domestication [13].The salinity of NMKC and PC are both 16 ppt, whereas that
of ZGTC is 21 ppt. Under the experimental conditions, the salinity used was closer to
that of NMKC and PC; therefore, compared with the ZGTC strain, the NMKC and PC
strains had the characteristics of shorter prenatal development period and larger average
reproductive volume per individual. However, because of the dry climate in Tibet, slow
changes in salinity during the evaporation and concentration of water also play a natural
role in domesticating aquatic organisms.

There is little difference between the pH values of NMKC, PC, and ZGTC (9.54,
9.86, and 10.06, respectively). Moreover, the temperatures of NMKC, PC, and ZGT Care
13 ◦C, 16.5 ◦C, and 11.5 ◦C, respectively, and the control temperature in this experiment
(15 ± 0.5 ◦C) was closer to NMKC and PC. Zhao [14] noted that geographical isolation
and salinity changes have important impacts on the genetic diversity of D. tibetana from
different water bodies. Additionally, Wang [7] found that there were obvious interspecies
differences caused by geographical isolation. This study compared the distribution of
D. tibetana in Tibet with some biological observations of indoor domesticated strains and
further confirmed that there are differences in genetic diversity among different geographic
populations of D. tibetana. However, this difference cannot be attributed simply to geo-
graphical isolation. It may be that in Tibet, D. tibetana has genetic diversity differences
that result from long-term adaptation to different ecological factors. This difference is
based mainly on what factors directly or indirectly affect the organisms and can be used to
identify differences among different geographic populations.

In addition, 7252 DEGs were identified based on the third-generation transcriptome
sequencing data of wild-type and domesticated D. tibetana that were analyzed in the lab-
oratory. After D. tibetana was moved from the wild to the laboratory, numerous DEGs
were generated. Significant enrichment of GO terms revealed that the DEGs are mainly
involved in molecular functions, such as substrate-specific transporter activity and trans-
porter activity, and they are mainly located in the cellular components of the extracellular
region. Moreover, the majority of DEGs were associated with biological processes and
were enriched in the establishment of localization, transport, single-organism operation,
and single-organism localization. In the KEGG pathway enrichment analysis of DEGs, the
RNA transport pathway, protein digestion and absorption pathway, and protein processing
in endoplasmic reticulum pathway were highly enriched. Through these annotations, a
large amount of wild-type and domesticated D. tibetana transcriptome information, which
can more effectively help us understand the genetic characteristics of D. tibetana at the
molecular level, was obtained. This is of great significance for further exploration of gene
function in the future and provides basic data for exploring the functional genes related to
D. tibetana resistance to environmental stress and studying related physiological functions.

5. Conclusions

Under laboratory domestication at a temperature of 15 ± 0.5 ◦C and a salinity of
15–16 ppt, the ZGTC strain had the longest life span, but the NMKC and PC strains had
significantly higher growth rates of body length than the ZGTC strain (p < 0.05).The prenatal
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development period of the NMKC strain was the shortest (19.6 ± 0.25 d), but the average
number of offspring per litter was the largest (11.5 ± 0.65). The intrinsic growth rate and
net reproductive capacity of the NMKC and PC strains were significantly higher than
those of the ZGTC population (p < 0.05). Three generations of transcriptome sequencing of
wild-type D. tibetana after it was moved from the wild to the laboratory were performed
in the laboratory, and correlation analysis was performed on the determined DEGs. In
total, 7252 DEGs were generated in the comparison between wild-type and domesticated
D. tibetana after seawater domestication, of which 4146 were up-regulated and 3106 were
down-regulated. After seawater domestication, a series of biological processes and related
genes in D. tibetana cells were affected. In GO enrichment analysis, the DEGs were
mainly enriched in four biological process terms (establishment of localization, transport,
single organism operation, and single organism localization), one cellular component term
(extracellular region), and two molecular function terms (substrate-specific transporter
activity and transporter activity. In KEGG pathway enrichment analysis, the DEGs were
highly enriched in the RNA transport pathway, protein digestion and absorption pathway,
and protein processing in the endoplasmic reticulum pathway.
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Abstract: A strain of Bacillus pumilus BP-171 with the ability of heterotrophic nitrification-aerobic
denitrification was isolated from a shrimp culture pond and showed good denitrification ability under
laboratory conditions. In order to investigate the effects of strain BP-171 and its combinations with
different carbon sources, i.e., poly-3-hydroxybutyrate-co-3-hydroxyvalerate (PHBV) and molasses,
on the growth performance of shrimp, water quality and bacterial community in culture system of
Penaeus vannamei, this experiment was set up. Four experimental groups were designed, i.e., group B
applied with a single B. pumilus BP-171, the BP added with BP-171 and PHBV, the BM added with
BP-171 and molasses, and the control DZ without the probiotic and carbon source. The results showed
that the specific growth rate, final body weight, gross weight, feed efficiency rate and survival rate of
shrimp in the BP and BM groups were better than those in the control (p < 0.05), while the survival
rate and gross weight of shrimp in group B were also better than those in the control (p < 0.05). Among
them, the best growth performance of shrimp was observed in the group BP. The concentrations of
ammonia, nitrite, nitrate and total nitrogen were significantly lower in all treatment groups than in
the control (p < 0.05). The lowest concentrations of ammonia and nitrite were found in group B, while
those of nitrate and total nitrogen were found in group BP (p < 0.05). The concentrations of dissolved
organic carbon and total organic carbon in both BP and BM groups were significantly higher than
in group B and the control (p < 0.05). Compared to the control, the abundance and diversity of the
bacterial community in water did not change with the addition of probiotics and carbon sources.
However, altered structure and predicted function, as well as improved stability of the ecological
network of the bacterial community, were observed in water. In view of the above, the addition of
B. pumilus BP-171 and PHBV significantly promoted the growth performance of shrimp, effectively
improved water quality, and enhanced the stability of the ecological network of bacterial communities
in water, which could have great potential for the application in intensive culture of P. vannamei.

Keywords: growth performance; water quality; bacterial community; Bacillus pumilus BP-171;
molasses; PHBV; Penaeus vannamei

1. Introduction

Penaeus vannamei has become the most dominant species in shrimp farming world-
wide [1]. The high demand in the market has led to the expansion of shrimp production and
the widespread availability of high stocking density culture patterns. However, with the
increasing intensification of shrimp farming, feed residues and shrimp metabolic products
led to the accumulation of nitrogen pollutants, including ammonia, nitrite and nitrate
nitrogen, in cultured water [2,3]. This problem is of increasing concern in intensive farming
practices. The continued increase of nitrogen pollution in culture systems not only leads to
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the deterioration of water quality in the culture system but also affects the normal phys-
iological functions and immune performance of shrimp and eventually possibly causes
frequent diseases in shrimp culture [4–6]. Therefore, it is urgent to develop healthy farming
modes and good water quality management technologies for the sustainable development
of aquaculture.

Previous studies have shown that the concentration of harmful nitrogen such as
ammonia, nitrite and nitrate in culture water could be effectively controlled by adding
appropriate probiotics [7–9], ultimately reducing the morbidity of farmed species and
increasing the production of farmed animals [10–12]. Probiotics can not only reduce the
concentration of hazardous nitrogenous substances accumulated in water through the
process of nitrification, denitrification and assimilation but also inhibit the growth of
pathogenic microorganisms by competing for physical space and nutrients and secreting
bacteriocins and lysozyme [13–15], and thus are widely used in aquaculture.

The addition of a carbon source at an appropriate dosage to the culture water can
increase the carbon-to-nitrogen ratio (C/N ratio) and promote the proliferation of het-
erotrophic bacteria so that ammonia, nitrite and nitrate nitrogen can be removed by the
assimilation and denitrification of heterotrophic bacteria [2,16,17]. Molasses is currently
one of the most commonly used carbon sources in shrimp aquaculture [18]. However,
molasses as an added carbon source is highly soluble and can lead to the rapid growth
of heterotrophs and consumption of oxygen, which can easily lead to a rapid decrease in
dissolved oxygen, affect the stability of water quality, and eventually threaten the survival
of aquatic animals [18,19]. For example, Pérez-Fuentes et al. [18] found that dissolved
oxygen decreased significantly from 3.2 mg·L−1 to 1–1.5 mg·L−1 when the concentration
of added molasses exceeded 0.12 g·L−1, which may lead to mortalities of aquatic animals.
PHBV (poly-3-hydroxybutyrate-co-3-hydroxyvalerate) produced by bacteria has many
excellent properties, such as thermoplastic, biodegradable, and can exist as a solid material,
and has been used as a carbon source for denitrifiers in wastewater treatment systems with
good results [20–22]. Compared with conventional carbon sources such as molasses, PHBV
is characterized by slow carbon release and easy control, which means the concentration
of dissolved organic carbon in water that can be used by heterotrophic bacteria will keep
appropriate and stable, so it is a continuous carbon source after application in water and can
be used as a biofilm carrier for bacteria [20,22]. However, to our knowledge, the practical
application of PHBV as a carbon source in shrimp culture has rarely been reported [3,20].

Biological denitrification is considered one of the most effective, environmentally
friendly, and inexpensive biotechnologies for reducing nitrogen levels in aquaculture
wastewater [23]. As more heterotrophic nitrifying-aerobic denitrifying bacteria have been
isolated, interest in their use for the effective removal of nitrogen accumulated in aquacul-
ture systems has increased in recent years [24–27]. Studies have shown that heterotrophic
nitrifying bacteria can convert nitrogen-containing compounds into NH2OH, NO2

−-N or
NO3

−-N, etc., by nitrification while using carbon sources for their growth [20,28]. Mean-
while, some bacteria also have simultaneous aerobic denitrification, which can convert
NO2

−-N or NO3
−-N into gasses such as NO, N2O and N2 [20,28]. Therefore, denitrification

treatment with heterotrophic nitrifying-aerobic denitrifying bacteria has the advantages
of high economic benefits and environmental friendliness and has gradually become a
research focus in recent years [24,26,27]. Unlike the traditional methods of nitrogen removal
by autotrophic nitrification and anaerobic denitrification, heterotrophic nitrifying-aerobic
denitrifying bacteria can not only avoid the manipulation of separation of aerobic and
anaerobic zones but also have the advantage of rapid growth and high denitrification
efficiency [24,29]. Heterotrophic nitrifying and aerobic denitrifying microorganisms such
as Halomonas spp., Pseudomonas spp., Alcaligenes spp., Bacillus spp. and other genera have
been isolated successively [26,27]. However, the relevant research was conducted only on
the laboratory scale, with few reports on the pilot scale and above, and most of them are
based on biofortification, i.e., aerobic denitrifying microorganisms are exogenously added
to the bioreactor in the form of microbial agents to improve the denitrification efficiency of
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the reactor [24,25,29]. A strain of Bacillus pumilus BP-171 with the ability of heterotrophic
nitrification-aerobic denitrification was isolated from a shrimp culture pond and showed
good denitrification ability under laboratory conditions [29]. In addition, Li et al. [20] found
that BP-171 significantly reduced nitrite concentration when added to a P. vannamei culture
system with two other probiotic strains and PHBV simultaneously.

In this study, a shrimp culture experiment was set up to determine the possible effects
of different treatments by adding a single BP-171, the combination of BP-171 and PHBV,
and the combination of BP-171 and molasses on shrimp growth performance, water quality,
and water microbiota in a P. vannamei culture system to understand the mechanisms of
action of B. pumilus BP-171 and provide necessary information for its potential application
in shrimp culture practice.

2. Materials and Methods

2.1. Experimental Animals

The juvenile P. vannamei were purchased from Qingdao Zhengda Agricultural Devel-
opment Co., Ltd. (Qingdao, China). Before the culture experiment, shrimp were allowed
to acclimate under experimental conditions for two weeks. During acclimation, the water
temperature was controlled at 25 ± 0.5 ◦C and salinity at 29.0 ± 1.0‰. Water was ex-
changed once daily at a 10% exchange rate and continuously aerated. P. vannamei was fed
three times a day (7:00, 12:00 and 18:00). At the end of acclimation, healthy P. vannamei of
similar size were used for the culture experiment. The feed was obtained from Guangdong
Yuehai Feeds Group; the main components and nutrient contents of the feed are shown in
Supplementary Table S1.

2.2. Experimental Strain and Carbon Sources

Bacillus pumilus BP-171 was obtained from the Microbial Culture Collection, Lab
of Aquaculture Ecology, Ocean University of China, a heterotrophic nitrifying-aerobic
denitrifying strain [29]. PHBV was purchased from Ningbo Tianan Biological Material
Co., Ltd. (Ningbo, China). It is white and cylindrical, with a height of 4 mm and an inner
diameter of 1 mm. PHBV was activated in seawater with sufficient aeration for 10 d before
the experiment [22]. Molasses (23.7% of total organic carbon content) was purchased from
Jinan Pengduo Trading Co., Ltd. (Jinan, China).

2.3. Experimental Design

The experiments were performed in 12 white polyethylene tanks with a volume of
500 L. Four experimental groups were designed, i.e., the probiotic group B applied with
a single B. pumilus BP-171, the group BP added with the strain BP-171 and PHBV, the
group BM with the strain BP-171 and molasses, and the control group DZ without the
probiotic and carbon source. Three replicates were set up for each treatment group, and
each replicate was randomly stocked with 70 shrimp, and the average weight of the shrimp
was 6.06 ± 0.02 g.

The viable bacteria of B. pumilus BP-171 were regularly added to the water every seven
days. The final concentration of probiotic bacteria in the water of each treatment group was
designed as 1 × 107 cfu·L−1.

PHBV particles were placed in a PVC pipe with an inner diameter of 10 cm and a
height of 35 cm, and the ends of the PVC pipe were covered with suitable sieves to prevent
the PHBV particles from leaking. For aeration, an air stone was placed in the PVC pipe to
allow the continuous release of the carbon source into the water with water currents. After
assembly, the entire device containing 500 g of PHBV was placed in the corresponding
tanks [20].

The molasses was applied with reference to the formula of Avnimelech [30] as follows:

ΔN = (Feed × N%) × %N excretion

ΔCH = ΔN × [C/N] mic/(%C × E)
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ΔN is the amount of nitrogen required to produce new bacteria. Feed is the amount of
feed fed, and N% is the percentage of nitrogen in the feed, %N excretion is the percentage
of feed nitrogen converted to ammonia in the culture system and is approximately 50%.
ΔCH is the amount of molasses added. [C/N] mic is the C/N ratio of the heterotrophic
bacteria themselves, %C is the carbon content of the added carbohydrate, and E is the
efficiency of assimilation by heterotrophic bacteria, approximately 0.4.

An appropriate amount of molasses was diluted with seawater and poured evenly
into the experimental tanks twice daily.

2.4. Experimental Management

The strain of B. pumilus BP-171 was inoculated into 2216E liquid medium and cultured
at 160 r/min, (28.0 ± 1.0) ◦C to logarithmic phase, and the concentration of viable bacteria
in the fermentation broth was 1 × 109 cfu·mL−1.

During the experimental period, P. vannamei was fed 5% of the total weight of shrimp
three times daily (7:00, 12:00, and 18:00). Uneaten feed particles and feces were collected
for 1 h after feeding, dried at 60 ◦C, and weighed. Using a portable dissolved oxygen meter
(YSI 550A, Fisher Scientific, Hanover Park, IL, USA), a salinity meter (YSI EC300A, Fisher
Scientific, Hanover Park, IL, USA), and a pH meter (YSI pH100A, Fisher Scientific, Hanover
Park, IL, USA), temperature (25–28 ◦C), salinity (28–31‰), pH (7.8–8.0), and dissolved
oxygen (>5 mg·L−1) were measured daily.

The feeding trial was conducted in workshop 16 of Qingdao Ruizi Group Co. (Qingdao,
China) and lasted for 30 days.

2.5. Sample Collection and Measurement
2.5.1. Growth Performance of Shrimp

The shrimp were counted and weighed for each treatment group at the beginning and
end of the experiment, respectively. The survival rate, feed efficiency rate, and specific
growth rate of P. vannamei were calculated as follows.

Survival rate (SR) = (Nt/N0) × 100%;

Feed efficiency rate (FER) = (Wt − W0)/Wf × 100%;

Specific growth rate (SGR) = (lnWt − lnW0)/T × 100%.

Nt is the number of alive shrimp on the day the feeding trial ended, and N0 is the
number of shrimp put in the tank when the feeding trial started. Wt is the final wet weight
of shrimp when the feeding trial ended, and W0 is the initial wet weight when the feeding
trial started. T represented the days from the start to the end of the experiment.

2.5.2. Water Quality Parameters

The water sample of 500 mL was collected every seven days. The parameters of
ammonia, nitrite, nitrate, total nitrogen, soluble reactive phosphate, and total phosphorus
were determined using an automatic chemical analyzer (Clever Chem 380G, DeChem-
Tech. GmbH, Germany) according to the instructions. Water samples for DOC (Dissolved
organic carbon) and TOC (Total organic carbon) were analyzed by a multi-2100s TOC
analyzer (Analytik Jena). Besides, the average values at different time points of the above
parameter were calculated to compare the difference of corresponding parameters among
different treatments.

2.5.3. DNA Extraction, Amplification, Purification, and Sequencing

Bacterial samples were collected on Day 30 when the feeding trial ended. A 1L water
sample was filtered through a filter membrane with a pore size of 0.22 μm, then the
bacterial samples were stored in a −80 ◦C refrigerator. Total genomic DNA was extracted
from the water sample using the E.Z.N.A.® Water DNA Kit (Omega, GA, USA), and PCR
amplification was performed using primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′)
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and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) specific for the V3 and V4 regions of the
16S rRNA gene. PCR products were then recovered to generate sequencing libraries, and
the constructed libraries were sequenced at high throughput using the Illumina HiSeq
platform. Raw reads were processed by splicing, filtering, and removal of chimeras to obtain
effective reads. The sequences were clustered to obtain operational taxonomic units (OTUs)
using UPARSE software (version 7.0) [31] with sequenced reads at a 97.0% similarity level.
OTUs were taxonomically annotated using the Silva database (http://www.arb-silva.de/
(accessed on 1 July 2022)).

2.6. Statistical Analysis

Mothur software (version 1.30.2) was used to analyze the diversity of sample se-
quences, including alpha diversity such as ACE index, Chao1 index, Shannon index, Simp-
son index, and Good-coverage as well as beta diversity such as PCA (Principal Component
Analysis), PCoA (Principal Co-ordinates analysis), and PLS-DA (Partial Least Squares
Discriminant Analysis). Chao index and ACE index were used to estimate the number
of OTU, the total number of species, reflecting the species richness of α diversity in a
community, but the algorithms are different. Both the Shannon index and Simpson index
were used to estimate the α diversity of the bacterial community in samples. They consider
not only the richness of species in the community but also the evenness of species. However,
the algorithms of the two are different. In addition, the higher the Shannon value is, the
higher α-diversity is. However, the higher the Simpson value is, the lower α-diversity
is. Analysis and visualization of OTU-based Venn diagrams were performed using the
VennDiagram package in R (v3.3.1). Based on the species composition of each treatment
group at each taxonomic level, bar graphs were generated using the ggplot2 package in
R (v.3.3.1), which can be used to visualize the dominant species of each group at a given
taxonomic level and the relative abundance of each dominant species. Using the stats
package in R (v.3.3.1) and the scipy package in Python, hypothesis tests were performed
among species in the different groups based on the species abundance data of bacterial
community using the one-way test ANOVA or the Kruskal-Wallis H test to evaluate the
significance level of differences in species abundance and obtain species with significant
differences between groups.

RDA analysis (redundancy analysis) was performed using the vegan package in R
(v.3.3.1), and the significance of RDA analysis was determined by permutest analysis similar
to ANOVA. Spearman correlation coefficients between environmental factors and selected
species were calculated using the vegan package in R (v.3.3.1) for correlation analysis, and
Spearman correlation significance tests were performed using the corrplot package in R
(v.3.3.1). Ecological networks were created based on CoNet software in Cytoscape (v.3.8.2)
and visualized using Cytoscape (Faust et al., 2016). The KEGG Module database was used
to link bacterial taxa to gene sets with particular metabolic capacities and other phenotypic
traits. The Shapiro-Wilk test was used to test the data for normal distribution (p > 0.05),
and Levene’s test was used to test for chi-square (p > 0.05). One-way analysis of variance
(ANOVA) and Duncan’s multiple comparison method in IBM SPSS Statistics 24.0 software
were used to analyze the significance of differences between groups. The Kruskal-Wallis
test was used for analysis when the data were not normally distributed or when there was
unequal overall variance. p < 0.05 indicated significant differences.

3. Results

3.1. Growth Performance of Shrimp

The growth performance of shrimp is shown in Table 1. The survival rate of shrimp in
groups B, BP, and BM was significantly higher than that in the control (p < 0.05), and there
was no significant difference among groups B, BP, and BM (p > 0.05). The final body weight
and specific growth rate (SGR) of shrimp were significantly higher in groups BP and BM
than in groups B and the control (p < 0.05), and they were highest in group BP (p < 0.05).
The gross weight of shrimp in the BP group was the highest and significantly higher than
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that of the other groups (p < 0.05), while that of groups B and BM was significantly higher
than that of the control group (p < 0.05). The feed efficiency rate of shrimp in the BP group
was significantly higher than that in other groups (p < 0.05), while no significant difference
was found between other groups and the control (p > 0.05).

Table 1. Gross weight, survival rate, specific growth rate, and the feed efficiency rate of P. vannamei
(Mean ± S.E.).

Treatment B BP BM DZ

Initial body weight (g) 6.05 ± 0.05 6.07 ± 0.07 6.03 ± 0.06 6.12 ± 0.01
Final body weight (g) 13.64 ± 0.63 a 17.23 ± 0.18 c 15.12 ± 0.13 b 12.92 ± 0.53 a

Gross weight (g) 504.23 ± 7.74 b 637.78 ± 14.89 c 526.13 ± 16.88 b 478.15 ± 12.56 a

Survival rate (%) 70.00 ± 0.06 b 88.57 ± 0.01 b 82.74 ± 0.03 b 64.31 ± 0.03 a

SGR (%) 2.70 ± 0.13 a 3.47 ± 0.07 c 3.07 ± 0.06 b 2.48 ± 0.14 a

FER (%) 51.36 ± 6.96 a 70.27 ± 2.65 b 55.77 ± 3.50 a 45.34 ± 1.94 a

Note: The group B, a single B. pumilus BP-171 was added; the group BP, B. pumilus BP-171 and PHBV were added;
the group BM, B. pumilus BP-171 and molasses were added; the group DZ, the control without any probiotics
and carbon sources addition. Data are expressed as mean ± standard error, n = 3. Values in the same row with
different superscripts are significantly different among treatments (p < 0.05).

3.2. Water Quality Parameters
3.2.1. Changes in Ammonia, Nitrite, Nitrate, and Total Nitrogen

The average values of the temperature, dissolved oxygen, and pH in the water changed
from 25.6 ± 0.3 ◦C, 7.21 ± 0.51 mg/L, and 7.46 ± 0.21 ◦C to 25.9 ± 0.3 mg/L, 7.43 ± 0.17
and 7.62 ± 0.19 during the period of the experiment, and no significant differences were
found among the groups (p > 0.05). The salinity of the water was (30.0 ± 1.0) ‰ during the
feeding experiment.

The concentrations and changes of nitrogen in water during the feeding experiment are
shown in Figure 1. The concentration of total ammonia nitrogen (TAN) in groups B, BP, and
BM was significantly lower than that in the control (p < 0.05), and the concentration in group
BM was significantly higher than that in groups B and BP. The lowest concentration occurred
in the B group and was reduced by 70.22% compared with the control (p < 0.05). The
concentrations of TAN in the control increased during the experimental period (Figure 1A).
In contrast, the TAN concentration in the BM group peaked at about Day 18, whereas the
concentration in the B and BP groups leveled off after Day 6 and was significantly lower
than that in the control group during the experiment (p < 0.05).

Similarly, the concentration of nitrite nitrogen in the B, BP, and BM groups was
significantly lower than that in the control (p < 0.05). The concentration in the B group
was significantly lower than that in the other groups (p < 0.05) and reduced by 76.88%
compared to the control. In addition, the nitrite-nitrogen concentration in the control group
increased from Day 1 to Day 24, stabilized after Day 24, and was significantly higher than
all treatment groups (Figure 1B). In comparison, the concentration in the treatment groups
leveled off after Day 6 and was significantly lower than that in the control during the
experiment (p < 0.05).

The concentration of nitrate nitrogen in groups B, BP, and BM was significantly lower
than that in the control group (p < 0.05). The concentration in the BP group was significantly
lower than that in the other groups (p < 0.05) and reduced by 26.24% compared to the
control. Moreover, the nitrate-nitrogen concentration in water showed an increasing trend
in all treatment groups until Day 18 and stabilized after Day 18 in groups B and DZ
(Figure 1C). However, concentration in groups BP and BM continued to increase until
the end of the experiment. From Day 18 to 30, the nitrate-nitrogen concentration was
significantly higher in the control group than in groups B and BP.
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Figure 1. Changes of Ammonia nitrogen (A), Nitrite nitrogen (B), Nitrate nitrogen (C), and Total
nitrogen (D) in the water of different groups. Note: group B, a single B. pumilus BP-171, was added;
the group BP, B. pumilus BP-171, and PHBV were added; the group BM, B. pumilus BP-171, and
molasses were added; the group DZ, the control without any probiotics and carbon sources addition.
Values with different superscripts on the same day are significantly different among treatments in
each figure (p < 0.05).

The concentration of total nitrogen was significantly lower in groups B, BP, and BM
than in the control group (p < 0.05). The concentration in group BP was significantly lower
than in the other groups (p < 0.05) and was reduced by 40.02% compared to the control. The
concentration of total nitrogen in the control group showed an increasing trend (Figure 1D).
The values in the treatment groups leveled off between Day 6 and 30 and were significantly
lower than that in the control group (p < 0.05).

3.2.2. Changes in Soluble Reactive Phosphorus (SRP) and Total Phosphorus (TP)

The concentrations of SRP and TP are presented in Figure 2. There was no significant
difference in SRP and TP concentrations among all the groups during the experiment, with
an overall increasing trend.

3.2.3. Changes of Dissolved Organic Carbon (DOC) and Total Organic Carbon (TOC)

The concentrations and changes of organic carbon are presented in Figure 3, respec-
tively. The concentrations of DOC and TOC in the groups without the addition of carbon
sources (DZ and B) were significantly lower than those in the groups with the addition of
carbon sources (BP and BM) (p < 0.05). The DOC and TOC concentrations in the DZ and B
groups showed a trend of stabilization, while the concentrations in the culture system with
carbon source addition increased until Day 18. After Day 18, the concentrations of DOC and
TOC in the BP group increased slowly and stabilized gradually, while the concentrations in
the BM group decreased rapidly. The average concentrations of DOC and TOC between
the B group and the control group showed no significant difference (p > 0.05).
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Figure 2. Changes of SPR (A) and TP (B) in the water of different groups. Note: group B, a single
B. pumilus BP-171, was added; the group BP, B. pumilus BP-171, and PHBV were added; the group
BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without any probiotics
and carbon sources addition. Values with different superscripts on the same day are significantly
different among treatments in each figure (p < 0.05).

Figure 3. Changes of DOC (A) and TOC (B) in the water of different groups. Note: group B, a single
B. pumilus BP-171, was added; the group BP, B. pumilus BP-171, and PHBV were added; the group
BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without any probiotics
and carbon sources addition. Values with different superscripts on the same day are significantly
different among treatments in each figure (p < 0.05).

3.3. The Microbial Diversity, Community Structure, and Function
3.3.1. Microbial Diversity

The bacterial diversity indices are shown in Table 2. The coverage indices of all
groups were above 0.99, indicating that the sequencing data were adequate to represent the
bacterial community structure. The Shannon, Simpson, Chao, and Ace indices of bacterial
communities of all groups did not show significant differences, indicating that the addition
of probiotics and carbon sources did not change the abundance and diversity of bacterial
communities in the culture system.

As shown in Figure 4, the similarity analysis among groups using partial least squares
discriminant analysis (PLS-DA) showed that the samples of group BP were separated from
those of groups BM, DZ, and B along the COMP1 axis. Meanwhile, the samples of group B
were separated from those of groups BM and DZ along the COMP2 axis. In addition, the
samples within the same group clustered together while the samples from different groups
moved away from each other.
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Table 2. α-diversity indices of bacterial communities in shrimp culture systems.

Groups
α-Diversity Index

Coverage
Shannon Simpson Ace Chao

B 3.23 ± 0.69 0.10 ± 0.07 438.93 ± 97.23 440.16 ± 87.69 0.998
BP 2.74 ± 0.69 0.18 ± 0.11 443.16 ± 134.35 435.90 ± 122.11 0.997
BM 3.56 ± 0.46 0.06 ± 0.02 459.62 ± 30.45 447.41 ± 31.13 0.998
DZ 3.36 ± 0.08 0.07 ± 0.01 411.01 ± 29.19 370.11 ± 19.18 0.998

Note: group B, a single B. pumilus BP-171, was added; the group BP, B. pumilus BP-171, and PHBV were added;
the group BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without any probiotics and
carbon sources addition. Data are expressed as mean ± standard error, n = 3.

Figure 4. PLS-DA analysis based on OTU level of different P. vannamei culture systems. Note: group B,
a single B. pumilus BP-171, was added; the group BP, B. pumilus BP−171, and PHBV were added;
the group BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without any
probiotics and carbon sources addition.

3.3.2. Bacterial Community Composition

There were 501, 605, 626, and 565 OTUs in the DZ, B, BP, and BM groups, respectively
(Figure 5). In addition, the unique OTUs in the DZ, B, BP, and BM groups were 34, 86, 144,
and 66, respectively. The group with the lowest number of specific OTUs was the control
group, while the most were found in the BP group.

The predominant phyla were Proteobacteria, Bacteroidetes, Actinobacteria, and Verrucomi-
crobia (Figure 6A). The relative abundance of the phylum Bacteroidetes was significantly
lower in the BP group than in the control group (p < 0.05). However, the relative abundance
of the phylum Proteobacteria was distinctly higher compared with the control (p < 0.05).
In addition, the relative abundance of the phylum Verrucomicrobia in the B group was
observably higher than that in the other groups (p < 0.05).

Additionally, the classes Alphaproteobacteria, Flavobacteriia, Actinobacteria, and Verru-
comicrobiae dominated each group (Figure 6B). The relative abundance of Flavobacteria was
significantly lower in the BP group than in the other groups (p < 0.05). Compared to the
control, the relative abundance of Alphaproteobacteria was significantly increased in the BP
group (p < 0.05). Besides, the relative abundance of Verrucomicrobiae was remarkably higher
in the B group than in the other groups (p < 0.05).

25



Water 2022, 14, 4037

Figure 5. Venn diagram based on OTU level for different P. vannamei culture systems. Note: group B,
a single B. pumilus BP-171, was added; the group BP, B. pumilus BP-171, and PHBV were added; the
group BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without any
probiotics and carbon sources addition.

Figure 6. Bacterial composition at different levels of phylum (A), class (B), order (C), family (D), and
genus level (E) in different culture systems. Note: group B, a single B. pumilus BP-171, was added; the
group BP, B. pumilus BP-171, and PHBV were added; the group BM, B. pumilus BP-171, and molasses
were added; the group DZ, the control without any probiotics and carbon sources addition.
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At the order level, Rhodobacterales, Flavobacteriales, Propionibacteriales, Rhizobiales, and
Verrucomicrobiales were the dominant bacterial taxa in each treatment (Figure 6C). The
relative abundance of Flavobacteriales was significantly lower in the BP group than in the
other groups (p < 0.05). In contrast, the abundance of Rhizobiales and Rhodobacterales, which
belong to the bacterial taxonomic class Alphaproteobacteria of the phylum Proteobacteria, was
significantly increased in the BP group compared with the control (p < 0.05). In addition,
the relative abundance of Verrucomicrobiales was prominently higher in the B group than in
the other groups (p < 0.05).

At the family level, Rhodobacteraceae, Flavobacteriaceae, Propionibacteriaceae, Phyllobacteri-
aceae, and Verrucomicrobiaceae were relatively abundant and dominant in each treatment
(Figure 6D). The relative abundance of Flavobacteriaceae in the BP group was notably lower
than that in the other groups (p < 0.05), while the abundance of Phyllobacteriaceae and
Rhodobacteraceae in the BP group was significantly higher than that in the control group
(p < 0.05). Furthermore, Verrucomicrobiaceae in the B group was more abundant than in the
other groups (p < 0.05).

At the genus level, the unclassified Rhodobacteraceae, Donghicola, Ruegeria, Tessaracoccus,
Oricola, and Marivita dominated the B, BP, and BM groups (Figure 6E). As depicted in
Figure 7, the relative abundance of Oricola spp., Donghicola spp., and Marivita spp. was
significantly higher in the BP group than in the other groups (p < 0.05). Compared with the
control, the relative abundance of Bacillus spp. in groups B, BP, and BM was significantly
increased, and the relative abundance of Bacillus spp. in the BP group was significantly
higher than that in groups B and BM (p < 0.05).

Figure 7. The relative abundance of Bacillus spp. (A), Donghicola spp. (B), Marivita spp. (C) and
Oricola spp. (D) in different groups. Note: group B, a single B. pumilus BP-171, was added; the group
BP, B. pumilus BP-171, and PHBV were added; the group BM, B. pumilus BP-171, and molasses were
added; the group DZ, the control without any probiotics and carbon sources addition. Values with
different superscripts are significantly different among treatments in each figure (p < 0.05).

3.3.3. The Correlation of Water Quality Indexes and Microbial Community Structure

Redundancy analysis (RDA) revealed the effects of environmental variables (TAN,
NO2

−-N, NO3
−-N, TN, SRP, TP, DOC, and TOC) on microbial community structure. It

can be seen that TAN, NO2
−-N, NO3

−-N, and TN had strong positive impacts on the
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distribution of flora at the phylum level on the first typical axis, and the above four
environmental factors had synergistic effects on community structure (Figure 8A). In
contrast, DOC and TOC had strong negative effects on the distribution of flora at the
phylum level on the first typical axis, and the two environmental factors had synergistic
effects on community structure. In addition, nitrate nitrogen was the most influential
variable that had a significant effect on bacterial community structure (r2 = 0.538, p = 0.043).

Figure 8. The Redundancy Analysis on phylum (A) and genus (B) level and the correlation heatmap
analysis between bacterial taxa and water quality parameters on phylum (C) and genus (D). Note:
group B, a single B. pumilus BP-171, was added; the group BP, B. pumilus BP-171, and PHBV were
added; the group BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without
any probiotics and carbon sources addition.

Similar to the phylum level, TAN, NO2
−-N, NO3

−-N, and TN had strong positive
effects on the distribution of flora at the genus level on the second typical axis, and the
four environmental factors had synergistic effects on community structure (Figure 8B). In
addition, DOC and TOC had strong negative effects on the distribution of flora at the genus
level on the second typical axis, and the two environmental factors also had synergistic
effects on community structure. Moreover, nitrate nitrogen had the greatest effect on
bacterial community structure at the genus level (r2 = 0.409, p = 0.038).

The correlation between environmental variables and bacteria was explored by cal-
culating Spearman coefficients of water quality factors and bacterial taxa at phylum and
genus levels, respectively. At the phylum level, Proteobacteria showed a significant positive
correlation with TOC (p < 0.05), while it showed a significant negative correlation with
nitrate nitrogen and total nitrogen, respectively (p < 0.05) (Figure 8C). In addition, the
phylum Firmicutes was significantly negatively correlated with ammonia nitrogen, nitrite
nitrogen, nitrate nitrogen, and total nitrogen, respectively (p < 0.05). Besides, the phylum
Bacteroidetes had a significant negative correlation with TOC (p < 0.05) but had a significant
positive correlation with total nitrogen (p < 0.05).
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At the genus level, Bacillus spp. showed a significant positive correlation (p < 0.05)
with DOC and TOC but had a significant negative correlation with nitrate nitrogen and
total nitrogen (p < 0.05) (Figure 8D). Additionally, Oricola spp. was positively correlated
with TOC (p < 0.05) while negatively correlated with total nitrogen (p < 0.05). The unclassi-
fied_f__Flavobacteriaceae spp. and Demequina spp. both had a significant negative correlation
with TOC, while they had a significant positive correlation with nitrate nitrogen and total
nitrogen (p < 0.05).

3.3.4. Ecological Network Analysis

Ecological network analysis showed that there were more nodes in groups B, BP, and
BM than in the control group (Table 3). However, no significant difference was found
in negative or positive interactions among different groups. There were more functional
modules in the groups to which carbon sources were added (BP and BM) than in the control
and B groups, with the highest number of modules in the BP group (Figure 9). The number
of functional modules in the B, BP, BM and DZ groups was 7, 26, 16, and 7, respectively.

Table 3. Topological properties of the networks.

B BP BM DZ

Nodes 328 323 334 285
Edges 1270 1056 1256 1223

Positive relationship 800 616 753 733
Negative relationship 470 440 503 490

negative interactions/positive interaction ratio 58.75% 71.43% 66.80% 66.85%
Module number 7 26 16 7

Note: group B, a single B. pumilus BP-171, was added; the group BP, B. pumilus BP-171, and PHBV were added;
the group BM, B. pumilus BP-171, and molasses were added; the group DZ, the control without any probiotics and
carbon sources addition. Data are expressed as mean ± standard error, n = 3.

Figure 9. Ecological Network based on OTUs of the bacterial community in the different culture
systems. Note: In the ecological network diagram, different nodes represent bacteria from different
OTUs, and the line between two nodes indicates that there is some interaction between bacteria from
two OTUs, and the red line represents a positive relationship between bacteria from two OTUs, the
green line represents a negative relationship. The group B, a single B. pumilus BP-171 was added; the
group BP, B. pumilus BP-171, and PHBV were added; the group BM, B. pumilus BP-171, and molasses
were added; the group DZ, the control without any probiotics and carbon sources addition.
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3.3.5. Predictive Functions of Microbiota in the Water

As shown in Figure 10, compared to the control, eight functional modules (Cationic an-
timicrobial peptide resistance, photosystem II, coenzyme M biosynthesis, bacilysin biosyn-
thesis, kanosamine biosynthesis, cytochrome aa3-600 menaquinol oxidase, photosystem I
and lysine biosynthesis) were significantly improved in the B group (p < 0.05). In the BP
group, 12 functional modules (ketone body biosynthesis, pentose phosphate pathway, ethyl-
malonyl pathway, entner-Doudoroff pathway, hydroxypropionate-hydroxybutylate cycle,
urea cycle, cobalamin biosynthesis, D-Galacturonate degradation, purine degradation,
tyrosine biosynthesis, and molybdenum cofactor biosynthesis and nicotinate degradation)
were significantly higher than the control (p < 0.05). However, 19 functional modules
(tetrahydrobiopterin biosynthesis, C4-dicarboxylic acid cycle, nodulation, N-glycan precur-
sor biosynthesis, tetrahydrofolate biosynthesis, threonine biosynthesis, biotin biosynthesis,
biotin biosynthesis of BioW pathway, methionine degradation, assimilatory sulfate re-
duction, abscisic acid biosynthesis, tetrahydrofolate biosynthesis, ascorbate biosynthesis,
dTDP-L-rhamnose biosynthesis, pyrimidine ribonucleotide biosynthesis, and coenzyme
A biosynthesis) were significantly decreased (p < 0.05). In the BM group, three functional
modules (coenzyme M biosynthesis, N-glycan biosynthesis, and assimilatory nitrate reduc-
tion) were enriched (p < 0.05), whereas one functional module (D-Glucuronate degradation)
was significantly decreased (p < 0.05).

Figure 10. Differences of predicted functions based on the KEGG Module database using STAMP.
Note: Only data with significant differences (p < 0.05) between groups are shown. (A) DZ and B
group, (B) DZ and BP group, (C) DZ and BM group. The group B, a single B. pumilus BP-171 was
added; the group BP, B. pumilus BP-171, and PHBV were added; the group BM, B. pumilus BP-171, and
molasses were added; the group DZ, the control without any probiotics and carbon sources addition.
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4. Discussion

4.1. Effects of Addition of B. pumilus 171 and Carbon Sources on the Growth Performance
of Shrimp

Many previous studies have shown that the addition of probiotics to culture water
can promote the growth of aquatic animals by improving FER and regulating the balance
of aquatic flora, and reducing toxic substances such as ammonia and nitrite [8,9,32,33]. The
results from the present study were consistent with the above findings. Higher survival
rate and gross weight of shrimp were observed in the group with the single addition of
B. pumilus BP-171 compared to the control. In addition to probiotics, carbon sources with
the property of improving growth performance were also observed [34–39]. In this study,
the shrimp in the group to which both B. pumilus BP-171 and carbon sources were added
showed better growth performance than the group to which only one probiotic was added,
and the group using PHBV as a carbon source showed the best performance. The above
results suggest that B. pumilus BP-171 promoted the growth performance of shrimp, and a
suitable carbon source such as PHBV could further enhance the growth-promoting function
of probiotics.

4.2. Effects of the Addition of B. pumilus 171 and Carbon Sources on the Water Quality

Some probiotics, such as Bacillus spp. could be used to improve water quality by
reducing the concentration of ammonia and nitrite in the culture system [7–9]. For example,
Lee et al. [40] found that total NH4

+ concentration was significantly lower when Bacillus
spp. were added to the culture system. Decreased nitrite concentration was observed when
B. subtilis FY99-01 was used in the culture system of P. vannamei [32]. Barman et al. [23]
also found that B. cereus PB45 could consume nitrite in the culture pond effluent. The
addition of carbon sources could also promote the removal of nitrogen from water by
increasing the C/N ratio [2,16,17]. However, to our knowledge, the effects of combining
probiotics and carbon sources on aquaculture water quality have rarely been reported. In
this study, B. pumilus BP-171, a heterotrophic nitrifying-aerobic denitrifying strain isolated
from shrimp ponds [29], was tested in a shrimp culture system. This strain can not only
convert ammonia nitrogen into bacterial biomass by heterotrophic assimilation but also
convert nitrite and nitrate nitrogen into gaseous nitrogen by denitrification [29]. This study
showed that the concentration of ammonia nitrogen was reduced by more than 60% in
the B and BP groups compared to the control, while the concentration of nitrite nitrogen
was reduced by more than 69% in the B and BP groups. The removal rates of ammonia
and nitrite nitrogen in the B group reached 70.22% and 76.88%, respectively. The average
concentrations of nitrate nitrogen in the B and BP groups were reduced by more than
17%, while the concentrations of total nitrogen in the B and BP groups were reduced by
more than 35%. The nitrate and total nitrogen removal rates in group BP were 26.24% and
40.02%, respectively. In conclusion, the addition of B. pumilus BP-171 alone could reduce
the concentrations of ammonia and nitrite in the culture system, while the simultaneous
addition of B. pumilus BP-171 and PHBV could reduce the concentrations of nitrate and
total nitrogen. In addition, PHBV was better than molasses both as a solid carbon source
and as a biofilm carrier when used together with B. pumilus BP-171.

4.3. Effects of Addition of B. pumilus 171 and Carbon Sources on the Microbial Diversity and
Microbiota Compositions in Water

Bacillus spp. is a type of common probiotic used as a water quality improver in aqua-
culture systems [7–9,41]. BP-171 is a strain of heterotrophic nitrifying-aerobic denitrifying
bacteria isolated from shrimp environments with high nitrogen removal capacity [29].
In this study, a single B. pumilus BP-171 and various combinations of B. pumilus BP-171
with PHBV and molasses were added to the shrimp culture system. Interestingly, no
significant difference in the Ace, Chao, Shannon, and Simpson indices of microbiota was
observed between the groups in this study, which was in agreement with the results of
Kokkuar et al. [3]. However, the addition of B. pumilus BP-171 and carbon sources altered
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the microbiota composition in the water. The number of OTUs and unique OTUs in the B,
BP, and BM groups were all higher than that in the control, and that in the BP group was
the highest. In addition, the microbial composition at various taxonomic levels differed
distinctly in the different groups.

The abundance of the phylum Verrucomicrobia, the class Verrucomicrobiae, the order
Verrucomicrobiales, and the family Verrucomicrobiaceae was significantly higher in group B, to
which only B. pumilus BP-171 was added, than in the other groups. Although the role of
Verrucomicrobia in aquaculture has rarely been reported, some studies have shown that they
were widely distributed in drinking water, freshwater lakes, and marine sediments [42]. In
addition, some Verrucomicrobia taxa isolated from seawater have been shown to be strictly
aerobic chemoheterotrophs that use mono- or disaccharides as carbon and energy sources
and can convert nitrate nitrogen to nitrite nitrogen [43,44]. Besides, some Verrucomicrobia
taxa, which can utilize a variety of organic and inorganic gas molecules such as methane,
carbon dioxide, ammonia, and nitrogen gas, were involved in the natural carbon and
nitrogen cycles [45]. Thus, Verrucomicrobia might involve in the conversion of nitrogen in
the culture system, leading to the low concentration of ammonia and nitrite nitrogen in the
B group.

The relative abundance of the phylum Proteobacteria in the BP group was significantly
increased compared with the control when B. pumilus BP-171 and PHBV were added
simultaneously. Previous studies have shown that the phylum Proteobacteria was widely
distributed in various regions of the marine environments [46], and many microorganisms
involved in nitrogen removal belong to this phylum, including nitrifying and denitrifying
bacteria [47]. In this study, it was demonstrated that the abundance of phylum Proteobacteria
had a negative correlation with the concentration of nitrate and total nitrogen, which might
be one origin of a lower concentration of nitrate and total nitrogen in the BP group. In
addition, the relative abundance of the class Alphaproteobacteria in the BP group reached
75.01%, which was strikingly higher than in other groups. Alphaproteobacteria have been
shown to have excellent denitrification ability [47,48]. Moreover, the abundance of several
dominant bacteria of various taxonomic levels belonging to the class Alphaproteobacteria
was significantly higher in the BP group than in the control. For example, the order
Rhodobacterales and Rhizobiales, the family Erythrobacteriaceae and Rhizobacteriaceae, and the
genus Donghicola, Oricola, and Marivita as well as Bacillus, whose relative abundance was
significantly higher in the BP group than in the control. Rhodobacterales is considered to
be the most abundant denitrifying bacterium widely distributed in the environment [49].
Hu et al. [50] found that the family Rhodobacteraceae, as one of the core taxa in shrimp
culture ponds, removed nitrite nitrogen from the system mainly by denitrification. Besides,
the genus taxa of Donghicola and Marivita, which were isolated from seawater and are both
Gram-negative and aerobic, belong to the class Rhodobacteraceae, but their role in bacterial
communities has hardly been studied [51]. The order Rhizobiales, a type of heterotrophic
bacteria with denitrification character, was found to be the second most abundant functional
bacterium in ammonia-oxidizing anaerobic systems with a relative abundance of 18.2% [52].
The family Phyllobacteriaceae was a group of aerobic bacteria that can utilize various forms
of nitrogen for reproduction and was found in marine environments [53,54]. In addition,
Zheng et al. [55] identified the most abundant transporter proteins involved in the transport
and uptake of carbohydrates from a strain of Oricola sp. based on metagenomic and
metaproteomic analysis. Among them, three proteins involved in ammonia assimilation
and a large number of genes involved in the uptake and metabolism of inorganic nitrogen
were also observed in this strain [55]. These results suggest that Oricola sp. might be able to
utilize carbon sources in the environment and participate in the conversion and removal
of nitrogen.

Many studies have shown that Bacillus plays an important role in nitrogen cycling
via nitrification [56] and denitrification [57]. B. pumilus BP-171 was periodically added
into different shrimp culture systems in this study. Although an increase in the relative
abundance of Bacillus spp. compared to other taxa in the microbial community was not
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observed, the relative abundance of Bacillus spp. in groups B, BP, and BM was significantly
higher than in the control. Of course, due to methodological limitations, it could not be
determined whether the Bacillus spp. was the strain BP-171. The results of the present
study showed that the microbial composition shifted distinctly at different taxonomic levels
when B. pumilus BP-171 and different combinations of the strain BP-171 with PHBV and
molasses were added. It was also found that the relative abundance of Oricola spp. was
positively correlated with TOC concentration, while the relative abundance of Bacillus
spp. was positively correlated with the concentration of TOC and DOC, indicating that
the addition of carbon source promoted the proliferation of Oricola spp. and Bacillus
spp. Furthermore, the relative abundance of Bacillus spp. showed a significant negative
correlation between the concentration of nitrate nitrogen and total nitrogen, while the
relative abundance of Oricola spp. showed a significant negative correlation with total
nitrogen concentration, suggesting an increase in the abundance of Bacillus spp. and Oricola
spp. promoted the conversion and removal of nitrogen. The above correlations between the
relative abundance of bacteria, the concentration of TOC and DOC, and the concentration of
nitrate and total nitrogen might partially explain the higher removal rate of nitrate nitrogen
and total nitrogen in the BP group.

4.4. Effects of Addition of B. pumilus 171 and Carbon Sources on the Ecological Network and
Function of the Microbial Community

The complicated ecological network consisted of negative interactions and positive
interactions of interspecies in the bacterial community, which sustained the stability of
the bacterial ecosystem in water [58,59]. In general, the cooperative network involving
mutualism or synergy bacteria can be efficient but not stable [60]. Negative interactions
such as competition can weaken the efficiency of the cooperating network but enhance its
stability [60]. In this study, a higher ratio of negative to positive interactions was observed
in the ecological network of the BP group, suggesting that the addition of PHBV might
strengthen the stability of the shrimp culture ecosystem. Moreover, each module was
considered a functional unit, performing an identifiable task [58,61]. In the present study,
the largest number of modules was observed in the BP group, which indicated that the
addition of PHBV could alter the bacteria in the water to perform more biological functions.

The functional modules in the KEGG Module database represent cellular and organis-
mal level functions, and these modules generally contain various molecular level functions
stored in the KO (KEGG Orthology) database [62]. The bacterial community in water can
affect the growth of aquatic animals in various ways, such as the inhibition of pathogenic
bacteria and the secretion of nutrients [9,11,13,15]. The antimicrobial effect of organic acids
has been demonstrated [63–65]. Hydroxybutyrate can exert its inhibitory effect against
pathogenic Vibrio bacteria [66,67]. In this study, the function prediction analysis showed
that 8, 12, and 3 functional modules were significantly enhanced in groups B, BP, and BM,
respectively. The hydroxypropionate-hydroxybutylate cycle, ethylmalonyl pathway, and
the metabolic activity of organic acids, such as fumarate, were significantly enhanced in the
BP group. In addition, previous studies have shown that urea dissolved free amino acids,
as well as inorganic nitrogen together sustained the nitrogen demand of bacteria for growth
in natural water [68,69]. In the present study, the urea cycle, metabolic activities of nutrient
substances such as tyrosine, pyruvate, glyceraldehyde-3P, ribose 5P, and cobalamin, as
well as molybdenum cofactor were also remarkably enhanced. Just as previous research
has shown that many invertebrates like shrimps have demonstrated the ability to take up
a variety of organic compounds, including amino acids, even against the concentration
gradient [70–74]. Therefore, the overall promotion of numerous metabolic functions of the
microbial community in the water might be partially responsible for the improvement in
shrimp growth performance.
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5. Conclusions

In summary, probiotics and various combinations of probiotics with different carbon
resources had differential impacts on the growth performance of shrimp, water quality, and
bacterial community in the P. vannamei culture system. The addition of BP-171 and carbon
sources could promote the growth of shrimp to varying degrees and improve the yield of
farmed shrimp, with the best in the group of simultaneous addition of BP-171 and PHBV.
The single addition of BP-171 could effectively reduce the concentration of ammonia and
nitrite nitrogen in the culture system, and the simultaneous addition of BP-171 and PHBV
could effectively improve the removal rates of nitrate and total nitrogen. In addition, the
addition of BP-171 and carbon sources did not change the abundance and diversity of the
bacterial community in the shrimp culture system but altered the structure and function of
the bacterial community and enhanced the stability of the community’s ecological network.
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Abstract: Saline–alkaline water limits the growth and survival of aquatic animals due to its high car-
bonate alkalinity, high pH, and various ion imbalances. The ridgetail white prawn
Exopalaemon carinicauda is strongly adaptable to the saline–alkaline water, making it an excellent can-
didate species for large-scale aquaculture in saline–alkaline areas. To explore the effect of long-term
high carbonate alkalinity stress on ovarian development in E. carinicauda for assisting the develop-
ment of saline–alkaline aquaculture, we performed ovary histology analysis and RNA–sequencing
of the eyestalk and ovary in order to compare the transcriptomic responses of individuals in high
carbonate alkalinity (8 mmol/L) with a control group (2 mmol/L) for 60 days. It was found that
high carbonate alkalinity stress resulted in a loose arrangement of oogonia and a small number of
surrounding follicular cells. A total of 1102 differentially expressed genes (DEGs) in ovary tissue
were identified under high carbonate alkalinity stress, and the 18 important DEGs were associated
with ovarian development. The majority of the DEGs were enriched in ECM–receptor interaction,
Folate biosynthesis, the FoxO signaling pathway, insect hormone biosynthesis, and lysosome, which
were involved in the ovarian development of E. carinicauda. A total of 468 DEGs were identified in
eyestalk tissue under high carbonate alkalinity stress, and the 13 important DEGs were associated
with ovarian development. KEGG enrichment analysis found that ECM–receptor interaction, folate
biosynthesis, lysosome, metabolic pathways, and retinol metabolism may be involved in the ovarian
development under high carbonate alkalinity stress. Our results provide new insights and reveal
the genes and pathways involved in the ovarian development of E. carinicauda under long-term high
carbonate alkalinity stress.

Keywords: carbonate alkalinity stress; Exopalaemon carinicauda; reproduction; ovary; eyestalk;
transcriptome

1. Introduction

Saline–alkaline water, as the third kind of water, differs from seawater and freshwater
and accounts for a large proportion of the world’s water resources [1,2]. There are about
46 million hectares of saline–alkaline water areas, which are widely distributed in the
northwest, northeast, and north of China, involving 19 provinces, cities, and autonomous
regions [3–5]. Saline–alkaline water has a poor buffering capacity, which is characterized
by high pH, high carbonate alkalinity, and various types of ion imbalances [1]. Excessive
carbonate alkalinity in water substantially affects the development, survival, and reproduc-
tion of organisms. Several fishes can adapt to high alkalinity, such as Leuciscus waleckii [6],
Gymnocypris przewalskii [7], and tilapia [8], which provide excellent breeding organisms for
the development and utilization of carbonate alkalinity waters for aquaculture.
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The ridgetail white prawn E. carinicauda is one of the most important commercial
shrimps [9], which is widely distributed in the coastal areas of the Yellow Sea and the Bohai
Sea in China [10]. Due to its multiple advantages, such as fast growth, high reproductive
performance, and good disease resistance [11], the breeding area of E. carinicauda in China
has expanded in recent years, which may account for one third of the total output of mixed
culture ponds [12,13]. Recently in China, E. carinicauda has been successfully bred and
cultured in saline–alkaline ponds at Dongying city, Shandong province (with salinity of
5–8 and carbonate alkalinity of 1.4–8.0 mmol/L) and Cangzhou city, Hebei province (with
salinity of 10–20 and carbonate alkalinity of 3.5–13.0 mmol/L), suggesting that E. carinicauda
have a high tolerance to saline–alkaline stress [13,14]. E. carinicauda shows strong tolerance
to salinity and high carbonate alkalinity, and can carry eggs during culture. Therefore, it is
a potential species suitable for large-scale culture in saline–alkaline waters. However, as
most studies focused on changes in the physiology and gill transcriptomics in E. carinicauda,
the effects of long-term carbonate alkalinity stress on the reproductive mechanisms in
E. carinicauda still remains unknown.

Carbonate alkalinity has been considered to be the main stress source affecting the sur-
vival, growth, and reproductive traits of aquatic animals in saline–alkaline
water [15–17]. High carbonate alkalinity can alter normal metabolism, osmotic pressure reg-
ulation capacity, and antioxidant capacity [18]. Yao et al. [3] reported that when the carbon-
ate alkalinity exceeded 15.7 mmol/L, the survival rate of medaka (Oryzias latipes) decreased,
and morphological abnormalities such as embryo coagulation, embryonic development
stagnation, and hatching failure were present. Previous studies have shown that the growth,
development, and reproduction indexes in Moina mongolica Daday are optimal when the
alkalinity is 2.05–4.58 mmol/L. However, when the alkalinity is 6.43–8.98 mmol/L, all
indicators showed a downward trend [19]. Xu et al. [20] found that survival rate was not
affected by water with a salinity < 3.2 and alkalinity < 14.32 mmol/L in a 72 h embryo toler-
ance experiment with Barbus capito. Water with salinity < 5.1 and alkalinity < 14.32 mmol/L
did not affect the 96 h survival of larvae. Liu et al. [21] also found the growth and reproduc-
tion of E. carinicauda was not affected by low carbonate alkalinity. E. carinicauda is better
adapted to environments with high carbonate alkalinity, as it adjusts immune enzyme
activities. However, research on the influence of carbonate alkalinity in aquatic organ-
isms mainly focuses on survival and growth. Few reports address carbonate alkalinity
influences on the mechanisms involved in gonadal development. Therefore, we urgently
need to understand the reproduction of aquatic organisms in saline–alkaline waters to aid
aquaculture development, especially breeding in saline–alkaline water.

In recent years, transcriptome sequencing technology has been widely used to study
the differential expression and molecular pathways of genes under specific environmen-
tal stresses [22,23]. For example, RNA–seq compares the transcriptomic responses of
Litopenaeus vannamei under salinity stress [24]. Li et al. [25] used transcriptome sequenc-
ing to reveal the genes and pathways related to salt stress in Eriocheir sinensis. However,
research on the effect of carbonate alkalinity on aquatic organisms focuses on osmoregula-
tion, with relatively few studies involved in ovarian development. This is the first study
involving the transcriptome of the E. carinicauda ovary and eyestalk being sequenced by
RNA–seq technology. We analyzed the transcriptome data of the eyestalks and ovaries
under high carbonate alkalinity stress in order to identify the genes and pathways involved
in ovarian development. This study helps to clarify the ovarian development mechanisms
in E. carinicauda when adapting to high carbonate alkalinity.

2. Materials and Methods

2.1. Sample Collection

Adult female shrimps (body length 2.67 ± 0.20 cm, body weight 0.12 ± 0.08 g) were
collected from Haichen Aquaculture Co., Ltd., in Rizhao, Shandong province, China. The
shrimps were domesticated in the environment (25 ◦C) for two weeks. The experiment
was performed in 200 L PVC tanks. One hundred and eighty shrimps were divided into
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two groups randomly, including the high carbonate alkalinity group (carbonate alkalinity
8 ± 0.5 mmol/L, salinity 25 ppt, temperature 26 ± 0.5 ◦C, pH 8.1 ± 0.3, dissolved oxygen
7.5 ± 0.5 mg L−1) and the control group (carbonate alkalinity 2 ± 0.5 mmol/L, salinity
25 ppt, temperature 26 ± 0.5 ◦C, pH 8.8 ± 0.5, dissolved oxygen 7.5 ± 0.5 mg L−1). The
experimental design included three replicates of 30 shrimps in each group. The shrimp
were fed 3–5% of their body weight twice daily (8:00 and 18:00) during the experimental
period. The water was aerated and 30% of the water was changed daily (with the new
sea-water adjusted to maintain the original carbonate alkalinity).

After 60 days, thirty–six female shrimps (6 individuals × 3 three replicates × 2 groups)
were randomly sampled for Illumina (San Diego, CA, USA) RNA–seq. The ovary and
eyestalk samples were obtained and rapidly frozen in liquid nitrogen, then stored at
−80 ◦C until RNA isolation, respectively. The ovary samples in the high carbonate alkalinity
group are labeled HC_O and the eyestalk samples are labeled HC_E. The ovary samples in
the control group are labeled CG_O and the eyestalk samples are labeled CG_E. Six female
shrimps (2 individuals × 3 three replicates × 2 groups) were sacrificed for the tissue slices.

2.2. Ovary Histology

The ovaries were fixed in 4% paraformaldehyde for 24 h before washing with 1 × PBS
and dehydrated using a graded ethanol series (80% ethanol for 1 h, followed by 95% ethanol
for 1 h, followed by 100% ethanol for 1 h). Transparency was improved using xylene (pure
ethanol: xylene (1:1) for 1 h, then xylene for 1 h). Samples were infiltrated with paraffin
(xylene: paraffin (1:1) at 62 ◦C for 1 h, then paraffin at 62 ◦C for 2 h) and processed for
paraffin embedding. Sections were cut to 6 μm before staining with hematoxylin and eosin.
Samples were scanned using a microscope slide scanner (Pannoramic MIDI, 3DHISTECH
Ltd., Budapest, Hungary).

2.3. RNA Isolation, Library Construction and Illumine Sequencing

TRIzol® reagent (Invitrogen, San Diego, CA, USA) extracted the total RNA by follow-
ing the manufacturer’s instructions. The total RNA was treated with DNase I to implement
DNA digestion and obtain pure RNA products. Finally, the RNA purity was examined
using NanoPhotometer® spectrophotometer NanoDrop 2000 (IMPLEN, Westlake Village,
CA, USA). The RNA integrity and concentration was determined using Agilent 2100/4200
system software (Agilent Technologies, Santa Clara, CA, USA). Next, equal amounts of
RNA from the same group of different individuals were pooled in order to construct the
library. Next–generation sequencing library preparations were constructed according to the
manufacturer’s instructions (NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB,
Ipswich, MA, USA)). After the mRNA library successfully passed the quality inspection,
PE150 sequencing was performed using the Illumina NovaSeq 6000 platform (Thermo,
Waltham, MA, USA).

2.4. Basic Analysis of Sequencing Data

We removed any technical sequences or their fragments (including adapters, poly-
merase chain reaction (PCR) primers), and any low quality sequences (with a base
quality < 20). We achieved this by filtering the data (in the fastq format) using Trim-
momatic (v0.30) to provide only high–quality, clean data in our analysis. Firstly, the whole
genome sequence of E. carinicauda assembled by our research group was taken as the
reference genome (the data have not been published yet). Next, Hisat2 (v2.0.1) was indexed
to the reference genome sequence. Finally, we mapped the clean reads to the Silva database
to remove the rRNA. All subsequent date analyses were based on clean data without rRNA.

2.5. Differential Expression Genes (DEGs) Analysis and Enrichment Analysis

The DESeq2 and edgeR [26] methods were used to perform the differential expression
analysis. The influence of gene length and sequencing volume on the calculated gene
expression level was eliminated by the fragments per kilobase per million reads (FPKM)
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method. The calculated gene expression level can be directly used to compare the ex-
pression variations between different genes. We used FPKM to normalize the data. The
Benjamini and Hochberg’s approach controlled the false discovery rate. |log2FC| ≥ 1 and
p-values < 0.05 were set to detect any significant DEGs. Gene Ontology (GO) and Kyoto En-
cyclopedia of Genes and Genome (KEGG) enrichment analyses of differentially expressed
gene sets were implemented by the topG and KOBAS packages 3.0 [27], respectively.

2.6. RNA-Seq Data Validation by Real–Time Quantitative PCR

Ten DEGs were randomly selected for quantitative reverse transcription–PCR (qRT–
PCR) analysis to validate the differential expression of mRNAs. The qRT–PCR assay
was performed using SYBR Green PCR Master Mix (Life Technologies, MASS, Waltham,
MA, USA) in the 7500 fast Real–Time PCR system (Applied Biosystems, Foster, CA, USA)
according to the manufacturer’s agreement. The 18S rRNA of E. carinicauda was used as the
internal reference [28]. All primer sequences and 18S rRNA sequences are listed in Table
S1. The relative expression of target genes was calculated with 2−ΔΔCT methods. One–way
ANOVA method and Duncan’s test in the statistical software SPSS 22.0 (SPSS, Chicago, IL,
USA) were used for statistical analysis. The results are presented as the mean ± standard
error, and differences in gene expression were considered statistically significant at p < 0.05.

3. Results

3.1. Histopathology of Ovary

Normal reproduction characteristics were observed in the histological sections of the
ovary. The E. carinicauda ovary was in Phase I. The oogonia were oval and proliferative,
and the nuclei were round. Most cells had one nucleolus, while a few had two nucleoli.
The nucleolus stained the deepest color. The cells of the oogonia were closely arranged.
A single layer of follicle cells was closely arranged around the oogonia (Figure 1a). After
60 days of high carbonate alkalinity stress, most of the cells in the ovarian cavity were
previtellogenic follicles, and the nuclei were large and original, accounting for about half of
the cell volume (Figure 1b).

Figure 1. Histological sections of the ovarian status of E. carinicauda: (a) CG_O group; (b) HC_O
group. Bar: 50 μm. N: nucleus; Nu: nucleolus; Fc: follicular cell.

3.2. Summary of the RNA–Sequencing Data

Six mRNA libraries (n = 6) were constructed from the ovary and eyestalk, respectively,
to identify the effects of high carbonate alkalinity on the underlying molecular signaling
pathways in E. carinicauda ovarian development. The raw data was submitted to NCBI with
accession numbers PRJNA881755 and PRJNA881756. A total of 273,545,646 clean reads
were obtained from ovaries, with the Q30 (%) varying from 92.63–94.20%. Of these reads,
70.91–72.74% mapped to the reference genome of E. carinicauda. A total of 264,648,418 clean
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reads were obtained from eyestalks, with the Q30 (%) varying from 91.72–92.67%. Of these
reads, 79.84–83.02% mapped to the reference genome of E. carinicauda (Table S2).

3.3. Differential Gene Expression (DEGs) Analysis

A total of 1102 significant DEGs were identified between the HC_O and CG_O groups.
Compared to the control group, 758 up−regulated genes and 344 down−regulated genes
were expressed in the ovarian tissue of the HC group (Figure 2a). Compared with the CG_E
group, 468 DEG (139 up−regulated and 329 down−regulated) were identified in the HC_E
group (Figure 2b). These results suggest that carbonate alkalinity has a significant effect on
transcription in the ovary and eyestalk.

Figure 2. The number of differentially expressed genes between different groups. (a) HC_O vs.
CG_O group; (b) HC_E vs. CG_E group. Significantly up−regulated and down−regulated genes are
indicated in red and blue, respectively, and those not significantly different are in gray.

3.4. Gene Ontology (GO)Analysis of Significant DEGs

The DEGs of the comparison of HC_O and CG_O were classified into biological process
(BP), cellular component (CC), and molecular function (MF). Compared with the CG_O
group, up−regulated genes in the HC_O group had enriched steroid metabolic process,
sterol homeostasis, molting cycle, follicle cell microvillus organization, steroid biosynthetic
process, sterol transport, and estrogen secretion. Conversely, the down−regulated genes in
the HC_O group had an enriched positive regulation of ovulation, regulation of ovulation,
sterol transport, ovulation, and sterol homeostasis (Table 1).

The DEGs of the comparison of HC_E and CG_E were also classified into biological pro-
cess (BP), cellular component (CC), and molecular function (MF). Compared with the CG_E
group, the up−regulated genes in the HC_E group were enriched in the positive regulation
of sterol transport, regulation of sterol transport, embryonic morphogenesis, embryonic
organ morphogenesis, embryo development, entry into reproductive diapause, and sterol
metabolic process. The down−regulated genes in the HC_E group were enriched in sterol
transport, regulation of metaphase/anaphase transition of meiosis I, ecdysteroid metabolic
process, sterol homeostasis, maternal placenta development, metaphase/anaphase transi-
tion of meiosis I, and the molting cycle (Table 2).
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Table 1. The GO term of related to ovarian development in the HC_O vs. CG_O group.

Term Significant Up/Down ID p Value

Steroid metabolic process 31 up 0008202 5.70 × 10−7

Sterol homeostasis 11 up 0055092 9.50 × 10−5

Molting cycle 22 up 0042303 0.00016
Follicle cell microvillus organization 3 up 0032529 0.00031
Retinoid metabolic process 12 up 0001523 0.00052
Steroid biosynthetic process 16 up 0006694 0.00076
Sterol transport 11 up 0015918 0.00486
Response to estrogen 9 up 0043627 0.00875
Estrogen secretion 2 up 0035937 0.01058
Positive regulation of ovulation 3 down 0060279 0.00099
Regulation of ovulation 3 down 0060278 0.00176
Sterol transport 6 down 0015918 0.02138
Ovulation 3 down 0030728 0.03153
Sterol homeostasis 4 down 0055092 0.04769

Table 2. The GO term of related to ovarian development in the HC_E vs. CG_E group.

Term Significant Up/Down ID p Value

Positive regulation of sterol transport 2 up 0032373 0.00482
Regulation of sterol transport 2 up 0032371 0.01030
Embryonic morphogenesis 10 up 0048598 0.02561
Embryonic organ morphogenesis 5 up 0048562 0.02572
Embryo development 16 up 0009790 0.02894
Entry into reproductive diapause 1 up 0055116 0.04250
Sterol metabolic process 5 up 0008202 0.02501
Sterol transport 7 down 0015918 0.00226
Regulation of metaphase/anaphase
transition of meiosis I 1 down 1905186 0.01765

Ecdysteroid metabolic process 3 down 0045455 0.02708
Sterol homeostasis 4 down 0055092 0.02759
Maternal placenta development 2 down 0001893 0.02798
Metaphase/anaphase transition of meiosis I 1 down 1905186 0.01765
Molting cycle 8 down 0042303 0.03756

3.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis

Comparing the DEGs to the KEGG database of pathway enrichment, the potential
functions of the significant DEGs were analyzed in order to further understand the ovarian
development of E. carinicauda under high carbonate alkalinity stress.

For high carbonate alkalinity stress treatment, 24 KEGG pathways (19 up−regulated
and 5 down−regulated pathways) were significantly enriched in the HC_O group (Figure 3).
Among these KEGG pathways, some were associated with ovarian development, such as
ECM–receptor interaction, folate biosynthesis, FoxO signaling pathway, insect hormone
biosynthesis, lysosome, metabolic pathways and neuroactive ligand–receptor interaction.

In the comparison of HC_E and CG_E group, 17 KEGG pathways (5 up−regulated and
12 down−regulated pathways) were significantly enriched (Figure 4). Concurrently, the
ECM-receptor interaction, folate biosynthesis, lysosome, metabolic pathways, and retinol
metabolism were associated with ovarian development.
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Figure 3. The KEGG significant enrichment pathway in HC_O vs. CG_O group. (A) Up−regulation
pathways in HC_O vs. CG_O group; (B) down−regulation pathways in HC_O vs. CG_O group.
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Figure 4. The KEGG significant enrichment pathway in HC_E vs. CG_E group. (A) up−regulation
pathways in HC_E vs. CG_E group; (B) down−regulation pathways in HC_E vs. CG_E group.
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3.6. DEGs Involved in Ovarian Development

In the ovary, differential genes involved in ovarian development were selected high
carbonate alkalinity stress, such as the G protein−coupled receptor, vitelline membrane
outer layer protein 1 (VMO−1), retinol dehydrogenase 11, ecdysone−induced protein
78, ecdysteroid regulated−like protein, voltage−dependent calcium channel gamma−7,
methyl farnesoate epoxidase, and estradiol 17−beta−dehydrogenase. A clustering heatmap
of these results is provided (Figure 5).

Figure 5. The heatmap of DEGs related to ovarian development in the HC_O vs. CG_O group. The
columns and rows indicate individuals and genes, respectively. The color scale represents FPKM
after standard normalization, the same as below.

In the eyestalk, the participation of differential genes in ovarian development was
observed, and genes were selected which showed high carbonate alkalinity stress. Some
DEGs related to ovarian development were screened, such as the vitelline membrane outer
layer protein 1, pigment−dispersing hormone 1, insulin−like growth factor binding protein,
insulin receptor−related protein, NF−kappa B inhibitor alpha, neuronal acetylcholine
receptor, neuroligin−2, and DNA replication complex GINS. A clustering heatmap of these
results is provided (Figure 6).

3.7. The Validation of DEGs by qRT−PCR

In order to further validate the reliability of the DEGs identified by RNA−Seq, we
randomly selected 10 DEGs from two comparisons: HC_O vs. CG_O and HC_E vs.
CG_E. The qRT−PCR results were consistent with those of RNA−seq, indicating that the
RNA−Seq data was accurate (Figure 7).
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Figure 6. The heatmap of DEGs related to ovarian development in the HC_E vs. CG_E group.

 
(a) (b) 

Figure 7. The results were verified by qRT−PCR. (a) Relative fold change of DEGs between qRT−PCR
and RNA−seq results in HC_O vs. CG_O group. (b) Relative fold change of DEGs between
qRT-PCR and RNA−seq results in HC_E vs. CG_E group. Relative expression levels from the
RNA−seq results were calculated as log2FC values. Fc011350 ecdysteroid regulated; Fc021284
legumain; Fc026977 lysosome−associated membrane glycoprotein 1; Fc008809 baculoviral IAP
repeat-containing; Fc020229 N−acetylated−alpha−linked acidic dipeptidase; Fc010755 high−affinity
choline transporter 1; Fc007027 Wnt 4; Fc019299 tachykinin−like peptides receptor; Fc005820 reelin 3;
Fc012767 facilitated trehalose transporter; Fc026446 neuroligin 2; Fc015896 insulin receptor−related;
Fc012259 serpin 1; Fc005350 UDP−glucosyltransferase 2; Fc008378 crustacyanin−C1; Fc001201 legu-
main; Fc002855 cathepsin L; Fc016036 multidrug resistance−associated protein; Fc004370 macrophage
mannose receptor 1.

4. Discussion

Ovarian maturation is an elaborate and complex molecular process, and a large
number of genes need to be regulated to ensure the normal development of the oocytes.
In this study, we found that 8 mmol/L carbonate alkalinity stress retarded E. carinicauda
ovarian development, even in non−developing females [21]. The ovaries and eyestalks
are important organs in crustacean ovarian development. Eyestalk ablation is commonly
used to induce ovarian maturation in shrimp farming [29]. Although the mechanism by
which eyestalk ablation leads to ovarian maturation remains inconclusive, some genes
expressed in the eyestalk regulate ovarian development. The histological study investigates
the influence of high carbonate alkalinity on ovary and oocyte development. We used high-
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throughput sequencing of ovaries and eyestalks for the first time to understand the ovarian
development mechanisms in E. carinicauda when in high carbonate alkalinity osmotic stress.

KEGG pathway enrichment can identify major biochemical metabolic and signal trans-
duction pathways involved in genes. In the HC_O group, the insect hormone biosynthesis
pathway was significantly enriched, with methyl farnesoate epoxidase, which can catalyze
methyl farnesoate into juvenile hormone (JH) III, differentially up−regulated. Methyl far-
nesoate is a non−epoxidized form of insect juvenile hormone III, which is secreted by the
mandibular organs of crustaceans and has a significant stimulating effect on Vg synthesis in
various Decapoda species [30–32]. Although JH III plays a very important role in regulating
life processes such as growth, molting, and reproduction, it is considered to be an important
endogenous hormone in insects and other arthropods [33,34]. Up-regulated methylfar-
nesoate epoxidase may lead to a decrease in methylfarnesoate synthesis. However, in
Macrobrachium rosenbergii [35] and Sagmariasus verreauxi [36], metabolic enzymes convert
methyl farnesoate into JH, which supports the view that JH is also an active hormone in
crustaceans. Furthermore, methyl farnesoate epoxidase can directly convert farnesoic acid
into JH III acid to form JH III. Therefore, the up−regulation of methyl farnesoate epoxidase
promotes the synthesis of JH, thus affecting ovarian development in crustaceans.

Lysosomes were the most significant pathways, with a larger number of DEGs varying
between the HC_O and CG_O groups as well as between the HC_E and CG_E groups.
Lysosomes are important for intracellular trafficking, metabolic signaling, lipid metabolism,
and immune responses [37]. Lysosomes are involved in the preparation of free cholesterol
for steroidogenesis and degradation of steroidogenesis regulators, as well as follicle rup-
ture during ovulation in the ovaries of vertebrates [38]. As the central digestive organ
of cells, various macromolecules are sent to lysosomes for degradation. Vitellogenin is
an important precursor of egg yolk in nearly all oviparous animals [39]. Lysosomes play
an important role in the degradation of vitellogenin, which is internalized by endocyto-
sis [40]. Lysosomes are related to the hydrolysis of vitellogenin and energy demand during
Macrobrachium nipponense ovarian maturation [41]. Lysosomal enzymes, especially cathep-
sin B and L, are associated with ovarian development in crustaceans [42,43]. We also found
that cathepsin B and L in the ovaries of E. carinicauda were significantly up−regulated in
response to carbonate alkalinity stress, which was consistent with the above results. In
addition, we found that the lysosomal pathway was significantly up−regulated in the
ovaries and significantly down−regulated in the eyestalks. Therefore, we speculate that
this change in lysosomes is closely related to the ovarian development of E. carinicauda
under carbonate alkalinity stress. However, the specific mechanism is unknown.

In this study, significant differential genes provide evidence of response to high car-
bonate alkalinity stress in the ovary and eyestalk, which are the target tissues that regulate
ovarian development. As the largest membrane receptor family in eukaryotes, G protein
coupled receptors are involved in regulating many key physiological and biochemical pro-
cesses, including sexual maturation and reproduction [44,45]. There are many important
factors controlling the development and maturation of shrimp ovaries, such as neurotrans-
mitters, hormones, and their receptors [46,47], which mainly bind and activate G protein
coupled receptors on the cell surface [48] and initiate multiple downstream cascades [49].
In this study, G protein−coupled receptor and Mth were significantly up−regulated in
the HC_O group, which indicated that the expression of G protein−coupled receptor
and Mth may regulate the ovarian development of E. carinicauda under high carbonate
alkalinity stress.

As a glycoprotein bound to the cell surface, lectin specifically recognizes carbohy-
drates [50] and plays an important role in the innate immunity of invertebrates [51,52].
Qin et al. found that pmcl1 plays an important role in the immune response to pathogen
infection and ammonia nitrogen stress [53]. Tateno et al. suggests that lectins in fish oocytes
may prevent polysperm fertilization, regulate carbohydrate metabolism, participate in the
formation of the fertilization shell after binding with glycoproteins, determine the source of
disease, and have antibacterial effects [50]. Therefore, we speculate that C−type lectins may
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perform similar functions in E. carinicauda, but the specific role requires further research.
Additionally, lectin and vitellin VMO1/2 are closely bound to ovomucin to form the basic
skeleton of the outer membrane of vitellin [54]. The VMO−1 protein is essential for the
formation of the outer membrane in chicken eggs [55], and the adhesion between yolk
membranes may be related to the VMO−2 protein in quail (Coturnix japonica) eggs [56].
VMO−1 is an important protein in the development of oocytes [57], and its main function
is to prevent mixing between yolk and protein in crayfish [58]. In this study, the expression
of VMO−1 and C−type lectin was up−regulated in the HC_O group, suggesting that
VMO−1 and lectin affects ovarian development in E. carinicauda under osmotic stress.

The crustacean eyestalk is known to regulate reproduction, molting, and energy
metabolism [59,60]. Removing the eyestalk can induce ovarian maturation and oviposi-
tion in many crustaceans [61,62]. Eyestalk−derived neuropeptides regulate vitellogen-
esis in crustaceans. Pigment−dispersing hormone (PDH) is involved in the regulation
of ovarian maturation in crustaceans [63]. The PDH may participate in vitellogenesis
according to their spatiotemporal expression patterns, which maintained a high level
from the pre−vitellogenesis stage and decreased significantly in the mature stage in
Scylla paramamosain [64,65]. Wei et al. provided evidence of the inductive effect of PDH
on oocyte meiotic maturation in E. sinensis [66]. In this study, the PDH was up−regulated
in the HC_E group, suggesting that it may participate in the ovarian development of
E. carinicauda under high carbonate alkalinity stress.

Retinol and its derivatives play key roles in the meiosis of mammalian fetal ovar-
ian germ cells [67], follicular development [68], ovarian steroidogenesis [69], and oocyte
maturation [70]. The retinol dehydrogenase (RDH) is a member of the short−chain de-
hydrogenase/reductase (SDR) superfamily, which includes three RDHs, RDH11, RDH12,
and RDH13 in transcriptome sequences. The expression level of RDH13 in a vitellogenesis
ovary of zebrafish was significantly higher than that in a non−vitellogenesis ovary [71].
In addition, knockout of RDH11 resulted in decreased transcription of vitellogenin and
vitellogenin receptors in Procambarus clarkii [72], suggesting that RDH11 might play an
important role in the synthesis and conveyance of vitellogenin in crustaceans. Our previous
study revealed that RDH11 is critical for ovarian development in E. carinicauda [73]. In this
study, RDH11, associated with ovarian development in E. carinicauda, was significantly
expressed under high carbonate alkalinity stress.

5. Conclusions

In the present study, the transcriptome analysis of the ovary and eyestalk of
E. carinicauda under high carbonate alkalinity stress, as well as the effects of high carbonate
alkalinity on ovarian development-related genes and signaling pathways, are described
for the first time. Eighteen and thirteen DEGs in ovary and eyestalk tissue were identified,
respectively. The key genes were identified to be involved in the folate biosynthesis, insect
hormone biosynthesis, lysosome, and retinol metabolism, which play an essential role in
the response of the ovaries and eyestalks of E. carinicauda to high carbonate alkalinity stress.
This study provided new insights into the ovarian development of E. carinicauda under high
carbonate alkalinity stress, which could be useful for saline–alkaline water aquaculture and
related studies on the reproduction of crustaceans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14223690/s1, Table S1: Primers of RT−PCR designed for validation
experiment of DEGs; Table S2: Number of high-throughput clean reads and mapped clean reads
generated from E. carinicauda ovary and eyestalk mRNA library.
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Abstract: The sea area of Changhai County in Dalian City is a typical floating raft aquaculture
area, located in Liaoning Province, China, where a key issue in determining the scale and spatial
layout of the floating raft aquaculture is the assessment of the impact of aquaculture activities on the
hydrodynamic environment. To address this issue, we established depth-averaged two-dimensional
shallow water equations and three-dimensional incompressible Reynolds-averaged Navier–Stokes
equations for the open sea area described in this paper. The impact of floating rafts for aquaculture
on hydrodynamic force was reflected in the numerical model by changing the Manning number,
where scenarios with different aquaculture densities were taken into account. Finally, the water
exchange rate of the floating raft aquaculture area in the study area was calculated. It was found,
through a comparison between the simulated value and the measured value obtained via layered
observation, that the two values were in good agreement with each other, indicating that the model
exhibits great accuracy. In addition, the calculation results for scenarios before and after aquaculture
were compared and analyzed, showing that from low-density to high-density aquaculture zones, the
variation in flow rate was greater than 80% at the peak of a flood tide. The water exchange rates of
the water body after 1 day, 4 days, and 8 days of water exchange were also calculated, and the results
show that they had been reduced by 17.92%, 13.59%, and 1.63%, respectively, indicating that the
existence of floating rafts for aquaculture indeed reduced the water exchange capacity of the water
body. The model described in this paper can serve as a foundation for other studies on aquaculture in
open sea areas, and it provides a theoretical basis for the scientific formulation of marine aquaculture
plans and the rational optimization of the spatial layout.

Keywords: floating raft aquaculture area; open sea area; hydrodynamic environment; water exchange
capacity; numerical simulation

1. Introduction

Changhai County, Dalian, is located on the eastern side of the Liaodong Peninsula in
the northern waters of the Yellow Sea in Liaoning Province, China(as shown in Figure 1),
and its geographic coordinates are 122◦17′E–123◦13′E, 38◦55′N–39◦35′N. As the only county
completely located on islands in Northeast China, Changhai County has an area of water
covering 10,324 square kilometers, which is an ideal habitat for temperate marine organisms,
such as fish, shrimp, shellfish, and algae. In recent years, with the rapid development of the
marine aquaculture industry, floating raft and cage aquaculture industries have emerged in
this open sea area, which has brought not only a great deal of economic benefits to residents,
but also huge challenges to marine hydrodynamics and ecological environment protection.
Some aquaculture farmers excessively pursue high yields with a lack of scientific and
reasonable justification, so they tend to increase the scale and density of aquaculture in
a disorderly manner. Due to the over-crowded raft areas, the rafts and facilities have
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had a hindering effect on the hydrodynamic environment, inhibiting water exchange and
weakening the substance transport and diffusion capacity of the water body. As a result,
it is impossible for algae and bait to be evenly distributed with the hydrodynamic force,
which would support the growth of marine organisms. This results in a phenomenon
where the cultured organisms that were longitudinally arranged in a raft area appear to
grow well, while those in the middle grow slowly or even die due to a lack of bait. Some
aquaculture operators who have been cultivating scallops, oysters, or sea cucumbers in
floating rafts and cages have gradually realized the severity of the problem. Thanks to
such changes in their awareness, they are looking for a scientific and reasonable solution
to the problem, with the ultimate goal of determining the degree of impact of the overall
structure for aquaculture, including rafts, floaters, ropes and cages, and even the cultured
organisms, on the hydrodynamic environment of an open sea area. The solution of this
problem could provide technical support for the scientific formulation of a sowing density
plan for cultured organisms, the rational selection of the location of an aquaculture area,
and the precise placement of bait casting devices in bait-deficient zones.

Figure 1. Location and scope of the aquaculture area.

In recent years, some researchers have carried out relevant studies on the mechanisms
of interactions between raft placement and hydrodynamic environments in raft aquacul-
ture areas; however, most of the studies have focused on the changes in water quality
and the sediment environment or used field observations and model tests. For example,
Zhao et al. [1] conducted a simulation-based assessment of the impact of the deep-sea
cage aquaculture of Lateolabraxjaponicus on water quality and the sediment environment
in the Yellow Sea of China based on a three-dimensional Lagrangian particle tracking
model. Water quality simulations indicated that deep sea cages account for 26% of the
total dissolved inorganic nitrogen and 19% of the active phosphorus content. The model
results indicated that the installation of all deep-sea cages will lead to acceptable levels of
water quality, but that sediments may become polluted. The coupled model can be used to
predict the environmental impacts of deep-sea cage farming and provide a useful tool for
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designing the layout of the integrated multi-trophic aquaculture of organic extractive or
inorganic extractive species. Klebertet et al. [2] carried out field monitoring and modeling
for the three-dimensional deformation of a large circular flexible sea cage in high currents
using an acoustic Doppler current profiler (ADCP) and an acoustic Doppler velocimeter
(ADV). The results showed a reduction of 30% in the cage volume for a current velocity
above 0.6 m/s. The measured current reduction in the cage was 21.5%. Moreover, a sim-
ulation model based on super elements describing the cage shape was applied, and the
results showed good agreement with the cage deformations. Dong et al. [3] conducted an
experimental study involving an internationally advanced experimental model of fluid–
structure interactions, which described the fluid–structure interactions of flexible structures,
in a study on the cage aquaculture of Thunnusorientalis. They measured the drag force,
cage deformation, and flow field inside and around a scaled net cage model composed of
different bottom weights under various incoming current speeds in a flume tank. Results
indicated that the drag force and cage volume increased and decreased, respectively, with
the bottom weight. Owing to the significant deformation of the flexible net cage, a complex
fluid–structure interaction occurred and a strong negative correlation between the drag
force and cage volume was obtained. Furthermore, an area where the current speed was
often reduced was identified. The intensity of this reduction depended on the incoming
current speed. The results of this study can be used to understand and design optimal
flexible sea cage structures that can be used in modern aquaculture. In addition, a team
led by Dong used model-scale test and full-scale sea test techniques [4] to determine the
hydrodynamic characteristics of a sea area near a cage aquaculture area for silver salmon.
In that study, the results of model-scale and full-scale tests were compared, showing that
under the impact of lower currents, only bottom mesh deformation was found. As for
the observed trends, the resistance, cage deformation, and cross-sectional area estimated
based on the depth data from the full-scale test were generally consistent with the results
converted from the model-scale test using the law of similarity. However, the resistance
value of a full-sized cage converted from the model-scale test was larger than the depth
estimated based on the depth data from the full-scale test. Conversely, the result from
the model-scale test was smaller than the estimate from the full-scale test. In the future,
cage deformation should be investigated at higher flow rates, and resistance should be
measured at full scale to verify the results of model-scale tests and hydrodynamic model
tests. Sintef et al. [5] also observed and investigated the turbulence and flow field changes
in sea cages for commercial salmon aquaculture and their wakes in their study, where an
acoustic Doppler current profiler (ADCP) installed on the seabed was used to measure the
flow rate and turbulence on a layered basis, and an acoustic Doppler velocimeter(ADV)
was used to measure the velocity inside the sea cages; dissolved oxygen sensors and echo
sounders were also arranged in the sea cages to measure fish distribution, in order to
facilitate the acquisition of data. The final results showed that a reduction in strong currents
in the wakes near the cages and the existence of high-turbulence columns in the upper
part of the water were both caused by the cages. Measurements performed in the cages
indicated that although fish aggregation reduced water flow, there was no evidence that
fish generated secondary radial and vertical flows within the cages.Ji et al. [6] observed, in a
study on a gulf ecosystem for shellfish aquaculture, that in a crowded area with suspended
shellfish, the sedimentation effect of organisms was very obvious, and the hydrodynamic
effect was obviously insufficient. Hatcher et al. [7] conducted a measurement in the mussel
aquaculture area located in the Upper South Cove, Canada, and found that the settlement
of the raft aquaculture area was more than twice that of the control area without aqua-
culture. Bouchet and Sauriau [8] found, in an ecological quality assessment on a shellfish
aquaculture area in the Pacific Ocean, that the suspended aquaculture system resulted in
higher organic matter enrichment compared with a bottom sowing culture.

With the rapid development of computer technology, mathematical models have
been widely adopted in numerical-simulation-based studies on marine aquaculture. Pan-
changet et al. [9] stated that the mathematical modeling of hydrodynamic force and particle
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tracking can be an effective method with which to study the laws of diffusion and transport
of pollutants in aquaculture areas, and the fate and traceability of materials. Xing et al. [10]
studied the impact of an aquaculture area on the distribution of the vertical structure of
the water flow with a hydrodynamic model and found that the distribution of the vertical
structure was mainly controlled by the bottom friction of the aquaculture area. Dura-
teet et al. [11] calculated the hydrodynamic characteristics of the estuary in Galicia based
on a three-dimensional numerical model. It was found, through the analysis of the residual
current field, that raft aquaculture can reduce the flow rate of the residual current by at
least 40%, which facilitates the development of harmful algal blooms, posing a serious
threat to cultured organisms and the aquatic environment. Shiand Wei [12] simulated an
aquaculture area in Sanggou Bay with an optimized POM and found that the high-density
aquaculture and related facilities in Sanggou Bay reduced the flow rate by nearly 40% on
average and increased the average half-exchange time by 71%. In summary, the valuable
technical studies conducted by these researchers will greatly inspire our later studies.

The original intention of this work was to solve some problems with floating raft
aquaculture areas. In this study, a typical floating raft aquaculture area located in Changhai
County, Liaoning Province, was chosen as the research area on the basis of the successful
establishment of the hydrodynamic model and tracer model in these area of Liaodong Bay,
in order to quantitatively explain the impact of floating raft aquaculture on the hydrody-
namic environment of an open sea area. Compared with the sea area of Liaodong Bay, the
study area features a higher degree of openness. Aiming to comprehensively understand
the temporal and spatial distribution and variation characteristics of hydrodynamic force
in the waters near the floating raft aquaculture area located in Changhai County, Dalian,
the project team simulated and analyzed the hydrodynamic field and water exchange
rate in the sea area near the floating raft aquaculture area. In this study, depth-averaged
two-dimensional shallow-water equations and three-dimensional incompressible Reynolds-
averaged Navier–Stokes equations were established for the open sea area. We described
the impact of rafts (floaters, ropes, cages, cultured organisms, etc.) on hydrodynamic force
in the aquaculture area by changing the Manning number of the seabed. Finally, the model
was verified with the observed hydrodynamic data, and the results show that the model
has great accuracy, stability, and universality, and it can provide an accurate prediction of
the hydrodynamic environment of aquaculture in the raft area.

2. Materials and Methods

2.1. Observational Data

The project team set up a temporary tide-level observation station, T1, in the coastal
waters of Dalian, and conducted tide-level observations for three months, from 00:00,
1 August 2021 to 23:00, 31 October 2021. Two continuous observation stations, P1 and P2,
were set up for ocean current observation, where a total of 25 h of layered and synchronous
continuous ocean current observations were carried out, from 11:00, 13 September 2021
to 12:00, 14 September 2021. The specific coordinates of the stations are shown in Table 1,
and their locations are shown in Figure 2. Refer to Section 3.1 for the specific observation
values below.

Table 1. Coordinates of the hydrometric stations for hydrological tide tests.

Station Longitude Latitude

T1 121◦41.12′ E 38◦52.08′ N
P1 123◦6.098′ E 39◦7.111′ N
P2 123◦12.539′ E 39◦10.895′ N
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Figure 2. Locations of the observation stations.

2.2. Model and Methods

The model is based on the solution of the three-dimensional incompressible Reynolds-
averaged Navier–Stokes equations. First, the integration of the horizontal momentum
equations and the continuity equation over depth for the following two-dimensional
shallow water equations was carried out [13–16]. Based on the aforesaid principle, the
commercial model encapsulation platforms used in this study mainly included Hydro info,
a water conservancy information system developed by Dalian University of Technology,
China, and Mike, a commercial water simulation computing system developed by the
Danish Hydraulic Institute (DHI).

Based on the above model and methods, the specific implementation process was
completed, as follows. First, in order to accurately analyze the hydrodynamic conditions of
the water area near Changhai County, two-dimensional models of the Yellow Sea and the
Bohai Sea and the waters near Changhai County were created, where the open boundary
of an open water area was driven by the time series file of the tidal level. Then, in order
to reflect the hydrodynamic conditions of the sea area near the aquaculture area located
in Changhai County in more detail, a three-dimensional model of a small area of interest
in Changhai County was created with a nesting method [17,18] based on the tidal-level
drive after the calibration of the two-dimensional model of Changhai County, where the
calculation range mainly covered the area contained by the four control points C, D, E, and
F shown in Table 2, and the locations of the control points are shown in Figure 3a.

Table 2. Coordinates of points in the range of the calculation domain.

Point Longitude Latitude

C 122.1380◦ E 39.1450◦ N
D 122.4400◦ E 38.4820◦ N
E 123.3560◦ E 38.8970◦ N
F 122.9990◦ E 39.6470◦ N
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(a) Two-dimensional calculation range (b) Three-dimensional calculation range 

Figure 3. Calculation ranges and grid distribution maps of the models.

2.2.1. Hydrodynamic Model

The study area is located along the northern coast of the Yellow Sea (see Figure 1),
where tidal currents play a dominant role in various flow components. The three-dimensional
Navier–Stokes equations for the free-surface flow of incompressible fluid in the Cartesian
coordinate system were used for description; on this basis, the horizontal momentum
equations and the continuity equation for the three-dimensional shallow water form were
integrated in the range H = η + h to obtain the following depth-averaged two-dimensional
shallow water continuity equation:

∂η
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∂
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where η represents the sea surface fluctuation (tidal level) relative to the still sea surface;
h represents the still water depth (the distance from the seabed to the still sea surface);
H = η + h represents the total water depth; Cz = n. H(1/6) is the Chezy coefficient; n = 1/M
is Manning’s roughness coefficient, and M represents the Manning number.

Equations (1)–(3) are the basic governing equations for solving the hydrodynamic
elements. In order to comply with the uniqueness of solutions, the definite conditions must
be given.

(1) Initial Conditions

The cold-start mode was used, meaning that the initial conditions were considered
irrelevant to the final result of the calculation. In this study, the initial flow rate and tidal
level were both determined as 0.

(2) Boundary Conditions

For the numerical model used in this study, two boundary conditions need to be given,
including open boundary and closed boundary conditions. For a tidal flat near the island
coastline, the position of the land–water interface changed with the fluctuation of the tide
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level, and the dry–wet variation of the grid nodes in the moving boundary was taken into
consideration in this work [19–21].

1© Open boundary condition:

The open boundary condition is also known as the water boundary condition, where,
on this boundary, either the flow rate is given, or the time series condition of the tidal level
is given. For the open boundary in this work, calculation was performed in the following
form of tidal harmonic analysis:

ηi =
m

∑
i

fi Hi cos[ωit + (V0 + u)i − gi] (4)

where ωi represents the angular velocity of the ith tidal constituent; fi and u represent the
intersection factor and epoch correction of the ith tidal constituent, respectively; Hi and gi
represent harmonic constants, which are the amplitude and epoch of each tidal constituent,
respectively; V0 represents the time angle of a tidal constituent. The time series data of
the tide level at the open boundary of the model were also verified according to the global
tide module.

2© Closed boundary condition:

The normal flow rate at the shoreline of the given water body should be 0.

2.2.2. The Euler Model for Residual Current Calculation

As the most important environmental dynamic factor in coastal waters, the residual
current plays a crucial role in the transport and diffusion of substances in seawater. In
studies on ocean dynamics, Eulerian velocity is usually used to calculate residual currents.
The Euler residual current in the ocean can be simply defined as the mean Eulerian velocity,
which can be calculated with the following equation:

UE =
1

nT

∫ t0+nt

t0

u(x0, t)dt, VE =
1

nT

∫ t0+nt

t0

v(x0, t)dt (5)

where UE and VE represent the mean Eulerian velocities in directions x and y, respectively; n
represents the number of cycles used in the calculation; t0 represents the start time of calcu-
lation; T represents the current cycle; u(x0,t) and v(x0, t) represent the component velocities
in directions x and y. The numerically discrete form of Equation (6) is described below:

UE =
1
N

N

∑
i=1

ui, VE =
1
N

N

∑
i=1

vi (6)

where N = nT/Δt and Δt represent the time step of numerical simulation.

2.2.3. Mathematical Model of Water Exchange

The tracer method was used to simulate the degree of water exchange [22–24], where
a dissolved non-degradable and conservative substance was set in the sea area, and its
concentration diffusion under the action of hydrodynamic force was investigated. For
the transport of the tracer, the convection–diffusion equation based on Eulerian substance
transport was used, as shown below:

∂hC
∂t

+
∂huC

∂x
+

∂hvC
∂y

=
∂

∂x

(
hDx

∂C
∂x

)
+

∂

∂y

(
hDy

∂C
∂y

)
− FhC + S (7)

where C represents the substance concentration; Dx and Dy represent the substance diffu-
sion coefficients in directions x and y, respectively; F represents the substance attenuation
coefficient, which is zero (F = 0) for the conservative substance; S represents the point
source concentration.
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The substance diffusion coefficient was calculated with the following equation:

Dx =
Ex

σT
; Dy =

Ey

σT
(8)

where Ex = Ey represents the horizontal turbulent viscosity coefficient; σT represents the
Prandtl number, which was determined as 1.0 in this study.

After a certain period of time, the percentage of the total amount of substance diffused
from the system to open water divided by the total amount of initial substances in the
system should be the water exchange rate of the overall system. The statistical calculation
expression is provided below.

EX(tj) =

⎛
⎜⎜⎜⎝1 −

N
∑

i=1
Ci(tj)Hi(tj)

N
∑

i=1
Ci(t0)Hi(t0)

⎞
⎟⎟⎟⎠× 100% (9)

where EX represents the water exchange rate; C represents the substance concentration; H
represents the total water depth; i represents the node number in the statistical domain; n
represents the total number of nodes in the statistical domain; j represents the time number.

2.3. Grid Creation and Parameter Setting
2.3.1. Grid Creation

The calculation grid was generated with the Surface Water Model System(SMS 10.1).
This grid generation program can realize a flexible and variable resolution in the horizontal
direction of the grid and a large gradient, and it can create a highly smooth grid at a location
where a flow tends to be generated around an island. In addition, it can partially increase
the density in areas with complex terrain, such as coastal areas, estuaries, and wetlands.

The entire two-dimensional simulated domain of Changhai County consists of 32,560 nodes
and 63,579 triangular elements. Figure 3a shows the calculation domain and grid distribu-
tion of the established two-dimensional model of the sea area near Changhai County. The
entire simulated domain of the three-dimensional model [25] consists of 12,539 nodes and
24,281 triangular elements. Figure 3b shows the calculation domain and grid distribution
of the three-dimensional model of a small area of Changhai County.

2.3.2. Model Calculation Settings

(1) The calculation of hydrodynamic force

The calculation time step of the model was adjusted according to the CFL conditions
to ensure that when the model calculation was converged, the minimum time step was
5.0 s. The seabed friction was controlled by the Manning number, with a specific value
of 32–42 m1/3/s. In many applications, a constant eddy viscosity can be used for the
horizontal stress terms. Alternatively, Smagorinsky proposed to express sub-grid-scale
transport by effective eddy viscosity related to a characteristic length scale. The sub-grid-
scale eddy viscosity is given in [26], and the specific expression is shown below:

A = c2
s l2
√

2SijSij (10)

where cs is a constant; l is a characteristic length; and the deformation rate is given by

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(11)

The minimum calculation time step of the three-dimensional small-scale local model
was 1.0 s. In the vertical grid, the sigma hierarchical function was adopted, and the impact
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of the rafts on the hydrodynamic force was described with a double-resistance model
with the introduction of a secondary drag coefficient, where the frictional resistance of the
seabed was controlled by secondary drag coefficient Cf, and the specific expression was
determined by assuming a logarithmic profile between the seabed and a point at a distance
of DZb above the seabed as follows:

Cf= [
1
κ

ln
(

DZb
Z0

)
]−2 (12)

where κ = 0.4 is the von Kármán constant; Z0 represents the length scale of the roughness
of the riverbed; when the boundary surface is rough, Z0 depends on the roughness height,
where Z0 = mks, the approximate value of m is 0.033, ks is the roughness height, ranging
between 0.01 m and 0.30 m, and the value was determined as 0.05 m. In summary, the
average value of the secondary drag coefficient was 0.01.

(2) The calculation for the aquaculture area

The location of the selected aquaculture area, the range of the calculation domain, and
the distribution of the seabed topography are shown in Figure 1. The aquaculture area is
located in a sea area near the Changshan Archipelago in the southeast of Changhai County,
and its boundaries are shown in Table 3 below.

Table 3. Scope of the aquaculture area.

Longitude Latitude

122.7492◦ E 39.2382◦ N
122.7642◦ E 39.2585◦ N
122.7527◦ E 39.2697◦ N
122.7363◦ E 39.2480◦ N

In the post-aquaculture model, unstructured grids were also used to divide the hori-
zontal calculation domain and locally densify the sea area where the aquaculture area was
located, with a grid scale of 30 m. In other areas along the shoreline, the grid scale ranged
between 50 m and 100 m; in sea areas far away from the aquaculture area, the maximum
grid scale was 400 m, and the calculation domain contained 17,642 triangular grids and
9011 nodes. The Manning field considering aquaculture areas of different densities is
shown in Figure 4 below.

Figure 4. Distribution of Manning field after the implementation of aquaculture activities.
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(3) Assessment of water exchange capacity

In this study, the water exchange rate was used as an index to describe the water
exchange capacity of the aquaculture area. A dissolved conservative substance was placed
in the sea area where the aquaculture area was located, which would be carried by the
water body and could not be degraded. The convection and diffusion of the conservative
matter directly reflect the form of movement of the water body. Based on the above
considerations, in this study, a conservative substance with a concentration of 1.0 was
placed in the aquaculture area; the concentration of substances in open water was set at 0.0;
the attenuation coefficient was set as F = 0, and the point source concentration was set as
S = 0. The substance diffusion coefficient was equal to the turbulent viscosity coefficient of
water flow (σT = 1.0).

3. Results

3.1. Model Verification Results

The actual calculation and simulation period of the model was from 0:00, 1 August 2021
to 23:00, 31 October 2021. Figure 5 shows a time-curve-based comparison between the sim-
ulated and measured values of the tidal level during the period from 0:00, 8 August 2021
to 23:00, 15 September 2021. Figure 6 shows the comparison between P1 and P2 in
terms of flow rate, flow direction, and measured value during the period from 11:20,
13 September 2021 to 12:30, 14 September 2021. To fully represent the calculation results
of the numerical model, Figure 7 shows the flow rates and flow direction fields of the top,
middle, and bottom layers at the same moment during a spring tide and a neap tide in the
three-dimensional calculation model for Changhai County.

Figure 5. Tidal-level verification map of T1.

 

 

Figure 6. Verification of flow rates and directions at P1 and P2.
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Figure 7. Flow field distribution maps of the top, middle, and bottom layers during a spring tide in
the three-dimensional calculation domain of a small area of Changhai County.

A comparison between Figures 5 and 6 shows that the results calculated by the model
are in good agreement with the measured values, where the error is within an acceptable
range. According to the verification results of tidal currents and the flow field distribution
maps at different moments, as shown in Figure 5, the mathematical model can reflect the
flow field in the sea area near Changhai County in a more realistic manner, indicating that
the model has reasonable boundaries and parameters and can be used for the calculation
of subsequent working conditions. Figure 6 indicates that the trends of variation in the
simulated flow rate and flow direction are generally the same as those of the measured
values, where the measured maximum flow rates of P1 and P2 during 13 September and
14 September are 0.606 m/s and 0.491 m/s, respectively, and the simulated maximum flow
rates are 0.577 m/s and 0.493 m/s, respectively. In general, the simulated calculated values
are in good agreement with the measured values. Figure 7 shows that although grids of
different scales were used in the calculation of the two-dimensional and three-dimensional
models, the flow rate and flow direction in the entire spatial calculation domain reasonably
changed, featuring a strong gradient and no sudden change, which indicates that the model
is stable and can be used as the basis for the calculation of subsequent working conditions.

In order to verify the accuracy, the root-mean-square error (R) was used to quantita-
tively analyze the error between the calculation results of the model and the measured
values, where R represents the mean deviation between the results of the model and the
observed data. R is calculated as follows:

R =

√
∑n

i=1(Mi − Oi)
2

n
(13)

where Mi represents the calculated value of the model; Oi represents the observed value;
and n represents the number of observed values. After calculation, the root-mean-square
error in the tidal level of T1 is less than 0.18 m, generally indicating that the simulated
value is in good agreement with the measured value, and the model has great accuracy
and reliability.

Tracer model verification is indeed a relatively important part of the assessment of
water exchange capacity, which has been verified in other studies [27,28], as described below.
In these studies, one of the major tasks was the numerical simulation of the transportation
of water pollutants in Liaodong Bay, the northernmost bay in the Bohai Sea in China. On
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the basis of a comprehensive understanding of the natural conditions of the sea area of
Liaodong Bay, the impact of point source input was introduced to establish a convection-
diffusion model for pollutant transport in the sea area of Liaodong Bay, with which the
distribution of different nutrient elements in the sea area was simulated, and where major
water quality indicators included NH3-N and COD. The accuracy and stability of the model
were verified through a comparison between the simulated values and the concentration
levels of the elements obtained by field sampling and analysis in the sea area, indicating
that the model features a great ability to reproduce and predict the concentration field in the
sea area of Liaodong Bay. In respect of the following few years, the distribution of PO4-P,
a water quality indicator, in Liaodong Bay, was reproduced, and model verification was
performed, providing the simulation results of the hydrodynamic field, half exchange time,
and concentration field in Liaodong Bay at different typical moments. Finally, this model
was adopted in the simulation and assessment for the identification of marine pollution
accidents, and it delivered satisfactory results.

3.2. Simulation Results of Tidal Current and Residual Current in the Aquaculture Area

The results regarding the distribution of the flow field in the sea area near the aqua-
culture area are shown in Figures 8–11, indicating that the flow field in the aquaculture
area exhibits the characteristics of reciprocating motion, where the main flow direction is
NW–SE, and the flow rate magnitude during a flood tide and an ebb tide is 1.0 m/s. In
accordance with the simulation result of the hydrodynamic field in the sea area of Changhai
County, the Euler residual current field in the sea area near the aquaculture area was ob-
tained. Figure 12 shows the Euler residual current fields in the cycle of a spring tide before
and after the implementation of aquaculture activities, indicating that the mean residual
current intensity in the aquaculture area was approximately 0.018 m/s; the direction was
NE; and there was generally no significant variation before and after the implementation of
aquaculture activities.

 
Figure 8. Flow field distribution at high tide.
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Figure 9. Flow field distribution at low tide.

 
Figure 10. Flow field distribution at the peak of an ebb tide.
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Figure 11. Flow field distribution at the peak of a flood tide.

 

Figure 12. Residual current distribution in the sea area near the aquaculture area ((left): before
aquaculture; (right): after aquaculture).

In order to quantitatively and clearly reflect the impact of surface roughness (Manning)
on the calculation results, the sensitivity of the Manning number was analyzed. For the
sea area near the floating raft aquaculture area, which is 180–3650 m from the shoreline,
the simulated values of flow rate and flow direction at the peak of a flood tide and at the
peak of an ebb tide during a spring tide in one tidal cycle were compared before and after
the implementation of aquaculture, where the Manning settings under the two working
conditions were as shown in Part 2. The results show that the changes in flow rate and
flow direction were generally significant in the study area, especially during the flood tide,
wherein the flow rate changed by more than 80% within 750 m in the aquaculture area; the
mean change in flow rate was approximately 10%, and the number of points where the flow
direction changed by more than 45◦ accounted for around 20% of the total number. This
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indicates that, after the establishment of aquaculture activities, as the Manning number
of the aquaculture area decreased and the roughness increased, which, together with the
effect of flow resistance arising from the raft net, indeed significantly affected the flow rate
and flow direction of the sea area near the aquaculture area.

3.3. Simulation Results of Water Exchange Rate

Based on the aforesaid hydrodynamic simulation results, a mathematical model of
water exchange, described in Equations (7)–(9), was used to study the water exchange
capacity of the aquaculture area. In addition, in order to enable the model to reflect the
variation in water exchange capacity before and after the implementation of aquaculture
activities in a clearer and more sensitive manner, the scope of the aquaculture area was
appropriately magnified according to the actual sea area, and the calculation domain and
grid were rearranged and refined, where the average grid scale was 50 m, and the minimum
grid scale for the key areas of interest in the aquaculture area was 30 m.

Figures 13 and 14 show the initial field distribution of the tracer concentration distribu-
tion, and the overall water exchange rate–time curves before and after the implementation
of aquaculture activities, respectively. Table 4 shows the statistics for the overall water
exchange rate–time curves before and after the implementation of aquaculture activities,
indicating that the water exchange rate after the implementation of aquaculture decreased
compared with that before implementation. Before the implementation of aquaculture, the
water exchange rates after 1, 4, and 8 days of water exchange were 27.90%, 61.83%, and
76.48%, respectively; after the implementation of aquaculture, the water exchange rates
after 1, 4, and 8 days of water exchange were 22.90%, 53.43%, and 75.23%, respectively.

Figure 13. Tracer concentration distribution at the initial time point (the red area is the statistical area
for water exchange rate).

Figure 14. Water exchange rate–time curves before and after the implementation of aquaculture.
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Table 4. Statistics for the water exchange rate–time curves before and after the implementation
of aquaculture.

Working Condition/Time 0 d 1 d 2 d 4 d 6 d 8 d

Before the implementation of
aquaculture activities 0 27.90% 47.95% 61.83% 69.71% 76.48%

After the implementation of
aquaculture activities 0 22.90% 39.05% 53.43% 66.04% 75.23%

4. Discussion

4.1. Tidal Current Conditions

The hydrodynamic force calculation results indicate that the hydrodynamic force in
the waters near Changhai County is mainly in the NW–SE direction during a spring tide,
during which the tidal currents of flood and ebb tides rotate counterclockwise. During the
spring tide, the tidal field shows that the tidal direction in the open waters of Changhai
County was NW, the tidal field was stable, and the flow rate generally ranged between
0.50 m/s and 0.85 m/s. The nearshore current is a coastal current in essentially the same
direction as the shoreline and has a lower flow rate, ranging between 0.2 m/s and 0.4 m/s.
This is mainly because the flow rate is significantly reduced by the bottom friction due
to the shallow water in the near-shore area. The local coastal waters are affected by the
coastline, with a maximum flow rate of 1.2 m/s during a flood tide; during an ebb tide, the
flow direction in the open waters is SE, and the flow rate ranges between 0.45 m/s and
0.90 m/s. Affected by the topography, coastal waters generally feature lower flow rates,
with a maximum flow rate of approximately 1.1 m/s.

4.2. Conditions of the Aquaculture Area

The calculation of the characteristics of the flow rate in the aquaculture area shows
that flow rates in the aquaculture area usually range between 0.2 m/s and 0.4 m/s. There is
a small island in the SE direction in the aquaculture area, so the maximum flow rate in the
aquaculture area is up to 0.7 m/s; the flow rate gradually increases from the shoreline to the
sea, and it reaches 1.0 cm/s in the part of the aquaculture area that is closer to the shoreline.
A comparison with the flow rate before the implementation of aquaculture activities shows
that, with regard to the degree of flow resistance imposed by the floating rafts, the variation
in flow rate ranges between 2.87% and 84.58% at the peak of a flood tide, and between
2.65% and 20.89% at the peak of an ebb tide from a low-density zone to a high-density
zone of the aquaculture area. This indicates that the variation in flow rate caused by the
floating rafts in the sea area near the aquaculture area of Changhai County is significantly
greater during a flood tide than that during an ebb tide, and the flow resistance rate at
the peak of a flood tide is greater than 80%. Therefore, aquaculture operators and marine
environmental protection workers should pay attention to the impact of floating rafts for
aquaculture. Even in open sea areas, during the setting of the orientation and density of a
floating raft aquaculture area, it is crucial to first investigate the hydrodynamic conditions
and the impact of aquaculture activities on the hydrodynamic conditions in the sea area, in
order to scientifically implement aquaculture activities and rationally determine the layout
while protecting the marine environment.

4.3. Residual Current Conditions

Residual current distribution plays a decisive role in the transport and diffusion of bait,
nutritive salts, and other related substances in an aquaculture area. According to a compari-
son with the residual current before the implementation of aquaculture activities, the extent
of variation ranged between 3.01% and 84.74% during a spring tide, and it ranged between
9.46% and 78.50% during a neap tide, indicating that the extents of variation in residual
current during tides are essentially the same; they should not be underestimated. Therefore,
to accurately understand the distribution of algae and bait in the floating raft aquaculture
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area, we must calculate and analyze the residual current in the sea area based on accurate
hydrodynamic analysis. In this way, we can understand the characteristics of the transport
and diffusion of floating and suspended substances in the sea area in real time, thereby
providing guidance for the formulation of aquaculture plans and production activities.

4.4. Water Exchange Conditions

The quantitative calculation shows that, due to the aquaculture activities, the water
exchange rates of the open sea area decreased by 17.92%, 13.59%, and 1.63% compared
with those before implementation; moreover, the half-exchange cycle of the water body
appeared in 2.3 d and 3.9 d, respectively, before and after the implementation of aquaculture.
This indicates that even floating rafts for aquaculture located in an open sea area have a
certain impact on the water exchange capacity, and the specific extent of such impact is
closely related to various factors, such as the density, size, scope, and location of rafts in the
aquaculture area.

5. Conclusions

In this study, a numerical simulation method was applied to a floating raft aquaculture
sea area to quantitatively calculate and assess the changes in the hydrodynamic environ-
ment of the open sea area. The model is based on the solution of the three-dimensional
incompressible Reynolds-averaged Navier–Stokes equations. Then, the integration of
the horizontal momentum equations and the continuity equation over depth for the two-
dimensional shallow water equations was carried out. In the hydrodynamic model, in order
to generalize the impact of rafts on the hydrodynamic force in the aquaculture area, the
Manning number of the seabed—namely the seabed roughness—in the two-dimensional
mode was changed; in the three-dimensional mode, a double-resistance model of the top
and bottom layers was used, with the introduction of a secondary drag coefficient. The
final verification and results show that the numerical model proposed in this paper can
satisfactorily simulate and predict the hydrodynamic conditions of the sea area near the
aquaculture area in Changhai County; the three-dimensional flow field can reflect the
variation in the spatially stratified hydrodynamic indexes of the dynamic environment in
a more realistic way, which can also reflect the hindering effect of rafts on hydrodynamic
force in a more accurate way, and the model features great accuracy and stability. According
to the working conditions before and after the implementation of aquaculture activities,
the impact of the floating rafts on the hydrodynamic environment and water exchange
capacity was compared and analyzed. The results indicate that the flow resistance rate
was greater than 80%; the maximum decrease in the water exchange rate was close to
20%. The quantitative results sufficiently show that, even if floating rafts are arranged
with a certain density in a completely open sea area, they have a great impact on the
hydrodynamic conditions of the sea area. Therefore, aquaculture operators and marine
environmental protection workers must pay sufficient attention to the impact of floating
rafts for aquaculture on the hydrodynamic conditions of sea area. The establishment of
the method in this paper provides a basic model for the rational arrangement of a fully
open raft aquaculture area and the scientific determination of breeding density, and it offers
a quantitative numerical calculation method for the assessment of the water exchange
capacity in aquaculture areas containing flexible objects [29] (such as rafts, vegetation,
etc.).It also provides aquaculture operators with technical support in making scientific and
effective decisions regarding aquaculture.

In future studies, spatial modeling for floating rafts, mainly including floaters, external
aquaculture nets for hanging cages and organisms, will be added, and a fluid–structure
interaction-based multiphase flow (volume of fluid, VOF) model will be used to simulate the
impact of floating rafts for aquaculture on the dynamic environment and water exchange,
in order to provide more accurate and comprehensive technical support for the rational
arrangement of aquaculture orientation and the scientific setting of aquaculture density.
Furthermore, after the accurate determination of the impact of a raft aquaculture area on
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the hydrodynamic conditions, it is also possible for aquaculture operators to reasonably
select a site for the installation of bait casting and distribution devices, which can thus help
to considerably increase the production efficiency of raft aquaculture, guarantee a stable
income for aquaculture operators, and improve the social and economic benefits of raft
aquaculture in sea areas in Changhai County and even in other open sea areas with floating
raft aquaculture.
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Abstract: An eight-week experiment was conducted to investigate the effects of temperature (20,
25, 30, and 35 ◦C) on growth performance, feed intake, energy metabolism, antioxidant capacity,
and the stress response of juvenile Scylla paramamosain in a recirculating aquaculture system. The
results showed that the survival rate of the 35 ◦C group was 80.36 ± 5.92%, significantly lower than
that of the other three groups (100%). The high molt frequency of mud crabs was observed in high-
temperature groups, accompanied by a higher ecdysone level and ecdysone receptor gene expression
but lower molt inhibitory hormone gene expression. However, the molt increment (73.58 ± 2.18%),
food intake, and feed conversion efficiency showed a parabolic trend, with the lowest value found
in the 35 ◦C group. Oxygen consumption rate and ammonia excretion rate increased with the
increasing temperature, and oxygen-nitrogen ratio, lactic acid, triglyceride, total cholesterol, glucose,
and cortisol peaked at 35 ◦C. Temperature also significantly affected the antioxidant system of
S. paramamosain. Crabs in the 25 ◦C and 30 ◦C had a significantly higher total antioxidant capacity
and lower malondialdehyde compared with the 35 ◦C group (p < 0.05). Although the high temperature
promoted molting, it decreased the feeding rate and growth performance, leading to oxidative stress
and functional hypoxia. The quadratic function model demonstrated the optimum temperature for
the specific growth rate of juvenile S. paramamosain was 28.5–29.7 ◦C.

Keywords: mud crab; temperature; molting; energy metabolism

1. Introduction

Throughout tropical and temperate waters, the mud crab (Scylla paramamosain) is a
common and economically important marine crab [1,2]. There is a long history of mud
crab farming in China, Japan, and the Philippines [3]. China’s 2020 mud crab production
is 159,433 tonnes [4]. Mud crab is mainly cultured in ponds, but the unit output is low
due to serious cannibalism. In recent years, aquaculturists have tried to culture the mud
crab in recirculating aquaculture system (RAS). Unlike traditional pond culture, RAS can
prevent cannibalism from the early developing stages and effectively improve the survival
rate of mud crabs, even in the nursery. Although researchers have studied the factors such
as tank bottom area [5] and tank color [6], they are still insufficient compared to the rapid
development of the industry.
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Temperature is a ubiquitous factor in the life history of aquatic animals, and the high
specific heat and heat conduction of water create a challenging thermal environment for
aquatic animals [7]. The temperature of the water plays a major part in the survival and
growth of crustaceans, according to a number of studies. For example, the mortality rate of
ornamental red cherry shrimp (Neocaridina heteropoda heteropoda) at 32 ◦C was significantly
higher than at 24 and 28 ◦C [8]. The survival rate of Macrobrachium amazonicum was also
affected by temperature, and the survival rate at 28 ◦C was higher than that at 30 and
32 ◦C [9]. On growth, the red king crab (Paralithodes camtschaticus) grows exponentially
with temperature [10]. Crustaceans achieve faster growth by increasing the molt increment
(MI) or molt frequency (MF). Synthesized in the Y organ, ecdysone diffuses across the cell
membrane and releases into the hemolymph, where it is converted to 20-HE and binds to
the EcR-RXR-ecdysone complex to regulate molting [11]. However, the mih gene inhibits
molting by inhibiting ecdysone in the hemolymph [12].

According to the principle of thermodynamics, the increase in temperature stimulates
the metabolic process of the organism [13]. Ambient temperature can significantly affect
aquatic animals’ metabolic levels and physiological regulation mechanisms. The optimal
temperature strongly supports the physiological and biochemical processes of the organ-
isms. At the same time, it can provide maximum energy efficiency [14,15]. The Oxygen
consumption rate (OCR) of most crustaceans in the thermophilic range increases gradually
with increasing temperature [16]. When the temperature is too high, the metabolic level
of crustaceans decreases [17]. For example, in the southern rock lobster (Jasus edwardsii),
the OCR positively correlates to the temperature at 18–22 ◦C. However, when the tem-
perature increased further, the metabolic level decreased instead [17]. Furthermore, since
ammonia production is the result of amino acid deamination, ammonia excretion rate
(AER) can be used to estimate protein utilization by aquatic organisms [18]. Compared
with fishes, crustaceans had an open-vessel circulatory system and transported nutrients
through the hemolymph [19]. Hemolymph metabolites could reflect the morphological and
physiological adaptation of crustaceans to the environment [20]. Total cholesterol (T-CHO),
triglyceride (TG), and glucose (GLU) in hemolymph can evaluate the energy metabolism of
crustaceans [21].

An increase in temperature is associated with a higher metabolic rate (Q10 effect), re-
sulting in increased oxygen consumption, increased flux at the electron transport chain level,
and more reactive oxygen species (ROS) [22]. ROS can oxidize surrounding molecules,
impair cellular functions, and lead to oxidative stress [23,24]. Oxidative enzymes and
non-enzymatic antioxidants are used by aquatic organisms to remove excess ROS. The
antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GPX) are among them. Non-enzymatic antioxidants include fat-soluble vitamins (e.g.,
alpha-tocopherol) and small water-soluble molecules such as glutathione (GSH) [25]. Total
antioxidant capacity (T-AOC) reflects the metabolic ability of antioxidant enzymatic and
non-enzymatic systems under external stress [26]. Malondialdehyde (MDA), as the end
product of lipid peroxidation, reflects the degree of cellular oxidative damage [27]. Studies
have shown that long-term stress in crustaceans inhibits antioxidant enzyme activity and
produces more MDA [5,28,29], accompanied by reduced food intake (FI) [30].

Therefore, this study aimed to evaluate the optimal temperature range for juvenile
mud crabs in RAS in terms of growth, molting, energy metabolism, antioxidant capacity,
and stress response. This study could help define the management protocol of mud crab
and support the design of crab RAS.

2. Material and Methods

2.1. Experimental Design

Four temperatures, i.e., 20, 25, 30, and 35 ◦C, were set with four independent RAS. Each
RAS consisted of 7 square tanks (0.5 × 0.3 × 0.2 m3) with six compartments (0.1 × 0.1 × 0.13 m3)
in each tank. Thus, each RAS had 42 compartments with one crab per compartment. The
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crabs were distributed to three replicates for each treatment, with 14 crabs per replicate.
The experiment lasted eight weeks at Ningbo University.

2.2. Experimental Animal and Rearing Conditions

The experiment was conducted in July–August 2021 in the Intelligent Aquaculture
Laboratory (Ningbo City, Zhejiang province, China). Selection of healthy and uniformly
sized juvenile mud crabs bought from mud crab nursery farm (Ningbo City, Zhejiang
province, China). Before the experiment, the crabs were domesticated in the laboratory for
one week. During this period, the commercial feed was overfed daily at 20:00 (Table 1). The
excessive commercial feed was siphoned, and 1/3 of isothermal seawater was exchanged
at 18:00 every day.

Table 1. Specific primers were used for real-time PCR in this study.

Gene Sequence (5′ to 3′) Size (bp) Access Number

ecr F: TAAGTGATGACGACTCGGATGC
150 KC354381R: ACGAGCAAGCCTTTAGCAGTG

mih
F: TATCAAGTGCAGGAACTCAG

110 EU869539R: GGAACATACAAGCCTAAACA

β-actin F: CGAAACCTTCAACACTCCCG
154 FJ641977R: GATAGCGTGAGGAAGGGCATA

ecr: Ecdysone receptor, mih: Molt-inhibiting hormone.

When the experiment started, the 168 juvenile S. paramamosain with complete ap-
pendages and good vitality were weighed and then distributed to 4 RAS (weight: 0.36 ± 0.09 g).
Starting from the room temperature of 28 ◦C, the RAS was adjusted to 20 ◦C (20.11 ± 0.43 ◦C),
25 ◦C (24.98 ± 0.23 ◦C), 30 ◦C (30.08 ± 0.11 ◦C), and 35 ◦C (34.88 ± 0.39 ◦C) at a rate of
1 ◦C d−1.

During the experiment, 20 and 25 ◦C were achieved with a refrigerating machine (AO
LING HENG YE, LA-160, China). 30 and 35 ◦C groups were achieved by the heater (SUN
SUN, AR-450, China). The same feeding protocol was used as described above, and the
residual feed was counted daily. The seawater salinity was 25 ppt, and the photoperiod
was 14L:10D.

2.3. Sampling

At the end of the 8-week breeding experiment, the crabs were starved for 24 h and then
sampled. The crabs were anesthetized on ice, weighed, and then dissected. The eyestalk,
hepatopancreas, and muscle were isolated with tweezers quickly. The hemolymph was
collected with a disposable syringe from the pericardial sinus of the crab and kept at 4 ◦C
overnight, then centrifuged at 3500 RCF for 15 min. The supernatant and all the other
tissues were stored at −80 ◦C.

2.4. Ecdysone Content and Molting-Related Genes

Six crabs in each group were randomly selected to extract hemolymph to determine
ecdysone content using a crab ecdysone-specific enzyme-linked immunosorbent assay
kit (Enzyme Link Biotechnology, Shanghai, China). Every two crabs as a repeat. Most
of the mud crab’s hormones were secreted and synthesized by the eyestalk. Therefore,
the eyestalks of 2 crabs were selected in each replicate of each treatment to examine the
relative expression of molting-related genes (total of 6/treatment). After adding liquid
nitrogen to the mortar, the eyestalk was ground into powder, and the powder was added
to 1 ml of Trizol reagent (Invitrogen, Waltham, MA, USA). After rapid shaking and mixing,
put into liquid nitrogen flash freezing, and the total RNA was extracted after. The total
RNA product was aspirated and subjected to 1% agarose denaturing gel electrophoresis
to detect RNA integrity. Synthesis of cDNA using HiFiScript cDNA synthesis kit (CW
Biotech. Co. Lid., Shanghai, China) with total RNA as a template by reverse transcription.
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The expression of mih and ecr were detected by real-time PCR (LightCycler480 II, ROCHE,
Basel, Switzerland) with β-actin as an internal reference gene. The relative expression levels
of ecr and mih gene were calculated by 2−ΔΔCT method [31].

2.5. OCR and AER

The OCR and AER were measured on the sampling day. The water used in the
experiments was fully aerated to saturation and was recorded as initial dissolved oxygen
by YSI Pross handheld multiparameter water quality analyzer (USA). Six juvenile crabs of
similar body weight and intact appendages from each treatment were carefully transferred
to conical flasks with 0.1 L of aerated water. To prevent gas exchange, the mouth of the
conical flasks was utterly sealed with plastic film. The conical flasks were sufficiently
immersed in each RAS to keep a constant temperature. To exclude the interference of water
respiration, a control group without crab was set for each treatment group. The experiment
lasted for 60 min, and the final dissolved oxygen was measured [32]. The experimental
method of AER is the same as OCR. The experiment lasted for 6 h. The AER was calculated
according to the ammonia nitrogen concentration change before and after the experiment
(HACH, 2604545) [33].

2.6. Antioxidant Capacity

Six crabs were randomly selected from each group, and every two crabs were used
as one replicate for hepatopancreas antioxidant capacity measurement. The samples were
centrifuged at 3500 rcf at 4 ◦C for 15 min after averaging in ice-cold physiological saline.
T-AOC (A015-2-1), MDA (A003-1-2), SOD (A007-1-1), CAT (007-1-1), and GSH (A006-2-1)
were analyzed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions [28].

2.7. Hemolymph Indexes

Six crabs were randomly selected from each group, the hemolymph samples were
determined, and every two crabs were used as one replicate. The determination of cortisol
in crab hemolymph with a crab’s specific cortisol ELISA kit (Enzyme-linked Biotechnology,
Shanghai, China). T-CHO (A111-1-1), UA (C012-2-1), GLU (A154-1-1), TG (A110-1-1), and
LD (A109-2-1) content were determined by commercial kits (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) [34].

2.8. Data Collection and Calculation

Survival rate (%) = 100 × (final number of crabs)/(initial number of crabs)
Specific growth rate (SGR, % day−1) = 100 × (Ln Wf − Ln Wi)/t
Feed conversion efficiency (FCE, %) = (Wf − Wi) × 100/FC
Molt frequency (MF) = Σ((Cn − 1) × Nn )/Nt
OCR = [(O1 − O2) × V]/(Wf × T)
AER = [(N1 − N2) × V]/(Wf × T)
O: N ratio = (OCR/16)/(AER/14)
FI (% body weight d−1) = FC/[T × (Wf + Wi)/2] × 100
Wf, final weight (g); Wi, initial weight (g); t, duration of the experiment (d); Cn, the

developmental stage of crab; Nn, the number of molting stages; Nt, total number of survival
crabs; O1, dissolved oxygen in the blank group (mg L−1); O2, test group dissolved oxygen
(mg L−1); V, the volume of water in a beaker (L); T, metabolism time (h); N1, ammonia
nitrogen in the control group (mg L−1); N2, ammonia nitrogen in the experimental group
(mg L−1); FC, the weight of food ingested during the experiment (dry weight, g).

2.9. Statistics

Using SPSS 25.0 statistical software, all results were expressed as mean ± standard
deviation (n = 3). Before analysis, the Kolmogorov - Smirnov and Levene tests were used to
test the distribution normality and homogeneity of variance of the original data. One-way
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ANOVA and Tukey’s multiple comparison post hoc test were used to determine whether
significant variation existed between the treatments. The ecr gene expression and CAT
could not achieve normality and homogeneity and were analyzed with the nonparametric
Kruskal-Wallis test. A quadratic model was used to fit the SGR to obtain the optimal
growth temperature of the juvenile mud crabs. To determine the relationship between
temperature, growth, ingestion, OCR, AER, molting, and the expression of mih and ecr,
Pearson correlation analysis and t-test were used. A statistically significant level of p < 0.05
was applied in the present study.

3. Results

3.1. Survival, Growth Performance, Molting, and Feeding

The survival rate and hepatopancreatic index of the 35 ◦C group were significantly
lower than the other groups (p < 0.05) (Figure 1A,B). The temperature significantly affected
the growth, and SGR showed a parabolic trend (Figures 1C and 2A). Juvenile mud crabs
had the best growth performance between 28.5 ◦C and 29.7 ◦C in accordance with the
quadratic regression model analysis (Figure 2).

Figure 1. Effects of different temperatures (20–35 ◦C) on survival rate (A), hepatopancreas index (B),
and final weight (C) of juvenile mud crabs. Values are expressed as mean ± SD (n = 3). Different
superscripts indicate significant differences between treatments (p < 0.05).

Figure 2. Relationship between the temperature and the SGR of initial to 1st molt (A), 1st to 2nd
molt (B), 2nd to 3rd molt (C), and initial to final (D), respectively. Where Xopt means the optimal
temperature for the maximum SGR.
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The MF of the 30 ◦C (19.80 ± 1.33) group was significantly higher than the 20 ◦C
(8.40 ± 1.05), 25 ◦C (13.21 ± 0.51), and 35 ◦C (14.00 ± 1.54) (p < 0.05). However, the MI of the
35 ◦C groups (73.58 ± 2.18%) was significantly lower than that of the 20 ◦C (87.13 ± 9.10%),
25 ◦C (93.44 ± 5.16%), and 30 ◦C (86.58 ± 4.36%) groups (p < 0.05) (Figure 3).

Figure 3. Effects of different temperatures (20–35 ◦C) on the molt frequency and molt increment
of juvenile mud crabs. Values are expressed as mean ± SD (n = 3). Different superscripts indicate
significant differences between treatments (p < 0.05).

With the increase in temperature, the average daily food intake showed a trend of first
increase and then decrease, and the difference was significant (p < 0.05) (Figure 4A). The
feed conversion efficiency at 25 ◦C and 30 ◦C was significantly higher than that in the 20
and 35 ◦C groups (p < 0.05), the 35 ◦C group was significantly lower than the other three
groups (p < 0.05), and the FCE in the 30 ◦C group was the highest (45.48 ± 1.21%), the FCE
of the 35 ◦C group was the lowest (21.00 ± 3.00%) (Figure 4B).

3.2. Ecdysone Content and Expression of Molting-Related Genes

The content of ecdysone in crab hemolymph increased significantly with the increasing
temperature (p < 0.05) (Figure 5A). The expression level of the ecr gene in the 35 ◦C group
was the highest and was significantly higher than that in the other three groups (p < 0.05)
(Figure 5B). The expression of the mih gene decreased with the increasing temperature
(Figure 5C).

3.3. OCR, AER, and O: N

Between 20–30 ◦C, the OCR increased significantly with the increasing temperature
(p < 0.05), but no significant difference was found between the 30 ◦C and 35 ◦C groups
(p > 0.05) (Figure 6A). The AER peaked at 35 ◦C and was significantly higher than the
20–30 ◦C group (p < 0.05) (Figure 6B). The O: N showed a parabolic trend and peaked at
30 ◦C (Figure 6C).
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Figure 4. Effects of different temperatures (20–35 ◦C) on the average daily food intake (A) and feed
conversion efficiency (B) of juvenile mud crabs. Values are expressed as mean ± SD (n = 3). Different
superscripts indicate significant differences between treatments (p < 0.05).

Figure 5. The content of ecdysone (A) in the hemolymph. Expression of the molting-related gene (ecr)
(B) and molt-inhibiting hormone (mih) (C) in eyestalks. Values are presented as mean ± SD (n = 3).
Different superscripts indicate significant differences between treatments (p < 0.05).

Figure 6. Oxygen consumption rate (OCR) (A), ammonia excretion rate (AER) (B), and oxygen-
nitrogen ratio (O: N ratio) (C) of juvenile mud crabs at different temperatures (20–35 ◦C). Values
are expressed as mean ± SD (n = 3). Different superscripts indicate significant differences between
treatments (p < 0.05).
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3.4. Antioxidant Capacity

T-AOC activity was the highest at 25 and 30 ◦C (Figure 7A). The activity of CAT
showed a significant upward trend with the increasing temperature (p < 0.05) (Figure 7B).
The GSH and SOD activities peaked at 30 ◦C (Figure 7C,D). Moreover, the MDA content
was significantly lower in the 25 and 30 ◦C groups compared to the 35 ◦C group (Figure 7E).

Figure 7. Effects of different temperatures on the activities total of antioxidant capacity (T-AOC) (A),
catalase (CAT) (B), superoxide dismutase (SOD) (C), glutathione (GSH) (D), and malondialdehyde
(MDA) (E) content of juvenile mud crabs. Values are expressed as mean ± SD (n = 3). Different
superscripts indicate significant differences between treatments (p < 0.05).

3.5. Hemolymph Index

In comparison with other groups, the hemolymph of the 35 ◦C group contained
significantly more cortisol and LD (p < 0.05), and there was no significant difference
between the 20–30 ◦C groups (p > 0.05) (Figure 8A,B). The uric acid content increased with
the increasing temperature (Figure 8F). Glucose and total cholesterol showed a parabolic
trend (Figure 8C,E). Significantly higher TG content was found in the 35 ◦C group than in
either the 30 ◦C or 20 ◦C groups (p < 0.05) (Figure 8D).

3.6. Correlation Analysis

Correlations between temperature and SGR, MF, MI, OCR, AER, FI, FCE, and relative
expression of mih and ecr parameters were analyzed by Pearson correlation coefficient
(Figure 9). Overall, ecr gene expression, AER, OCR, and MF were positively correlated with
temperature, while mih gene expression and MI were negatively correlated. Interestingly,
the mih gene expression was also negatively correlated with SGR, MF, OCR, AER, and FI.
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Figure 8. Effects of different temperatures on cortisol (A), lactic acid (LD) (B), glucose (GLU) (C),
triglyceride (TG) (D), total cholesterol (T-CHO) (E), and uric acid (UA) (F) content in juvenile mud
crabs. Values are presented as mean ± SD (n = 3). Different superscripts indicate significant
differences between treatments (p < 0.05).

Figure 9. Correlation analyses among temperature SGR, MF, MI, OCR, AER, FI, FCE, and relative
expression of mih and ecr gene (n = 3, 2 individuals per replicate for AER, OCR, ecr, and mih; n = 3
replicate, and 31, 42, 42, and 42 individuals per treatment of SGR, MF, FI, and FCE). “*” indicates
p < 0.05.
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4. Discussion

Temperature significantly affected the survival and growth of the mud crab. For
crabs reared at 20–30 ◦C, the survival rate was 100%, while high water temperature
(35 ◦C) caused mortality. The same trend was also observed in growth performance.
According to the quadratic regression analysis, the optimal water temperature for the
growth of mud crab was 28.5–29.7 ◦C. A similar study also suggested that the most suit-
able temperature in Crablet 1 to Crablet 2 phase was 28–32 ◦C [35]. However, another
recent research observed that the SGR of the juvenile S. paramamosain in the 36–37 ◦C
(14.65 ± 0.23% day−1) group was significantly higher than the 27–28 ◦C (12.30 ± 0.42% day−1),
30–31 ◦C (11.58 ± 0.14% day−1), and 33–34 ◦C (10.11 ± 0.06% day−1) groups [35]. The
difference could be partly attributed to the fact that the mud crabs were cultured in groups
of 30 individuals per tank [36]; thus, temperature-induced cannibalism could potentially
contribute to the growth performance. In addition, the speculation was also supported
by the markedly lower survival rate (28.9 ± 2.94%) and higher SGR (14.65 ± 0.23% day−1)
at 36–37 ◦C [35] compared to the present study (80.36 ± 5.92% and 3.00 ± 0.26% day−1 at
35 ◦C).

The growth of organisms was closely related to feeding [37]. Generally, FI increases
with increasing temperature and decreases when the temperature exceeds the optimum
temperature range [38]. In this study, both low and high temperatures inhibited FI. Low
temperatures inhibit the metabolic capacity of crabs, thereby affecting their appetite and
energy balance. On the contrary, long-term high-temperature stress caused heat stress and
decreased FI. In the present study, the FCE and FI had a consistent trend, indicating that a
suitable temperature not only stimulates FI but also effectively improves the assimilation
of food. This result was also observed in turbot (Scophthalmus maximus) [39], Penaeus
japonicus [40], and Atlantic salmon (Salmo salar) [41]. Therefore, the decline in FI and
FCE could be one of the reasons for the suboptimum growth performance for the 20 and
35 ◦C group.

Molting is essential in crustacean growth [42]. High water temperature inhibited the
expression of the mih gene but consequently promoted ecdysone synthesis and ecr gene
expression. These factors could jointly promote the synthesis of the EcR-RXR-ecdysone
complex, resulting in a significantly increasing MF. Crustacean growth and molting are
highly correlated in most studies [5,43–45]. Interestingly, in this study, both MI and MF
dropped simultaneously in the 35 ◦C group compared with the 30 ◦C group. A similar
phenomenon was observed in Penaeus japonicus [40]. Nonetheless, the underlying physio-
logical process is poorly understood. A possible explanation is crab’s metabolic capacity is
temperature-dependent.

The metabolic rate of animals, measured by OCR and AER, varies directly with
temperature [46,47]. O: N could represent the ratio of protein, fat, and carbohydrate
catabolism of aquatic organisms [48]. O: N < 10 suggests the respiratory substrate mainly
consisted of protein. On the contrary, a high O: N means the substrate is mainly provided
by fats and carbohydrates [49]. The OCR of crabs at 30–35 ◦C was similar, but AER raised
dramatically at 35 ◦C, leading to a lower O: N (105.66 ± 16.90) compared with 30 ◦C
(143.46 ± 7.97). Though the value is much higher than 10, the results suggest a higher
proportion of proteins consumed by respiration than tissue growth at 35 ◦C. The conjecture
could further be confirmed by the high hemolymph uric acid level.

The stress response of an organism can be divided into three levels [50]. First-order
stress responses include elevated cortisol levels [51]. Secondary stress includes increased
energy mobilization, manifested primarily by increases in blood glucose and circulating
lipids, which provide the organism with the energy necessary to resist stress [52]. Primary
and secondary stress responses trigger tertiary stress responses that ultimately affect animal
growth and survival [53]. In this study, a significant increase in cortisol, GLU, TG, and
T-CHO in the hemolymph at high temperatures was observed. The results indicate that
elevated temperature caused cortisol secretion, increased protein catabolism, and plasma
cholesterol, and promoted GLU by inhibiting GLU breakdown. Furthermore, mud crabs
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raised at 35 ◦C also had higher lactic acid and significantly lower T-AOC, SOD, and GSH,
suggesting an inferior thermal resistance [54,55] and antioxidant capacity, leading to down-
regulated survival rates.

5. Conclusions

The effects of rearing temperature on mud crab S. paramamosain were estimated by
growth, molting, feeding intake, energy metabolism, and stress responses. The result
showed that the crabs at high temperature (35 ◦C) had a significantly higher ecdysone
level and expression of the ecr gene but lower MI, MF, and survival rate. The effect could
be mediated through respiration, energy metabolism, and antioxidant pathways. It was
found that 28.5–29.7 ◦C provided the best conditions for mud crab growth. These findings
could help regulate the temperature in mud crab RAS and provide a thread for the thermal
adaptation of crustaceans.
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Abstract: The golden tide dominated by Sargassum has become a frequently-occurring marine
ecological event that may constitute major biotic threats to seaweed aquaculture. In this study,
the interaction between cultivated Gracilariopsis lemaneiformis (GL) and floating Sargassum horneri
(SH) was investigated by physiological and biochemical measurements under mono-culture and
co-culture with different biomass density ratios of 2:1 (2GL:1SH), 1:1 (1GL:1SH), and 1:2 (1GL:2SH).
The relative growth rate, net photosynthetic rate, and NO3-N uptake rate of G. lemaneiformis were
significantly greater at the biomass density ratio of 2:1 than at mono-culture. However, these
physiological parameters and biochemical composition contents (chlorophyll a and soluble protein)
of G. lemaneiformis decreased significantly with increasing biomass of S. horneri. Meanwhile, these
physiological and biochemical parameters of S. horneri were greater in all co-culture models than
at mono-culture. They decreased significantly with decreasing biomass of G. lemaneiformis. These
results indicate that the occurrence of floating S. horneri with low biomass can stimulate the growth
of G. lemaneiformis, whereas its outbreak may significantly reduce the production and quality of
G. lemaneiformis. G. lemaneiformis cultivation may be beneficial to the increased biomass of floating
S. horneri.

Keywords: biochemical composition; golden tide; growth; NO3-N uptake; photosynthesis;
seaweed cultivation

1. Introduction

In recent years, multiple large-scale outbreaks of golden tide caused by Sargassum have
occurred along the coastal waters of the Pacific and Atlantic Ocean [1–4]. This phenomenon
may be closely correlated with marine ecological deterioration, including seawater eu-
trophication and warming [5,6]. Along the northwest Pacific coast, Sargassum horneri is
a predominant golden-tide-forming seaweed that originally forms extensive underwater
forests [7,8]. Sessile populations of S. horneri have continuously decreased in this region [9],
whereas a prominent drifting biomass has been frequently detected in the coastal regions of
China in the last decade [3,10]. Golden tides have caused considerable disruption to coastal
ecosystems, including the death of aquatic organisms by hypoxia, resource competition
with native species, and even shifts in biological community structures [11,12]. Further-
more, it has brought considerable damage to local economic industries such as tourism,
traditional fisheries, and mariculture [13–15].

Positive and negative interactions among plants are widespread in both terrestrial
and aquatic ecosystems, and have complicated and changeable effects on population
dynamics, community structure, and biodiversity patterns [16–18]. In coastal regions,
a common interspecific interaction pattern is for marine plants with overlapping niches
to compete for diverse limited environmental resources [19–21]. Epiphytic Ulva lactuca
has been proven to severely interfere with mariculture of Neoporphyra haitanensis, as they
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compete for carbon and nitrogen resources [22]. Additionally, the growth of
Neopyropia yezoensis was apparently restrained by Ulva prolifera proliferation because
of competition for space, nutrients, and light for spore attachments [23,24]. Allelopa-
thy is another pattern of interspecific interaction among marine algae, which can stimulate
or inhibit each other through the release of biochemical metabolites [25–27]. Yuan et al. [28]
showed that aqueous extract from Sargassum fusiforme promoted the growth of
Karenia mikimotoi at 0.2 g L−1, while its growth was inhibited at 1.6 g L−1. Similarly,
Patil et al. [29] documented that the growth of Skeletonema costatum was not significantly
decreased by culture filtrates of Pyropia haitanensis at 0.625–10 g FW L−1, while it was
greatly inhibited at 15 and 20 g FW L−1. These results imply that interaction through
allelopathy is closely associated with the biomass density ratio among species. However,
thus far there has been little information produced regarding the influence of the biomass
density ratio on the interaction between marine macroalgae.

Gracilariopsis lemaneiformis is a common intertidal red seaweed that is naturally dis-
tributed across temperate regions worldwide [30–32]. In China, G. lemaneiformis is exten-
sively cultivated due to its widespread applications in agar production, the food industry,
and abalone aquaculture [33–35]. It is the seaweed species with the third highest production
rate in terms of mass, with 368,967 tons of dry weight produced in 2020 [36]. Additionally,
the cultivation of this species is beneficial to coastal ecosystems in many ways, including
alleviation of harmful microalgal blooms, increasing the dissolved oxygen in the seawater,
and maintaining coastal ecological balance [37]. In recent years, the deterioration of the
marine environment caused by climate change and human activities has posed a severe
threat to the mariculture production of seaweeds [38–40]. Due to the economic and eco-
logical importance of G. lemaneiformis, a considerable number of studies about the impacts
of diverse abiotic factors on its physiological and biochemical performance have been
conducted [41–44]. Nevertheless, the effects of biotic stresses such as macroalgal blooms on
G. lemaneiformis have rarely been reported.

In the current study, we performed a short-term culture experiment to examine the
interactive influences between cultivated G. lemaneiformis and floating S. horneri. Changes
in growth, photosynthesis, NO3-N uptake, and biochemical compositions were estimated.
Our results provide significant information to improve the mariculture management of this
valuable species and to address marine ecological hazards.

2. Materials and Methods

2.1. Sampling and Maintenance

G. lemaneiformis thalli were sampled from farmed populations on Lidao Island (36◦26′ N,
122◦56′ E), China, in June 2020. Meanwhile, S. horneri thalli were sampled from floating
populations in the cultivation area of G. lemaneiformis. Healthy samples were chosen and
completely rinsed using sterilized seawater to remove epiphytes and detritus. Algal frag-
ments of G. lemaneiformis (6 cm in length) and S. horneri (3 cm in length) were respectively
excised from the apical position of branches for the experiments. Then, they were incubated
in tanks containing 6 L of 25% PESI medium [45]. These fragments were kept for three days
at 20 ◦C, 90 μmol photons m−2 s−1, and a 12:12 L:D cycle in order to minimize the impacts
of excision.

2.2. Culture Experiment

A twelve-day culture experiment was performed under mono-culture conditions of
G. lemaneiformis and S. horneri and co-culture at different biomass density ratios (BDRs).
For the mono-culture, the initial biomass density was set at 6 g for both species. For the
co-culture, the initial BDR was set at 2:1 (4 g G. lemaneiformis cultured with 2 g S. horneri), 1:1
(3 g G. lemaneiformis cultured with 3 g S. horneri), and 1:2 (2 g G. lemaneiformis cultured with
4 g S. horneri). A total of five treatments were set up, and each treatment was conducted
in three replicates. In this experiment, 20 ◦C, 90 μmol photons m−2 s−1, and a 12:12 L:D
cycle were maintained. This experiment used fifteen tanks, with each tank containing 6 L
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of sterilized seawater enriched with 25% PESI medium. Gentle aeration was conducted
during this experiment. The medium was changed every three days. The fresh weights
(FWs) of all fragments before and after incubation were determined after each fragment
was blotted dry. The relative growth rate (RGR; % day−1) was calculated by Equation (1):

RGR = 100 × (lnWt − lnW0) / t (1)

where W0 is the initial FW, Wt is the final FW, and t is the culture time in days.

2.3. Measurement of Photosynthesis

Following the culture experiment, we determined the net photosynthetic rates of
G. lemaneiformis and S. horneri using a manual FireStingO2II oxygen meter (Pyro Science
GmbH, Aachen, Germany). For each species, 0.33 g (FW) of samples from each treatment
were moved to the oxygen electrode cuvette containing 330 mL of 25% PESI medium. Next,
the medium was continuously stirred to ensure homogenous oxygen diffusion. The culture
conditions were the same as for the experiment above. The oxygen increase in the seawater
was regarded as the net photosynthetic rate after an increase in the light density. Before
measurements, these samples were placed into the cuvette for 5 min acclimation. The
oxygen concentration in the medium was documented every 1 min for 15 min.

2.4. Measurement of NO3-N Uptake Rate

Following the culture experiment, 0.2 g (FW) of G. lemaneiformis and/or S. horneri
were randomly selected from each tank for NO3-N uptake measurements. They were trans-
ferred into conical flasks containing 200 mL of sterilized seawater enriched with 25% PESI
medium and gently shaken for 2 h using a horizontal oscillator. The light and temperature
conditions were the same as those described for the culture experiment. For each treatment,
the media before and after the culture experiment were separately collected and the NO3-N
concentrations were determined by the cadmium column reduction method and molybde-
num blue method with ultraviolet absorption spectrophotometer, respectively [46,47]. The
NO3-N uptake rate was calculated by Equation (2):

UN = (C0 − Ct) × V / (T × W) (2)

where UN is the NO3-N uptake rate, C0 is the initial concentration of NO3-N (mg L−1),
Ct is the final concentration of NO3-N (mg L−1) following the experiment, V is the medium
volume (mL), T is the experiment period, and W is the FW of samples (g).

2.5. Measurement of Chlorophyll a (Chl a)

0.1 g (FW) of G. lemaneiformis was used to extract the Chl a in each replicate of all the
experimental treatments. These samples were ground using liquid nitrogen, then 3 mL
of phosphate buffer solution (0.1 M, pH = 6.8) was added. After transferring the samples
into tubes, they were centrifuged for 30 min at 4000 rpm at 4 ◦C. Subsequently, 8 mL of
dimethylformamide (DMF) was added to the precipitates obtained following centrifugation
and maintained at 4 ◦C for 1 d. Extracts were then centrifuged for 10 min at 6000 rpm at
4 ◦C. The supernatant was collected and the absorption was determined at 750, 664, 647,
and 625 nm. The Chl a content (mg g−1) was calculated by Equation (3):

Chl a = [12.65 × (A664 − A750) − 2.99 × (A647 − A750) − 0.04 × (A625 − A750)] × Ve / (I × W × 1000) (3)

where A750–625 is the absorption of extracts at 750, 664, 647, and 625 nm, Ve is the DMF
volume (mL), I is the optical path in the cuvette (cm), and W is the FW of the samples (g).

0.25 g (FW) of S. horneri was used to extract the Chl a in each replicate of all the
experimental treatments. These samples were placed into 2 mL of dimethyl sulfoxide
for 5 min, and the supernatant absorption was determined at 665, 631, 582, and 480 nm.
Subsequently, the same samples were placed into 3 mL of acetone for 2 h. The supernatant
was moved to a 10 mL tube, then 1 mL of methanol and 1 mL of distilled water were added.
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The supernatant absorption was determined at 664, 631, 581, and 470 nm. The Chl a content
(mg g−1) was calculated by Equation (4):

Chl a = [(A665 / 72.8) × V1 + (A664 / 73.6) × V2] / (I × W) (4)

where A665 and A664 are the absorption rates of the extracts at 665 and 664 nm, respectively,
V1 is the volume of the extract at the first extraction process (mL), V2 is the volume of
extract at the second extraction process (mL), I is the optical path in the cuvette (cm), and
W is the FW of the samples (g).

2.6. Measurements of Soluble Protein and Carbohydrate

For all the experimental treatments, 0.1 g (FW) of samples from each replicate were
homogenized with a pestle and mortar and 0.9 mL of phosphate buffer solution (0.1 M,
pH = 7.4). The extract was centrifuged for 30 min at 12,000 rpm at 4 ◦C. The supernatant
absorption at 595 nm was recorded using an ultraviolet spectrophotometer. The soluble
proteins of samples were evaluated using Coomassie Brilliant Blue G-250 dye (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and bovine albumin [48].

An amount (0.1 g FW) of the samples from each replicate were ground in 2 mL of
distilled water and diluted to 10 mL after adding 2 mL of MgCO3 suspension liquid. The
mixture was centrifuged for 5 min at 4000 rpm at 4 ◦C. Then, 1 mL of supernatant was
moved to a tube and diluted to 2 mL. After that, 8 mL of anthrone reagent was added.
The mixture was bathed in boiled water for 10 min and cooled to room temperature.
The absorption at 620 nm was recorded and the mixture was standardized. The soluble
carbohydrate content was measured according to [49].

2.7. Statistical Analysis

For both species, one-way ANOVA was applied to analyze the RGR, net photosyn-
thetic rate, NO3-N uptake rate, and the contents of biochemical compositions among
different culture models (mono- or co-cultures with three BDRs). Prior to these analyses,
the variances of the data were subjected to homogeneity tests. Duncan’s multiple range
test was used if significant differences were detected (p < 0.05). Statistical analyses were
carried out using SPSS 26.0 software.

3. Results

3.1. Growth

The RGRs of G. lemaneiformis were significantly affected by culture model (Figure 1A
and Table 1). The RGR at BDR of 2:1 was significantly greater than that at mono-culture.
However, the RGR decreased significantly with increasing biomass of S. horneri, from BDR
of 2:1 to 1:2. The RGRs of S. horneri differed significantly among culture models (Figure 1B
and Table 1). The RGRs of all co-culture treatments were greater than that at mono-culture,
and significantly higher values were found at BDRs of 2:1 and 1:1. Additionally, the RGR at
BDR of 2:1 was significantly greater than that at BDR of 1:1.

Table 1. One-way ANOVA testing of the effects of biomass density ratio on RGR, net photosynthetic
rate, NO3-N uptake rate, Chl a, soluble protein, and carbohydrate of Gracilariopsis lemaneiformis and
Sargassum horneri.

Factors
Gracilariopsis lemaneiformis Sargassum horneri

df F p df F p

RGR 3 112.721 <0.001 3 16.595 <0.001
Net photosynthetic rate 3 29.975 <0.001 3 6.836 <0.05

NO3-N uptake rate 3 52.763 <0.001 3 32.004 <0.001
Chl a 3 4.510 <0.05 3 4.157 <0.05

Soluble protein 3 6.398 <0.05 3 11.253 <0.01
Soluble carbohydrate 3 39.980 <0.001 3 33.784 <0.001
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Figure 1. The RGRs of Gracilariopsis lemaneiformis (A) and Sargassum horneri (B) cultured for twelve
days at mono-culture and co-culture with biomass density ratios of 2:1, 1:1, and 1:2. Different
lowercase letters represent significant differences (p < 0.05) among culture models.

3.2. Photosynthesis

The net photosynthetic rates of G. lemaneiformis differed significantly among culture
models (Figure 2A and Table 1). The net photosynthetic rate at BDR of 2:1 was significantly
higher than those of the other culture models. Additionally, the net photosynthetic rate
at BDR of 1:2 was significantly lower than that at mono-culture. The net photosynthetic
rates of S. horneri were significantly affected by culture model (Figure 2B and Table 1). The
net photosynthetic rate at BDR of 2:1 was significantly higher than that at mono-culture.
However, the net photosynthetic rates decreased significantly with increasing biomass of
S. horneri, from BDR of 2:1 to 1:2.

Figure 2. The net photosynthetic rates of Gracilariopsis lemaneiformis (A) and Sargassum horneri (B)
cultured for twelve days at mono-culture and co-culture with biomass density ratios of 2:1, 1:1, and
1:2. Different lowercase letters represent significant differences (p < 0.05) among culture models.
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3.3. NO3-N Uptake Rate

A significant effect of the culture model on the NO3-N uptake rates of G. lemaneiformis
was detected (Figure 3A and Table 1). The NO3-N uptake rate at BDR of 2:1 was significantly
greater than those of the other culture models. The NO3-N uptake rates of S. horneri were
significantly different among culture models (Figure 3B and Table 1). The NO3-N uptake
rates of the co-culture treatments were significantly greater than that at mono-culture. The
NO3-N uptake rates decreased significantly with increasing biomass of S. horneri, from
BDR of 2:1 to 1:2.

Figure 3. The NO3-N uptake rates of Gracilariopsis lemaneiformis (A) and Sargassum horneri (B)
cultured for twelve days at mono-culture and co-culture with biomass density ratios of 2:1, 1:1, and
1:2. Different lowercase letters represent significant differences (p < 0.05) among culture models.

3.4. Chl a

The Chl a contents of G. lemaneiformis differed significantly among culture models
(Figure 4A and Table 1). The Chl a content at BDR of 1:2 was significantly lower than at
mono-culture and BDR of 2:1. Similarly, the Chl a contents of S. horneri differed significantly
among culture models (Figure 4B and Table 1). The Chl a content at BDR of 2:1 was
significantly greater than at mono-culture and at BDR of 1:2.
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Figure 4. The contents of Chl a, soluble protein, and soluble carbohydrate of Gracilariopsis
lemaneiformis (A,C,E) and Sargassum horneri (B,D,F) cultured for twelve days at mono-culture and
co-culture with biomass density ratios of 2:1, 1:1, and 1:2. Different lowercase letters represent
significant differences (p < 0.05) among culture models.

3.5. Soluble Protein and Carbohydrate

The one-way ANOVA results showed a significant difference among culture models
on the soluble protein contents of G. lemaneiformis (Figure 4C and Table 1). The soluble
protein content at BDR of 2:1 was significantly greater than at BDRs of 1:1 and 1:2. The
soluble protein contents of S. horneri differed significantly among culture models (Figure 4D
and Table 1). The soluble protein contents at BDRs of 2:1 and 1:1 were significantly greater
than at mono-culture and BDR of 1:2.

A significant effect of the culture model on the soluble carbohydrate contents of
G. lemaneiformis was detected (Figure 4E and Table 1). Compared to the mono-culture, the
soluble carbohydrate content had significantly higher values at co-culture with different
BDRs. Moreover, the soluble carbohydrate content at BDR of 1:2 was significantly greater
than at BDRs of 2:1 and 1:1. Similarly, the soluble carbohydrate contents of S. horneri varied
significantly among culture models (Figure 4F and Table 1). The soluble carbohydrate
content was significantly higher at mono-culture than co-culture with different BDRs. The
soluble carbohydrate contents increased significantly with increasing biomass of S. horneri,
from BDR of 2:1 to 1:2.

4. Discussion

Diverse positive and negative interspecific interactions exist among plants in natural
communities [50]. The principal mechanisms of these interactions, such as resource compe-
tition or allelopathy, are often species-specific and environment-dependent [51,52]. In this
study, the RGR of G. lemaneiformis was significantly enhanced under co-culture with BDR
of 2:1 compared to under mono-culture, indicating that the presence of S. horneri with a
relatively lower biomass had a stimulating impact on G. lemaneiformis. A similar finding
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was documented for G. lemaneiformis and epiphytic U. prolifera, showing that the RGR of
U. prolifera was greatly increased under co-culture with BDR of 1:1 [53]. This ‘hormesis’
effect may have resulted from the division and expansion of cells through the enzymatic or
non-enzymatic processes following low-dose phytotoxin stimulation, thereby further in-
creasing the growth of thalli [54,55]. Additionally, this may be due to an overcompensation
response following the initial damage caused by low concentrations of phytotoxins [56,57].
Therefore, we speculated that the secretion of allelochemicals played a more critical role in
interspecific interactions than resource competition when G. lemaneiformis suffered from
a low biomass value of S. horneri. Moreover, allelopathy presents complex mechanisms
that can influence a variety of physiological and biochemical processes [58]. In this study,
we observed a significant increase in the net photosynthetic rate, NO3-N uptake rate, and
soluble protein content of G. lemaneiformis under co-culture with BDR of 2:1. Similarly,
Pan et al. [53] showed that, compared to mono-culture, the Chl a content and photosynthetic
rate of G. lemaneiformis were significantly enhanced under co-culture with 0.5 g L−1 of
U. prolifera. Further experiments are required to clarify the correlative mechanisms of
these findings.

Compared to the stimulating effect of S. horneri on G. lemaneiformis with a relatively
lower biomass, the RGR at BDR of 1:2 was significantly lower than at mono-culture. Simi-
larly, Xie et al. [59] demonstrated that the initial population density rate greatly influences
the interaction of Heterosigma akashiwo (H) and Prorocentrum donghaiense (P). The growth of
H. akashiwo was restrained by P. donghaiense at the inoculation proportion of 1H:4P, whereas
H. akashiwo possessed a higher growth rate at the inoculation proportion of 4H:1P. Both
nutrient competition and allelopathy have been demonstrated to play a critical role in
interspecific interaction between these two microalgal species. In addition, the net photo-
synthetic rate, Chl a content, and soluble protein content of G. lemaneiformis significantly
decrease at BDR of 1:2. A similar result was presented in [24], where the growth, photo-
synthetic activity, and biochemical metabolism of N. yezoensis were significantly inhibited
by epiphytic U. prolifera, mainly as a result of nutrition and light competition. On the
other hand, high concentrations of allelochemicals may lead to cell expansion and rupture,
while cells can maintain osmotic pressure and intracellular homeostasis by accumulating
soluble carbohydrates [60–62]. In the current study, the soluble carbohydrate content of
G. lemaneiformis presented a significant increase at BDR of 1:2, indicating that S. horneri may
have exerted a strong allelopathic effect on G. lemaneiformis under this condition. Therefore,
the inhibitory effect of S. horneri with a relatively higher biomass on G. lemaneiformis may
be associated with a combination of resource competition and allelopathy.

Compared to the mono-culture, the RGR, net photosynthetic rate, NO3-N uptake rate,
Chl a content, and soluble protein content of S. horneri were enhanced under co-culture
conditions with G. lemaneiformis at different BDRs. Macroalgal species with a stronger
growth capacity usually have advantages in interspecific competition scenarios [51,63].
Our results showed that S. horneri (7.23%) has a better growth rate than G. lemaneiformis
(3.53%) under mono-culture conditions. The outstanding growth performance of S. horneri
may be correlated with its adaptability to frequent marine environment changes during
the long-distance floating processes [64]. Additionally, U. lactuca showed greater growth
and maximal photosynthetic ability than G. lemaneiformis under competitive conditions,
benefiting from its larger frond surface area and higher nutrient uptake rate [65]. All these
results indicate that S. horneri has a dominant role in its competition with G. lemaneiformis
because of its physiological and morphological advantages. In addition, we observed
that all physiological and biochemical parameters of S. horneri increased significantly with
increasing biomass of G. lemaneiformis under co-culture conditions. Wang et al. [66] reported
that co-culture with a small quantity of G. lemaneiformis thalli was significantly beneficial
to the growth of the red tide species H. akashiwo. Similarly, G. lemaneiformis can stimulate
the growth of S. costatum by secreting various types of allelochemicals [67]. Therefore, we
suggest that certain allelochemicals produced by G. lemaneiformis may partially contribute
to the increased growth rate of S. horneri.
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The golden tide caused by Sargassum species has become a major ecological threat
to the coastal environment and aquaculture production. According to the present data,
although the occurrence of small quantities of S. horneri can stimulate the growth of
G. lemaneiformis, its outbreak has a greatly harmful impact on the growth and biochemical
metabolism of G. lemaneiformis, resulting in reduced yield and quality. Inversely, the growth
of S. horneri is enhanced by the occurrence of G. lemaneiformis, regardless of BDR. This
observation suggests that G. lemaneiformis cultivation has no inhibitory effect on golden tide,
rather favoring its further expansion. Hence, S. horneri should be removed or intercepted
in time to minimize economic and ecological losses. Due to the limited availability of data
in this study, more studies involving related physiological and molecular mechanisms are
required to evaluate the coping strategies of G. lemaneiformis against golden tide outbreaks.
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Abstract: Rice–crab co-culture systems represent integrated agriculture–aquaculture systems de-
veloped in China over the last 30 years. The rice–crab co-culture area comprised approximately
1.386 × 105 hm2 in 2019. However, there is no specific feed designed for Chinese mitten crab
(Eriocheir sinensis) cultured in this system until now. In this study, we investigated feed formu-
lae for the nutritional requirements of Chinese mitten crab in this mode. The control group was
not fed with any artificial feed (Co), and the experimental groups were fed with three different
feeds of 15% (T15), 30% (T30), or 45% (T45) protein content, respectively. Growth performance
variations in E. sinensis were investigated along with water quality, phytoplankton, zooplankton,
aquatic vascular plants, and benthic animals in the paddy fields to determine the effect of crabs and
their diet on the paddy ecosystem. Dietary protein levels had no significant effect on water quality.
The biomass and species of phytoplankton, zooplankton, aquatic vascular plants, and zoobenthos
in the paddy field were affected by crabs and their diet. Morphological parameters of crabs were
significantly more pronounced in the high-protein group than in the other groups. However, the
T45 diet negatively affected production by increasing feed costs, causing precocious puberty and
inducing water eutrophication. In conclusion, adding a 15% protein compound feed can meet the
nutritional needs of crabs, reduce culture costs, and improve water quality. The discharged water
had low ammonia nitrogen and nitrite content and no eutrophication occurred, so the water could be
recycled. These findings provide a scientific reference for supporting rice and fish co-cultivation.

Keywords: rice–crab co-culture; Eriocheir sinensis; dietary protein content; ecological environment

1. Introduction

The Chinese mitten crab (Eriocheir sinensis) is the most commonly farmed crab species
in China. In 2020, the General Office of the Ministry of Agriculture and Rural Affairs
proposed the implementation of “five major actions,” including the promotion of ecological
and healthy farming modes. The new rice–crab co-culture mode integrates the culturing of
rice and crabs with ecological, economical, and social benefits [1]. The food chain in the
ecosystem of this mode is quite complex, creating a more stable ecosystem than that in
single-species aquaculture. Crabs are at the top of this food chain and feed on plankton,
weeds, and benthic animals in rice fields, ensuring an efficient matter circulation and a
smooth energy flow through the whole system [2]. Furthermore, this mode produces a
double harvest of rice and crabs [3].

The ecological environment in rice–crab co-culture may be affected by several factors.
For instance, high-density culture adversely affects phytoplankton and benthic animals [4].
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Zhang et al. [5] demonstrated that the phytoplankton biomass in crab culture was sig-
nificantly higher than that in rice culture or rice co-culture. The daily activities of crabs
change the physical and chemical environment of water bodies, which indirectly affects the
plankton community structure [6]. These studies showed that the feeding behavior of crabs
on plankton and benthic animals influenced the rice–crab co-culture ecosystem.

The quality and output of the mode are not the only important factors; it is also
necessary to minimize expenses. Feed costs are the main expense in aquaculture. Almost
all crab artificial feeds use fish meal (FM) as the main protein source [2]. However, there is
a limited supply of FM, and it is costly [7], necessitating the use of expensive compound
feeds. The optimum crude protein for the growth of juvenile crabs is 347.8 g/kg under the
indoor individual Chinese mitten crab system [8]. Xu et al. found that a certain amount of
fish meal replaced by soybean meal effectively reduced the cost of feed and had no effect
on the growth performance, related enzyme activities and genes expression of Chinese
mitten crabs [9]. These experiments showed that the protein in the feed played a key role
in the growth performance of crabs and cost of feed.

After more than 30 years of development, China’s rice–crab co-culture area comprised
approximately 1.386 × 105 hm2 in 2019, which accounted for 5.94% of the national rice
and fishery planting area and produced a yield of 6.18 × 104 tons [10]. However, although
paddy fields are rich in natural nutrients in rice–crab co-culture systems, there is a lack of
details on the nutritional requirements, feed costs, and environmental response mechanisms
of crabs, especially regarding the interaction between crabs and the ecosystem in paddy
fields. In this study, we investigated the effect of three different protein levels in compound
feeds on crabs, plankton, aquatic vascular plants, and benthic animals in a rice–crab
co-culture system. We aimed to comprehensively analyze the protein requirements of
juvenile Chinese mitten crabs under a rice–crab co-culture system. The findings from this
research will provide a reference for the optimization of the feeding strategy in the rice–crab
co-culture system.

2. Materials and Methods

2.1. Experimental Animals and Experimental Paddy Field Management

The experimental animals were obtained from Panjin Photosynthetic Crab Co., Ltd.
(Panjin, China) and raised in the nursery pond at their facility. Crabs with complete
appendages and of uniform size were randomly selected for our experiment. The experi-
mental paddy field was routinely managed, and a base fertilizer was applied once, prior to
rice planting.

2.2. Experimental Design

The paddy-field crab–culture experiment was conducted in the paddy field at Pan-
jin Photosynthetic Crab Industry Co., Ltd. from 25 May to 8 October 2020 (Figure 1;
E 121◦50′38.73′′–121◦50′41.85′′, N 40◦54′1.07′′). Water samples were collected nine times,
including a sample in May prior to the initiation of the experiment and to any rice field
being stocked with crabs. Subsequently, samples were collected twice a month throughout
the experiment. The experimental design involved a total of 12 enclosures (6 m × 6.7 m).
The enclosures were divided into three experimental groups and a control group, with
three repetitions for each group. Crabs were stocked in each enclosure (the macrophthalmia
size was 160/g at 30,000/hm2), including the control group, which was not supplied with
any artificial food.

The feed used in the experimental group was designed by the research group with FM
and soybean meal as the main protein sources, and fish oil was used as the main fat source
(Table 1). Three types of isolipid feeds with different protein contents were formulated
by simultaneously increasing the FM and soybean meal content (FM: soybean meal = 2).
The feed protein levels were 15%, 30%, and 45%. The various solid raw materials were
accurately weighed according to the required formula ratio and, then, were fully mixed
according to the principle of step-by-step enlargement. Subsequently, the artificial feed
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was pulverized through a 100-mesh sieve, the oil was added, and all ingredients were
stirred to an even consistency. Finally, water was added (30%), and the feed was mixed
again. A double helix A pellet mill (DES-TS1280, Jinan Dingrun Machinery Equipment
Co., Ltd., Jinan, China) was used to press the feed into 3 mm diameter pellets. The pellets
were naturally air-dried and packaged and sealed in plastic bags. The bags were stored in a
refrigerator at −20 ◦C. Crabs were fed at a rate of 10% of their body weight. A detailed list
of contents of each experimental feed is shown in Table 1, and the feed costs are presented
in Table A1.

Figure 1. Experimental design field of the crab–rice field. Inlet is where the enclosure received
water; the outlet is where the enclosure drained water. Co is the control group with no artificial feed
supplied, and T15, T30, and T45 represent the treatment groups fed with experimental feeds of 15%,
30%, and 45% protein content, respectively.

Table 1. Detailed list of contents of each experimental feed.

Ingredients/%
Content

T15 T30 T45

Fish meal 6 27 47
Soybean meal 3 13.5 23.5

Beer yeast 3 3 3
Wheatmeal 72.59 43.09 15.09

Fish oil 7.5 5.5 3.5
Lecitin 0.5 0.5 0.5

Mineral premix 2 2 2
Vitamin premix 2 2 2

Squid paste 1 1 1
Glycine betaine 0.5 0.5 0.5

Choline chloride 0.2 0.2 0.2
Calcium dihydrogen

phosphate 1.5 1.5 1.5

Chromium oxide 0.1 0.1 0.1
Ethoxyquin 0.01 0.01 0.01

Calcium propionate 0.1 0.1 0.1
Total 100 100 100

Crude protein 15.00 30.49 45.25
Crude lipid 9.13 9.27 9.31

Total energy/KJ·g−1 18.09 16.57 17.17

2.3. Test Methods
2.3.1. Monitoring Water Quality in the Paddy Fields

During the experiment, physical and chemical water quality indicators were recorded
and monitored in each enclosure. The indicators included temperature (oxygen dissolving
instrument, YSI550-A, Vasey Instrument Company, Exton, PA, USA), pH (pH meter, PHB-1,
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Shanghai Thunder Magnetic, Shanghai, China), salinity (Pen salinity meter, AR-8012, Xima
Instrument Co., Ltd., Dongguan, China), dissolved oxygen (oxygen dissolving instrument,
YSI550-A, Vasey Instrument Company), ammonium nitrogen (visible spectrophotometer,
V-1100, Shanghai Meitong Instrument Co., Ltd., Shanghai, China), and nitrite nitrogen [11].

2.3.2. Growth Performance and Yield of Crabs

The megalopae of crabs were collected and weighed to ensure all enclosures contained
the same number of crabs (160/g) on 25 May. The megalopae were cultured in the enclo-
sures for 46 days until they reached the feeding phase. The experiment was initiated after
the crabs were measured. The average body length, width and height was 1.08 ± 0.08,
1.16 ± 0.09 and 0.53 ± 0.05 cm, respectively, and average body weight was 0.63 ± 0.13 g.
During the experiment, the body length, width, height, and weight of the crabs were mea-
sured on 10 July, 28 July, 17 August, 8 September, and 8 October. All crabs were humanely
harvested at the end of the experiment. Crabs were caught using a plastic bucket inserted
into a hole dug in the bottom of the enclosure. The frequency of collection depended on the
number of crabs. All specimens were counted, measured, and weighed. Precocious puberty
was assessed by comparing the abdomen, junction, villi, gonad, color, and crab patterns
with those of the representative crab specimens [12]. Growth performance indicators were
calculated using the following formulae:

Survival rate/% = nt/n0 × 100%,

Weight gain rate/% = (mt − m0)/m0 × 100%,

Specific growth rate/%/d = (ln mt − ln m0)/t × 100%,

Total output/g·m−2 = W/S,

Net output/g·m−2 = (W − W0)/S,

where n0 represents the initial number of crabs, nt represents the final number of crabs,
mt represents the final average body weight, m0 represents the initial average body weight,
t represents the total number of days of the experiment, W represents the final total weight
of crabs in an enclosure, W0 represents the initial total weight of crabs in an enclosure, and
S represents the area of the enclosure (6 m × 6.7 m = 40.2 m2).

2.3.3. Qualitative and Quantitative Analysis of Phytoplankton

The sampling and measurement methods used to assess the phytoplankton were
based on those of Zhang [6]. Briefly, 1 L of water was collected by five-point sampling at
each point and mixed in a bucket. A lugol solution (10–15 mL) was then evenly mixed
into the water. After 48 h, the sample was concentrated by siphonage, fixed at 100 mL
volume, and then put into an iodometric bottle for qualitative analysis. The qualitative
and quantitative analyses followed Li et al. [13], and Zhao [14], respectively. The specific
gravity of phytoplankton is approximately 1. Therefore, the volume was directly converted
into wet weight, and the phytoplankton biomass was calculated (Table A2).

2.3.4. Qualitative and Quantitative Analyses of Zooplankton

The sampling and measurement of the zooplankton were based on methods of Zhang [6].
The qualitative and quantitative methods followed those described in Section 2.3.3, and the
zooplankton biomass was calculated (Table A3).

2.3.5. Qualitative and Quantitative Analyses of Aquatic Vascular Plants

The aquatic vascular plants were sampled by selecting two points that were consistent
for each enclosure. A 30 cm × 30 cm iron frame was used to divide the sampling area.
The plants (except rice) were uprooted, species were identified, and plant wet weight
was determined.
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2.3.6. Qualitative and Quantitative Analysis of Benthic Animals

The quantification of the benthic animals was conducted at the same sampling points
as those mentioned in Section 2.3.5 at a depth of approximately 10 cm using a self-made
barrel dredger [15]. The benthic animals were screened using a sieve with an aperture of
0.2–2 mm and then wet-weighed, identified, and counted with precision.

2.4. Statistical Analysis

The experimental data were collated using Excel. The homogeneity of variance test
and one-way ANOVA were performed using SPSS 24.0. Any significant differences between
groups were further analyzed using Duncan’s multiple comparison tests. The results were
expressed as the mean ± standard deviation. In all analyses, a probability value less than
0.05 was considered significant (p < 0.05).

Dominance (Y) was calculated according to the formula:

Y = ni/N × f i

where Y is the degree of dominance, ni is the number of individuals of species i, N is
the total number of individuals, and fi is the frequency of occurrence of species i at five
sampling points within an enclosure.

The Shannon–Wiener diversity index (H′) was calculated using the formula:

H′ = −∑ [(ni/N)× ln(ni/N)],

where ni is the number of individuals of species i, and N is the total number of individuals
of the species.

3. Results

3.1. Growth Performance and Yield of Crabs

The morphological parameters of the crabs in the high- and low-protein diet groups
varied significantly at each measurement (Figure 2). At the end of the experiment, the
carapace length, width, and height of both T30 and T45 groups were significantly higher
than those of the Co group (p < 0.05), and the carapace length and width were significantly
higher than those in the T15 group (p < 0.05). The final body weight and weight gain rate
of the crabs in the T45 group were significantly higher than those of the Co group (p < 0.05).
The growth rate of the crabs in the Co group was significantly lower than that of the T30
and T45 groups (p < 0.05).

Aab Aab AAab Aab AAb Ab AAa Aa A

Bb
Bb

Bb

Bb
Bb

Bb

Ba
Ba

Ba

Ba
Ba

Ba

0

5

10

15

20

25

30

35

40

CL CW CH

I-Co I-T15 I-T30 I-T45 F-Co F-T15 F-T30 F-T45

n=3; SEx

Figure 2. Comparison of morphological parameters of crabs among different protein-content groups.
I, the initial size in the beginning of experiment; F, the final size at end of experiment; CL, carapace
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length; CW, carapace width; CH, carapace height. Different letters indicate the significant difference
among treatment groups (p < 0.05).

The final body weight of the crabs ranged from 8.30 g to 17.28 g (Table 2). The final
body weight of the crabs that were fed diets increased significantly with the increase
of protein content (p < 0.05). The body weight increase rate varied from 9641.86% to
20,181.73% and significantly increased with the increase in dietary protein content (p < 0.05).
The specific growth rate of the crabs varied from 3.30%/d to 3.85%/d and significantly
increased as the dietary protein content increased (p < 0.05).

Table 2. Effects of different dietary protein content levels on the growth performance and yield (n = 3;
x ± SD) of juvenile Chinese mitten crabs.

Growth Performance
and Yield

Groups

Co T15 T30 T45

Initial body weight/g·ind−1 0.09 ± 0.02 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.02
Final body weight/g·ind−1 8.30 ± 3.19 a 13.10 ± 1.59 ab 14.35 ± 1.87 ab 17.28 ± 6.23 b

Survival rate/% 17.93 ± 8.25 12.51 ± 3.38 8.46 ± 2.76 10.38 ± 3.43
Weight gain rate/% 9641.86 ± 3738.90 a 15,277.93 ± 1860.99 ab 16,737.02 ± 2194.882 ab 20,181.73 ± 7316.62 b

Specific growth rate/%·d−1 3.30 ± 0.33 a 3.67 ± 0.09 ab 3.74 ± 0.09 b 3.85 ± 0.26 b

Total output/g·m−2 48.38 ± 10.14 58.62 ± 10.05 43.86 ± 12.27 60.41 ± 1.18
Net output/g·m−2 42.62 ± 10.14 52.86 ± 10.05 38.10 ± 12.27 54.64 ± 1.18

Note: Values in each row with different superscripts are significantly different (p < 0.05).

The total and net yields of crabs varied from 43.86 g/m2 to 60.41 g/m2 and 38.10 g/m2

to 54.64 g/m2, respectively. The highest total and net yields were for crabs in the T45
group, followed by those of the T15 and Co groups; the lowest was for those of the T30
group. There was no significant variation in the total and net yield of crabs in the different
experimental groups (p > 0.05). Towards the end of the experiment, approximately 10% of
crabs in the T45 group experienced precocious puberty.

3.2. Water Quality

The physical and chemical parameters of water quality in each enclosure during the
experimental period was assessed (Figure 3). Generally, the parameters of water quality
in each enclosure were consistent with the fishery water quality standard of the People’s
Republic of China (GB 11607-89). During the experiment, the water temperature ranged
from 24.5 ◦C to 28.2 ◦C, and the salinity from 0.493‰ to 1.743‰. No significant difference
was found in dissolved oxygen, ammonia, and nitrate levels in all enclosures (Figure 3).

3.3. Phytoplankton in the Paddy Fields and Variations with Time
3.3.1. Phytoplankton Biodiversity

A total of 54 species of phytoplankton from seven phyla were detected in four treat-
ments during the experiment (Table A4). Seven phyla were present in all treatments
(Figure 4). Bacillariophyta was the dominant group, with 19 species present, and accounted
for 35.19% of the phytoplankton species observed. Chlorophyta was the phylum with the
second highest number of species (18 species) and accounted for 33.33% of the total number
of species. Other groups included Cyanophyta (9 species; 16.67%) and Euglenophyta
(5 species; 9.26%). The phyla Cryptophyta, Chrysophyta, and Pyrrophyta were represented
by one species each and accounted for 1.85% of the total species.

The rank of phytoplankton biomass of each group, from nine sampling events, was:
Chlorophyta (32.48 mg/L, accounting for 26.96% of the total biomass), Eugelenophyta
(29.19 mg/L; 24.23%), Chrysophyta (26.85 mg/L; 22.29%), Cyanobacteria (0.26 mg/L;
15.15%), Bacillariophyta (13.68 mg/L; 11.36%), and Cryptophyta (3.06 mg/L; 2.54%). Pyrro-
phyta was detected only once at a very low proportion.
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n x

Figure 3. Water quality parameters of each enclosure during the experiment. The y-axis of NO2
−-N

is the secondary coordinate axis (right), and others correspond to the left primary coordinate axis.

n

Figure 4. Species of phytoplankton observed in different treatment groups during the experiment.

The phytoplankton diversity in each group was analyzed using the Shannon–Wiener
diversity index (Figure 5), with an overall average of 1.07. The diversity index of the Co
group was 0.59 to 1.43, with an average of 1.03. The diversity index of the T15 group was
0.46 to 1.62, with an average of 0.95. The diversity index of the T30 group was 0.54 to 1.65,
with an average of 1.02. The diversity index of the T45 group was 0.93 to 1.62, with an
average of 1.26.
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Figure 5. Shannon–Wiener diversity distribution indexes in different treatment groups during
the experiment.

3.3.2. Variation Trends in Phytoplankton Biomass over Time

The phytoplankton biomass of different treatment groups over times was analyzed
statistically. The overall average biomass of each experimental group showed a downward
trend with time. However, an abnormal increase occurred for those in Co group on
15 August (Figure 6). On 25 May, the biomass in T45 was significantly higher than that
in Co (p < 0.05). On 30 June, the biomass in T15 was significantly lower than that in Co
and T45, while those in Co and T15 was significantly higher than that in T45 on 15 August
(p < 0.05). The phytoplankton biomass in Co group was the lowest among all groups on
15 October (p < 0.05).

n x

Figure 6. Phytoplankton biomass in different treatment groups during the experiment. Different
lowercase letters in each group represent significant differences (p < 0.05).

3.3.3. Succession and Population Changes in the Dominant Phytoplankton Species

The dominant phytoplankton species were calculated, and the results are presented in
Figure 7. If Y > 0.02, then the species was considered dominant. After the quantification
and calculation analysis, there were five phyla of dominant zooplankton. The species com-
position and dominance of each phytoplankton species varied within different sampling
time intervals in each treatment group (Table A5).
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Figure 7. Dominance phytoplankton at phyla level in different treatment groups during the experiment.

Chromulina pygmaea and Chlorella pyrenoidosa were highly dominant species in different
treatment groups during the experiment. The diversity of dominant phytoplankton species
in the Co group increased over time. Comparatively, the dominant species of each feeding
group were relatively simple. In the later stage of the experiment, the degree of dominance
of Chroococcus in the T30 and T45 groups was higher than that in the Co and T15 groups
(Figure 8). On 2 September, the degree of dominance of Chroococcus in T45 was significantly
higher than in the other groups (p < 0.05).
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Figure 8. Dominance of Chroococcus sp. in different treatment groups during the experiment.

3.4. Species, Quantities, and Changes in Zooplankton
3.4.1. Zooplankton Species Diversity

A total of 50 species of zooplankton were detected during the experiment (Figure 9).
Protozoa had the highest number of species, with 23 species detected, and accounted for
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46% of the total number of species. Rotifera had 15 species detected, accounting for 30%
of the total species. Cladocera had eight species, accounting for 16% of the total species.
Copepoda had four species, accounting for 8% of the total species.

Figure 9. Species of zooplankton in different treatment groups during the experiment.

The zooplankton species in different treatment groups during the experiment are listed
in Table A6. The average biomass of Copepoda was the largest at 31.61 mg/L and accounted
for 50.00% of the overall zooplankton biomass. That of Cladocera was 29.29 mg/L and
accounted for 46.33% of the total biomass. These two groups accounted for 96.32% of the
total average biomass. The average biomass of Protozoa was 1.76 mg/L, accounting for
2.79% of the total. The zooplankton group with the lowest average biomass was the rotifers,
with only 0.56 mg/L, accounting for 0.89% of the total average biomass.

The zooplankton diversity in each group was analyzed using the Shannon–Wiener
diversity index (Figure 10). The overall average value was 1.69. The diversity index
was from 1.19 to 2.16 for the Co group (1.74 average), 1.15 to 2.31 for the T15 group
(1.67 average), 1.00 to 2.18 for the T30 group (1.61 average), and 1.27 to 2.08 for the T45
group (1.73 average), respectively.

n x

Figure 10. Shannon–Wiener diversity indexes of the zooplankton in different treatment groups
during the experiment.
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3.4.2. Variation Trends of the Zooplankton Biomass over Time

The total average zooplankton biomass in the paddy field fluctuated over time. There
was an upward trend from the beginning of the experiment to 15 July, which then decreased
to 15 August and increased to September 15 before decreasing again (Figure 11). The
biomass of zooplankton in T45 was significantly lower than those in T15 and T30 on 30 June
(p < 0.05), while the biomass in T45 was significantly higher than those in other groups on
29 July (p < 0.05).

n x

Figure 11. Zooplankton biomass in different treatment groups during the experiment.

3.4.3. Succession of Dominant Zooplankton Species and Community Changes

The dominant zooplankton species in the paddy fields during the experiment are
shown in Table A7 and Figure 12. When dominance value (Y) > 0.02, the species was
considered dominant. The dominant species in different treatment groups consisted of
32 species belonging to 4 zooplankton groups (i.e., Rotifera, Copepoda, Cladocera and
Protozoa), respectively. The biomasses of the dominant zooplankton species were relatively
low in the four treatment groups on 25 May and 7 October. The number of dominant species
in T15 was the lowest on 15 August. The numbers of dominant species were 6 to 10 in Co
group, 4 to 11 in T15 group, 4 to 9 in T30 group, and 6 to 9 in T45 group, respectively, from
30 June to 26 September.

3.5. Species, Quantities, and Changes in Aquatic Vascular Plants

The species diversity and biomass of the aquatic vascular plants in the enclosures of
each treatment group are shown in Figure 13. Seven aquatic vascular plants were detected
in the four treatment groups, i.e., Vallisneria spiralis, Monochoria vaginalis, Sparganium
stenophyllum, Spirodela polyrhiza, Potamogeton sp., Elodea nuttallii, and Scirpus validus.

Sparganium stenophyllum was the most dominant species, with an average biomass
of 535.71 g/m2, accounting for 52.02% of the total aquatic vascular plant biomass. The
following dominant species was S. validus with 287.12 g/m2, accounting for 27.88% of the
total biomass. Meanwhile, the biomasses for M. vaginalis, V. spiralis, E. nuttallii, S. polyrhiza
and Potamogeton sp. were 82.79, 79.55, 24.09, 15.41 and 5.12 g/m2, and accounted for 8.04%,
7.72%, 2.34%, 1.50% and 0.50% of the total biomass, respectively.

The changes of the submerged-plant biomass in different treatment groups over time
are shown in Figure 14. The statistical analysis revealed significant variations in the
biomass of submerged plants in each treatment group with different times. The overall
submerged-plant biomass rapidly decreased to 30 June before rapidly increasing to 25 July
and then increased gradually to 29 July and 15 August. The biomass in the T45 group was
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significantly higher than the other groups (p < 0.05). Afterwards, submerged-plant biomass
rapidly decreased again. No submerged plant was found in all treatment groups from
15 September to 7 October.

The biomass of the emergent plants in different treatment groups over time are shown
in Figure 15. The statistical analysis revealed significant variations in the biomass of
emerged plants at different times. Generally, the biomass increased throughout the experi-
ment and only decreased in the last sample collection. The emergent plants biomass in the
Co group was significantly higher than that in the T45 group on July 15 and July 29, while
the biomass in the T15 and T30 groups was significantly higher than that in the T45 group
on July 29 (p < 0.05).

Figure 12. Composition of the predominant zooplankton species in different treatment groups during
the experiment.

 

n x

Figure 13. Species and biomass of aquatic vascular plants in different treatment groups during
the experiment.
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n x

Figure 14. Biomass of the submerged plants in different treatment groups during the experiment.

n x

Figure 15. Biomass of the emergent aquatic plants in different treatment groups during the experiment.

3.6. Variations in the Benthic Animal Species and Quantities with Time

The diversity and biomass of benthic animals in different treatment groups are shown
in Table A8 and Figure 16. Five taxa were found in the nine samples from the four treatment
groups, i.e., Gyraulus sp., Euconulus sp., Limnodrilus sp., Branchiura sp., and Insecta.

The biomass of benthic animals in different treatment groups changed over time.
Generally, they initially increased from 23 May to 29 July, then decreased rapidly to 15
August, followed by a gradual decline through September until the end of the experiment
(Figure 17). On 2 September, the biomass of the benthic animals in the Co group was
significantly higher than that in the T45 and T30 groups (p < 0.05). No significant difference
was found among various treatment groups at the same sampling time.
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Figure 16. Species and biomass of benthos in different treatment groups during the experiment.
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Figure 17. Biomass of the zoobenthos in different treatment groups during the experiment.

4. Discussion

4.1. Effects of Diets with Different Protein Levels on the Growth Performance and Yield of
Juvenile Crabs

Protein is one of the most important nutritional components in the diet of crabs, and
the level required varies depending on growth stages [16]. The five separate measurements
of morphological parameters of the crabs revealed that the high-protein compound feed
resulted in significantly higher crab carapace length, width, and height and body weight
compared with those in the low-protein group. Feeding with a high-protein compound feed
had a significantly positive effect on the weight gain rate, final body weight, and specific
growth rate of juvenile crabs. These results support the findings of Zhang [6]. However, the
T30 group in this experiment may have escaped and/or had “milky disease” [17]. The rate
of disease varied according to the original health status of the crabs and may have resulted
in the observed differences in survival rates; however, there was no significant difference in
the crab yield between the different diet treatments. These results do not correspond with
the growth rate results. Therefore, the contribution of natural food to crab growth may be
underestimated in the rice–crab co-culture mode.

Integrated agricultural and aquaculture systems can effectively contribute to green
and sustainable agricultural development and ensure food security [18]. In 2017, the
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“General Principles of Technical Specifications for Rice and Fishing Integrated Planting
and Culture,” issued by the Chinese Agriculture and Rural Affairs Bureau, highlighted the
fact that animals raised in aquaculture should make full use of natural bait present in the
environment (in this case the rice paddies), reducing the use of fish feed. The results of
this experiment strongly support this statement. The lower temperature in the paddies is
more favorable to the growth of crabs compared with the temperature in monoculture crab
systems, which can reduce crab sexual precocity [19].

In this experiment, the sexual precocity rate in the T45 group was approximately 10%,
which may be due to the high protein content. Chen et al. [20] demonstrated that when
the protein content in the feed is too high, excess protein is converted into fat and stored
in the hepatopancreas, resulting in sexual precocity in crabs. Sexual precocity during the
breeding process reduces culture efficiency. Studies have shown that the survival rate of
adult crabs cultured with precocious crab species in the second year is already extremely
low [21]. Therefore, it is important to prevent the sexual precocity of crabs in production.

4.2. Changes in Physical and Chemical Properties of Paddy Water Environment

There were no obvious changes in water temperature, pH, salinity, ammonia nitrogen,
or nitrite nitrogen over the course of this experiment. There were also no significant
differences between the experimental groups. The ammonia nitrogen and nitrite content of
the water was low. However, there was a downward trend in dissolved oxygen levels in
the water, which may have been caused by a variety of factors. The daily photosynthesis of
plants is the main source of dissolved oxygen in water [22]. Animal respiration in the water
releases large amounts of organic matter. Additional organic matter is produced during
decay (after death) and after feeding, which leads to an increase in the respiration in water
and sediments, and is also the main destination of dissolved oxygen [23]. The crabs were
placed in the experimental enclosures on 29 May. On the same day, the dissolved oxygen in
the water began to decrease, indicating that crab respiration was the main factor causing
the low dissolved oxygen in the rice–crab co-culture. As the experiment progressed, the
shading effect of large vascular plants (including the rice) led to a decrease in phytoplankton
photosynthesis. This is also one of the reasons for the decrease in dissolved oxygen levels.
In the later stages of the experiment, the plankton species and biomass and the biomass of
zooplankton increased, while the biomass of the phytoplankton decreased. Consequently,
there were more aerobic biological factors and less oxygen-producing organisms in the
environment, resulting in a decrease in the dissolved oxygen levels in the water. The
levels of dissolved oxygen ranged from 3.04 to 8.75 mg/L, which is lower than the normal
dissolved oxygen requirements of crabs (5 mg/L). In low dissolved oxygen conditions,
crabs tend to escape. Crabs also crawl to the shore in the later culture stage. The dissolved
oxygen content of the water in rice–crab co-culture is lower than that in conventional rice
fields [24,25]. This may cause a stress response in the crabs and is, therefore, one of the
shortcomings of breeding crabs in rice paddies.

4.3. Effects of Diets with Different Protein Levels on the Phytoplankton in Paddy Fields

As primary producers, phytoplankton also act as a natural food source for crabs in rice–
crab co-culture systems. Through the experiment, the aquatic organisms and water quality
factors affected and correlated with each other. Species diversity is a basic characteristic
of biological communities and is an important indicator of a healthy system [26]. In this
experiment, the overall average Shannon–Wiener diversity index of the phytoplankton in
the paddy field was 1.07, indicating that the phytoplankton diversity in the paddy field
environment was not extremely diverse but superior to that in polluted waters. Studies
have shown the Shannon–Wiener diversity index for phytoplankton in the rice–crab co-
culture mode is higher than that in conventional rice fields [5,27]. This is due to the
reduction in the use of chemical fertilizers and pesticides in rice–fish symbiosis [27,28].
Thus, biodiversity in the paddy fields has been well protected [29,30].
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The rice growth and the subsequent shading effect of the rice reduced the light-
receiving area of the water in the paddy field. This weakened the photosynthesis by
phytoplankton. Furthermore, the physical and chemical factors involved in water quality
and organisms in the water environment interact with each other [30,31]. Individual phyto-
plankton are small and varied, and different species can affect the environment in diverse
ways. Adaptability of the species differs, and most can intuitively reflect the changes in
water physicochemical factors after environmental changes. Rice will absorb nutrients and
ions in the paddy field, effectively regulating the physical properties and chemicals in the
environment, and can inhibit the absorption of nutrients by phytoplankton. Therefore, it
was expected that the total average biomass of phytoplankton would show a decreasing
trend with time. When the phytoplankton productivity is low, the consumption of phy-
toplankton by zooplankton is an important factor affecting phytoplankton growth [32].
For example, the sample collected on 15 August revealed that the phytoplankton biomass
had abnormally increased. When the data were combined with the analysis of changes in
zooplankton biomass, the zooplankton biomass had decreased significantly at that time.
Reduced grazing pressure on phytoplankton results in abnormally elevated phytoplankton
biomass. In the natural environment, there are many reasons for an increase in phyto-
plankton biomass. For example, an increase in nutrient concentration can lead to similar
results. The water quality monitoring results showed that the nutrient index in the water
was not significantly different from that in other periods; therefore, there was no increased
nutrient concentration.

The results of this experiment revealed that the diversity of the dominant phytoplank-
ton species in the control group presented an increasing trend. However, it did not vary
among the feeding groups. This may be because the addition of exogenous nutrients in
the feed led to the eutrophication of the water body, resulting in a decrease in biodiversity.
Water eutrophication destroys the ecosystem balance and can even lead to the collapse
of the entire aquatic system [33]. When the nutrients in the water increased, Cyanophyta
phytoplankton gradually became the dominant species at the expense of other species,
indicating that Cyanophyta are indicator organisms for water eutrophication [34]. In this
experiment, the dominance of Chroococcus in the T45 group was significantly higher than
that of the other three groups on 2 September, after which it decreased with no significant
difference, indicating that high protein levels could cause water eutrophication. How-
ever, in a paddy field environment, water eutrophication is not a concern owing to the
self-purification function of rice.

4.4. Effects of Different Protein Levels in the Crab Diet on Zooplankton in Paddy Fields

In the rice–crab co-culture environment, zooplankton can feed on phytoplankton,
which is also the main food of crabs. Zooplankton is an important link between energy flow
and material cycling in the ecosystem [35]. Zooplankton species and community structure
are affected by environmental factors. A total of 51 species of zooplankton were identified
in this experiment, and the Shannon–Wiener diversity index was 1.73. Previous research
has shown that the Shannon–Wiener diversity index of Cladocera and Rotifers in a water
environment under rice–crab co-culture is higher than that of conventional rice fields [36].
In addition, owing to the purification effect of rice, zooplankton in crab paddy fields is
highly diverse.

The results of this experiment showed that the zooplankton biomass initially increased
and then decreased before increasing again. Combined with the analysis of the changes in
phytoplankton in the paddy field, the biomass of the phytoplankton was relatively high in
the early stage of the experiment. Then, the zooplankton fed on the phytoplankton and
grew rapidly; its biomass also increased. As crabs grew, they preyed on the zooplankton,
and the zooplankton biomass decreased. Horn et al. [37] tracked zooplankton body length
and found that not only the maximum body length of zooplankton decreases, but the
average body length and length frequency distribution of zooplankton also shifted to
that of smaller individuals under predation pressure. The results showed that predation
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pressure on zooplankton by crabs led to the miniaturization of zooplankton. In the later
stage of this experiment, the miniaturization of zooplankton, combined with the larger size
and mouthparts of crabs, reduced the crab predation on zooplankton, so the biomass of
zooplankton increased.

The dominant zooplankton species in the early stages of the experiment, on 25 May
and 30 June, were rotifers, especially Polyarthra trigla, which is consistent with Zhang’s [6]
results. Rotifers, Cladocera, and copepods all competitively feed on phytoplankton in
paddy fields. According to Gilbert [38], when there is competition between Cladocera
and rotifers, Cladocera has an advantage. Therefore, the existence of Cladocera affects the
diversity and quantity of rotifers. As the experiment progressed, some Cladocera species
gradually became dominant. In the later stage of this experiment, the dominant species of
zooplankton in the crab paddy field were small and mainly existed in the state of copepod
nauplii, with the dominant species being mainly protozoa.

4.5. Effects of Crabs on Aquatic Vascular Plants in Paddy Fields

Large plants control zooplankton, provide habitats for fish that feed on zooplankton,
and provide shelter for phytoplankton [39]. In the early stages of this experiment, the
main submerged plant in the paddy field environment was S. polyrhiza. The growth of the
submerged plants, including V. spiralis and Potamogeton sp., increased, and the biomass of
submerged plants also increased. Shading also increases with the rapid growth of emergent
plants [40]. Crabs began feeding on the submerged plants, which reduced their growth
until no submerged plants were detected from 15 September. On 7 October, the emergent
plants decayed and died, decreasing the biomass.

Farmers have traditionally used chemical weeding machines to remove large weeds
from rice fields. Over time, weed resistance and herbicide damage have become increasingly
serious problems [41], since crabs are omnivorous and feed on large plants, such as aquatic
vascular plants [42]. Even if there is an excess of animal food in the environment, crabs will
still consume aquatic plants, especially submerged plants [43]. However, crabs rarely feed
on emergent plants, which allows the emergent plants to grow and absorb fertilizer from
the crab pond sediment [44]. Lv et al. [45] found that the fresh and dry weights of weeds
in the experimental group without crabs being provided artificial feed were significantly
lower than those in the crab feeding group. Other studies have also shown that weed
control by rice crabs is more effective than traditional weed control methods used in rice
production [19,46].

4.6. Changes in Benthic Animals in Rice–Crab Co-Culture

Benthic animals are the main food source for crabs [47]. Xu et al. [48] found that crabs
affect habitat structure in two ways: feeding and reducing competition with aquatic plants
by preying on attached organisms, thereby promoting the growth of aquatic plants. At the
beginning of the experiment, the local benthic animals were in the culture period, and the
biomass showed an upward trend, which is consistent with Li et al. [46]. As crabs grew, the
predation of benthic animals by crabs increased, and the biomass of the benthic animals
decreased. The stress of predation by crabs caused Branchiura sp., Limnodrilus sp., and other
benthic animals that reproduce via burrowing, to increase in numbers, causing an overall
increase in the benthic animal biomass.

In this experiment, the crabs fed with high-protein compound feed were larger and
had a stronger predation ability on benthic animals than the representative crabs. On
2 September, the biomass of benthic animals increased with the level of dietary protein.
The biomass of benthic animals in the control group was significantly higher than that
of the three experimental groups. Xu et al. [48] found that the stocking of crabs reduced
the benthic animal diversity in the environment based on the lakes where crabs were
stocked, outside the lake enclosure, in natural lake waters, and in lakes where fish were
stocked. Benthic species diversity decreased significantly, and the production volume and
density decreased by more than 60% compared with those of the control water body. The
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results vary from the results in our experiment, which may be caused by the different
environments, sampling times, and stocking densities of the crabs. First, lake and paddy
field environments are quite different. Second, unlike Xu et al.’s [48] experiment, which
took four samples twice a year for two years, we monitored the dynamics of zoobenthos
nine times over a period of nearly five months (from May to October). By comparing
the culture densities, Xu et al. [48] showed that the over farming of crabs causes the high
variations. Conversely, our experiment used normal crab culture density.

5. Conclusions

In this study, we evaluated how different levels of protein in crab feed could affect
the performance of crabs and the environment in rice–crab co-culture in paddy fields. The
results showed that feed with 15% protein level compound diet can not only meet the
nutritional requirements of crabs but also reduce the cost of cultivation and improve the
water quality of the paddy field. The discharged water had low ammonia nitrogen and
nitrite content, and no eutrophication was observed. Consequently, the water could be
recycled. These findings provide a scientific basis for feed formulation for juvenile crabs in
rice–crab co-culture.
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Appendix A

Table A1. The cost of each experimental feed.

Unit Price/RMB yuan/ton
Cost/RMB yuan/ton

T15 T30 T45

7360 442 1987 3459
3380 101 456 794
3920 118 118 118
2623 1904 1130 396

15,000 1125 825 525
11,000 55 55 55
19,600 392 392 392
133,000 2660 2660 2660
30,000 300 300 300
44,000 220 220 220
65,600 131 131 131
7200 108 108 108

178,000 178 178 178
1,000,000 100 100 100

22,900 23 23 23
7857 8684 9459

Table A2. Phytoplankton in each enclosure with the average wet weight.

Species Average Wet Weight of Cells/mg

Bacillariophyta
Nitzschia sp. 0.003

Cyclotella meneghiniana 0.00125
Nitzschia frustulum 0.006
Nitzschia acicularis 0.005

Synedra sp. 0.005
Chaetoceros sp. 0.0014

Navicula amphibola 0.0017
Navicula placentula 0.006

Melosira sp. 0.006
Coscinodisous sp. 0.02

Fragilaria sp. 0.001
Gyrosigma sp. 0.03
Mastogloia sp. 0.00325

Navicula directa 0.03
Amphora exigua 0.0017
Pleurosigma sp. 0.047

Eunotogramma sp. 0.001
Navicula sp. 0.001
Chtysophyta

Chromulina pygmaea Nygaard 0.00065
Cyanophyta

Chroococcus sp. 0.0001
Spirulina sp. 0.0077

Merismopedia sinica 0.00025
Oscillatoria sp. 0.01
Microcystis sp. 0.0016

Nostoc sp. 0.00025
Anabaena sp. 0.0005

Merismopedia sp. 0.00003
Phormidium sp. 0.002

Chlorophyta
Oocystis borgei 0.004

Schroederi krosch 0.003
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Table A2. Cont.

Species Average Wet Weight of Cells/mg

Closterium sp. 0.08
Actinastrum lag sp. 0.001
Chlorella pyrenoidesa 0.00015

Selenastrum bibraianum 0.001
Chlamydomonas sp. 0.01
Pandorina morum 0.04

Dictyosphaerium sp. 0.001
Eudorina elegans 0.02

Tetraedron trilobulatum 0.003
Crucigenia sp. 0.001

Kirchneriellalunaris lunatis 0.001
Platymonas sp. 0.012
Spirogyra sp. 0.02

Ankistrodesmus convolutus 0.002
Pediastrum sp. 0.01

Sceneclesmus sp. 0.002
Euglenophyta

Euglena sp. 0.04
Euglena oxyuris 0.15

Phacus sp. 0.06
Euglena viridis 0.04

Euglena pisciformis 0.15
Cryptophyta

Cryptomonas sp. 0.01
Phrrophyta

Gymmodinium sp. 0.008

Table A3. Phytoplankton in each enclosure with the average wet weight.

Species Average Wet Weight of Cells/mg

Protozoa
Sarcomastigophora

Saccamoeba sp. 0.00003
Difflugia sp. 0.00003

Difflugia oblonga 0.00024
Tintinnidium fliuviatile 0.00024

Arcella vulgaris 0.00003
Globigerinoides sp. 0.00002

Ciliophora
Coleps sp. 0.00003

Strobilidium sp. 0.00003
Litonotus sp. 0.00003

Tintinnopsis sp. 0.00003
Lembadion sp. 0.000016

Zoothamnium sp. 0.0000017
Euplotes sp. 0.000016

Pseudoprorodon sp. 0.00005
Didinium nasufum 0.00045

Actinobolina sp. 0.00003
Prorodon ovum 0.00005
Pleuronema sp. 0.0000017

Stentor polymorphrus 0.000002
Vorticella sp. 0.000014
Colpoda sp. 0.0000017

Trachelius sp. 0.000007
Rhabdostyla sp. 0.00005

Cladocera
Daphnia carinata 0.2
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Table A3. Cont.

Species Average Wet Weight of Cells/mg

Daphnia magna 0.01
Moinidae brachiata 0.1

Moinidae rectirostris 0.01
Moinidae macrocopa 0.05

Chydoroidea quadrangula 0.01
Chydoroidea sphaericus 0.03
Chydoroidea longirostris 0.03

Copepoda
Cyclops sp. 0.03
Copepodid 0.003

Calanoida sp. 0.312
Copepod nauplius 0.003

Rotifera
Brachionus calyciflorus 0.0025

Brachionus ureus 0.00024
Brachionus quadridentatus 0.00055

Polyarthra trigla 0.000331
Polyarthra sp. 0.0025

Lecanidae inermis 0.026
Asplachna brightwelli 0.0005

Brachionus diversicornis 0.0005
Rotaria citrine 0.00028

Filinia sp. 0.0003
Lepadella ovalis 0.0003

Pedalia mira 0.000027
Keratella cochlearis 0.0003

Keratella valga 0.00024
Euchlanis pellucida 0.0025

Table A4. Species and biomass of the phytoplankton in each enclosure and grouped by crab diet
(n = 3).

Species
Biomass/mg·L−1

Co T15 T30 T45

Bacillariophyta 16.64 ± 6.83 15.29 ± 6.16 13.46 ± 5.92 9.85 ± 5.59
Nitzschia sp. 1.33 ± 0.79 0.78 ± 0.44 0.78 ± 0.44 0.44 ± 0.36

Cyclotella meneghiniana 0.14 ± 0.24 0.23 ± 0.25 0.05 ± 0.08 0.00 ± 0.00
Nitzschia frustulum 1.11 ± 1.09 1.56 ± 1.5 2.00 ± 1.54 1.11 ± 1.09
Nitzschia acicularis 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Synedra sp. 4.07 ± 3.90 1.67 ± 1.01 1.11 ± 0.69 0.19 ± 0.31
Chaetoceros sp. 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.09 0.05 ± 0.09

Navicula amphibola 0.25 ± 0.25 0.06 ± 0.11 0.06 ± 0.11 0.00 ± 0.00
Navicula placentula 0.67 ± 0.83 0.22 ± 0.38 0.00 ± 0.00 0.00 ± 0.00

Melosira sp. 0.44 ± 0.52 0.00 ± 0.00 0.00 ± 0.00 0.89 ± 1.51
Coscinodisous sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Fragilaria sp. 0.11 ± 0.14 0.04 ± 0.06 0.00 ± 0.00 0.00 ± 0.00
Gyrosigma sp. 1.11 ± 1.89 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Mastogloia sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.24 ± 0.41

Navicula directa 3.89 ± 3.22 4.44 ± 3.55 7.78 ± 5.83 5.56 ± 5.47
Amphora exigua 0.06 ± 0.11 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Pleurosigma sp. 0.00 ± 0.00 5.22 ± 4.92 0.00 ± 0.00 0.00 ± 0.00

Eunotogramma sp. 0.78 ± 1.26 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Navicula sp. 1.63 ± 1.1 1.07 ± 0.77 1.63 ± 0.93 2.00 ± 0.96

Chrysophyta 47.47 ± 35.67 24.46 ± 19.63 15.74 ± 11.73 19.72 ± 9.42
Chromulina pygmaea Nygaard 47.47 ± 35.67 24.46 ± 19.63 15.74 ± 11.73 19.72 ± 9.42

Cyanophyta 16.1 ± 5.87 15.23 ± 5.37 11.37 ± 4.13 17.87 ± 6.72
Chroococcus sp. 0.25 ± 0.16 0.28 ± 0.14 0.28 ± 0.15 0.76 ± 0.55

Spirulina sp. 1.03 ± 1.33 0.57 ± 0.67 0.57 ± 0.67 0.29 ± 0.48
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Table A4. Cont.

Species
Biomass/mg·L−1

Co T15 T30 T45

Merismopedia sinica 0.05 ± 0.06 0.02 ± 0.03 0.01 ± 0.02 0.12 ± 0.19
Oscillatoria sp. 10.00 ± 3.85 10.00 ± 4.06 7.78 ± 2.92 11.11 ± 4.66
Microcystis sp. 0.53 ± 0.48 1.13 ± 0.87 0.12 ± 0.14 0.47 ± 0.41

Nostoc sp. 0.17 ± 0.25 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Anabaena sp. 0.15 ± 0.17 0.06 ± 0.09 0.02 ± 0.03 0.00 ± 0.00

Merismopedia sp. 0.00 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00
Phormidium sp. 3.93 ± 2.11 3.19 ± 1.34 2.59 ± 1.28 5.11 ± 3.35

Chlorophyta 42.28 ± 23.32 24.23 ± 12.36 21.59 ± 10.26 41.79 ± 23.33
Oocystis borgei 0.15 ± 0.25 0.3 ± 0.35 0.59 ± 0.79 0.3 ± 0.35

Schroederi krosch 0.32 ± 0.41 0.56 ± 0.47 0.00 ± 0.00 0.22 ± 0.26
Closterium sp. 2.96 ± 5.04 5.93 ± 6.98 2.96 ± 5.04 5.93 ± 6.98

Actinastrum lag sp. 0.00 ± 0.00 0.04 ± 0.06 0.04 ± 0.06 0.04 ± 0.06
Chlorella pyrenoidesa 7.25 ± 5.09 4.71 ± 2.34 5.56 ± 3.48 5.12 ± 2.42

Selenastrum bibraianum 0.63 ± 0.42 0.48 ± 0.26 0.78 ± 0.62 0.89 ± 0.83
Chlamydomonas sp. 14 ± 19.46 8.15 ± 7.70 1.11 ± 1.39 19.20 ± 2.62
Pandorina morum 4.44 ± 5.54 1.48 ± 2.52 7.41 ± 5.18 3.07 ± 0.15

Dictyosphaerium sp. 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.06 0.04 ± 0.06
Eudorina elegans 8.89 ± 8.57 1.48 ± 1.75 1.48 ± 1.75 2.59 ± 2.81

Tetraedron trilobulatum 0.22 ± 0.26 0.22 ± 0.26 0.00 ± 0.00 0.33 ± 0.42
Crucigenia sp. 0.00 ± 0.00 0.00 ± 0.00 0.37 ± 0.63 0.37 ± 0.33

Kirchneriellalunaris lunatis 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.06
Platymonas sp. 0.89 ± 1.05 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Spirogyra sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.74 ± 1.26

Ankistrodesmus convolutus 0.67 ± 0.68 0.22 ± 0.28 0.15 ± 0.25 0.33 ± 0.35
Pediastrum sp. 0.37 ± 0.63 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Sceneclesmus sp. 1.41 ± 0.72 0.67 ± 0.51 1.11 ± 0.61 2.52 ± 1.87
Euglenophyta 136.60 ± 22.87 104.40 ± 1.94 77.78 ± 20.02 183.40 ± 30.75

Euglena sp. 33.33 ± 20.79 33.33 ± 24.85 33.33 ± 24.85 61.11 ± 12.33
Euglena oxyuris 16.67 ± 15.71 22.22 ± 22.38 22.22 ± 22.38 22.30 ± 17.75

Phacus sp. 6.67 ± 11.33 4.44 ± 5.24 0.00 ± 0.00 0.00 ± 0.00
Euglena viridis 68.89 ± 29.37 44.44 ± 19.04 22.22 ± 4.44 88.89 ± 22.84

Euglena pisciformis 11.11 ± 18.89 0.00 ± 0.00 0.00 ± 0.00 11.11 ± 18.89
Cryptophyta 5.19 ± 3.19 2.22 ± 1.39 1.11 ± 1.05 3.70 ± 3.03

Cryptomonas sp. 5.19 ± 3.19 2.22 ± 1.39 1.11 ± 1.05 3.7 ± 3.03
Pyrrophyta 0.00 ± 0.00 0.30 ± 0.00.5 0.00 ± 0.00 0.00 ± 0.00

Gymmodinium sp. 0.00 ± 0.00 0.30 ± 0.5 0.00 ± 0.00 0.00 ± 0.00
Total biomass 160.7 108.4 85.49 127.1

Note: 0.00 mg·L−1 is provided when the average biomass is less than 0.005 mg·L−1 or not detected.

Table A5. Composition of the predominant species of phytoplankton in the enclosures of each
treatment group (n = 3).

Date Group Dominant Species (Degree of Dominance)

05-25

Co Chromulina pygmaea Nygaard (0.34) Chlorella pyrenoidesa (0.26)
T15 Navicula sp. (0.03) Chromulina pygmaea Nygaard (0.21) Chlorella pyrenoidesa (0.17)
T30 Chromulina pygmaea Nygaard (0.27) Chlorella pyrenoidesa (0.41)
T45 Navicula sp. (0.02) Chromulina pygmaea Nygaard (0.29) Chlorella pyrenoidesa (0.33)

06-30

Co Chromulina pygmaea Nygaard (0.31) Chlorella pyrenoidesa (0.32)
T15 Chromulina pygmaea Nygaard (0.17) Chroococcus sp. (0.14) Phormidium sp. (0.03) Chlorella pyrenoidesa (0.13)

T30 Navicula sp. (0.02) Chromulina pygmaea Nygaard (0.27) Chroococcus sp. (0.14) Phormidium sp. (0.03)
Chlorella pyrenoidesa (0.17) Selenastrum bibraianum (0.02)

T45 Chromulina pygmaea Nygaard (0.26) Chroococcus sp. (0.15) Phormidium sp. (0.05) Chlorella pyrenoidesa (0.19)
Chlamydomonas sp. (0.02) Sceneclesmus sp. (0.02)

07-15
Co Navicula sp. (0.04) Oscillatoria sp. (0.05) Microcystis sp. (0.02) Phormidium sp. (0.06) Chlorella pyrenoidesa (0.53)
T15 Oscillatoria sp. (0.11) Microcystis sp. (0.09) Phormidium sp. (0.07) Chlorella pyrenoidesa (0.30)
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Table A5. Cont.

Date Group Dominant Species (Degree of Dominance)

07-15
T30 Navicula sp. (0.03) Chroococcus sp. (0.05) Phormidium sp. (0.04) Chlorella pyrenoidesa (0.69)

T45 Navicula sp. (0.07) Chromulina pygmaea Nygaard (0.12) Oscillatoria sp. (0.05) Phormidium sp. (0.06)
Chlorella pyrenoidesa (0.35)

07-29

Co Chromulina pygmaea Nygaard (0.17) Oscillatoria sp. (0.03) Chlorella pyrenoidesa (0.06)
Ankistrodesmus convolutus (0.08)

T15 Chromulina pygmaea Nygaard (0.38) Oscillatoria sp. (0.03) Phormidium sp. (0.05) Chlorella pyrenoidesa (0.03)
T30 Navicula directa (0.04) Navicula sp. (0.03) Chromulina pygmaea Nygaard (0.19) Oscillatoria sp. (0.08)
T45 Chromulina pygmaea Nygaard (0.30) Chlorella pyrenoidesa (0.31)

08-15

Co Chromulina pygmaea Nygaard (0.30) Chlorella pyrenoidesa (0.07)
T15 Chromulina pygmaea Nygaard (0.38) Chlorella pyrenoidesa (0.22)

T30 Chromulina pygmaea Nygaard (0.11) Chroococcus sp. (0.05) Oscillatoria sp. (0.03) Phormidium sp. (0.04)
Chlorella pyrenoidesa (0.04)

T45 Chromulina pygmaea Nygaard (0.31) Oscillatoria sp. (0.04) Chlorella pyrenoidesa (0.33)

09-02

Co Nitzschia sp. (0.04) Chromulina pygmaea Nygaard (0.05) Chroococcus sp. (0.15) Chlorella pyrenoidesa (0.11)
Sceneclesmus sp. (0.06)

T15 Chromulina pygmaea Nygaard (0.25) Chlorella pyrenoidesa (0.25)
T30 Chromulina pygmaea Nygaard (0.14) Chlorella pyrenoidesa (0.48)
T45 Chromulina pygmaea Nygaard (0.03) Chroococcus sp. (0.04) Oscillatoria sp. (0.03) Chlorella pyrenoidesa (0.64)

09-15

Co Chromulina pygmaea Nygaard (0.17) Schroederi krosch (0.02) Pandorina morum (0.02) Eudorina elegans (0.03)
Cryptomonas sp. (0.13)

T15 Chromulina pygmaea Nygaard (0.21) Chlorella pyrenoidesa (0.61)
T30 Synedra sp. (0.03) Chromulina pygmaea Nygaard (0.35) Chlorella pyrenoidesa (0.19)
T45 Chromulina pygmaea Nygaard (0.24) Chlorella pyrenoidesa (0.53) Sceneclesmus sp. (0.04)

09-26

Co Chromulina pygmaea Nygaard (0.17) Chlorella pyrenoidesa (0.68)
T15 Chromulina pygmaea Nygaard (0.05) Chlorella pyrenoidesa (0.87)
T30 Chlorella pyrenoidesa (0.51) Crucigenia sp. (0.04)
T45 Chromulina pygmaea Nygaard (0.18) Chroococcus sp. (0.07) Chlorella pyrenoidesa (0.31) Crucigenia sp. (0.06)

10-07

Co Synedra sp. (0.02) Navicula amphibola (0.02) Anabaena sp. (0.10) Selenastrum bibraianum (0.02)
Eudorina elegans (0.10)

T15 Chromulina pygmaea Nygaard (0.15) Chroococcus sp. (0.10) Chlorella pyrenoidesa (0.41)
T30 Chlorella pyrenoidesa (0.56)
T45 Navicula sp. (0.02) Chromulina pygmaea Nygaard (0.11) Chroococcus sp. (0.08) Chlorella pyrenoidesa (0.55)

Table A6. Biomass and species of zooplankton in the enclosures of each treatment group (n = 3).

Species
Biomass/mg/L

Co T15 T30 T45

Protozoa 1.75 ± 0.47 2.34 ± 1.02 1.36 ± 0.48 1.63 ± 0.47
Sarcomastigophora 1.52 ± 0.47 2.09 ± 1.01 1.25 ± 0.47 1.47 ± 0.48

Saccamoeba sp. 0.04 ± 0.03 0.05 ± 0.06 0.03 ± 0.02 0.02 ± 0.01
Difflugia sp. 0.13 ± 0.05 0.15 ± 0.08 0.13 ± 0.05 0.11 ± 0.05

Difflugia oblonga 0.37 ± 0.23 0.82 ± 0.61 0.41 ± 0.30 0.44 ± 0.23
Tintinnidium fliuviatile 0.97 ± 0.39 1.07 ± 0.49 0.68 ± 0.38 0.00 ± 0.37

Arcella vulgaris 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Globigerinoides sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Ciliophora 0.24 ± 0.1 0.25 ± 0.21 0.11 ± 0.04 0.15 ± 0.05
Coleps sp. 0.08 ± 0.06 0.07 ± 0.06 0.04 ± 0.02 0.05 ± 0.03

Strobilidium sp. 0.03 ± 0.02 0.08 ± 0.09 0.04 ± 0.02 0.06 ± 0.03
Litonotus sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.01 ± 0.01

Tintinnopsis sp. 0.01 ± 0.01 0.05 ± 0.06 0.01 ± 0.02 0.00 ± 0.00
Lembadion sp. 0.06 ± 0.05 0.03 ± 0.02 0.01 ± 0.01 0.02 ± 0.01

Zoothamnium sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Euplotes sp. 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00

Pseudoprorodon sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.01 0.01 ± 0.01
Didinium nasufum 0.03 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
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Species
Biomass/mg/L

Co T15 T30 T45

Actinobolina sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Prorodon ovum 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Pleuronema sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Stentor polymorphrus 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Vorticella sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Colpoda sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Trachelius sp. 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.01
Rhabdostyla sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Cladocera 22.16 ± 4.57 25.30 ± 5.77 29.19 ± 5.35 40.52 ± 6.71
Daphnia carinata 1.48 ± 2.52 8.89 ± 2.74 2.30 ± 0.44 0.74 ± 1.26
Daphnia magna 6.67 ± 1.33 0.00 ± 0.00 6.67 ± 1.33 16.67 ± 18.32

Moinidae brachiata 2.30 ± 0.78 1.52 ± 0.66 3.56 ± 1.73 2.52 ± 1.32
Moinidae rectirostris 5.93 ± 1.4 5.93 ± 0.21 4.44 ± 3.31 9.63 ± 3.05
Moinidae macrocopa 1.19 ± 0.42 0.52 ± 0.29 0.96 ± 0.12 0.44 ± 0.19

Chydoroidea quadrangula 2.59 ± 0.62 7.04 ± 0.46 9.26 ± 0.84 7.78 ± 0.61
Chydoroidea sphaericus 0.00 ± 0.00 0.07 ± 0.13 0.00 ± 0.00 0.07 ± 0.13
Chydoroidea longirostris 2.00 ± 1.89 1.33 ± 1.37 2.00 ± 2.31 2.67 ± 2.39

Copepoda 27.00 ± 5.19 29.65 ± 2.88 39.10 ± 3.27 30.70 ± 1.25
Cyclops sp. 8.44 ± 2.51 9.67 ± 0.22 10.89 ± 1.8 13.11 ± 2.83
Copepodid 0.60 ± 0.50 0.30 ± 0.17 0.30 ± 0.17 0.22 ± 0.14

Calanoida sp. 13.87 ± 1.78 16.18 ± 12.13 25.42 ± 0.86 13.87 ± 1.78
Copepod nauplius 4.09 ± 0.02 3.50 ± 0.04 2.49 ± 0.29 3.50 ± 0.87

Rotifera 0.70 ± 0.70 0.48 ± 0.29 0.21 ± 0.09 0.86 ± 0.72
Brachionus calyciflorus 0.07 ± 0.10 0.15 ± 0.16 0.04 ± 0.04 0.05 ± 0.06

Brachionus ureus 0.03 ± 0.02 0.10 ± 0.09 0.03 ± 0.03 0.05 ± 0.03
Brachionus quadridentatus 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Polyarthra trigla 0.16 ± 0.09 0.16 ± 0.14 0.06 ± 0.04 0.11 ± 0.08
Polyarthra sp. 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Lecanidae inermis 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.03 0.00 ± 0.00
Asplachna brightwelli 0.39 ± 0.65 0.00 ± 0.00 0.00 ± 0.00 0.58 ± 0.72

Brachionus diversicornis 0.01 ± 0.01 0.01 ± 0.02 0.00 ± 0.00 0.02 ± 0.04
Rotaria citrine 0.01 ± 0.01 0.03 ± 0.02 0.02 ± 0.02 0.04 ± 0.03

Filinia sp. 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00
Lepadella ovalis 0.01 ± 0.01 0.02 ± 0.02 0.01 ± 0.01 0.01 ± 0.01

Pedalia mira 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Keratella cochlearis 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Keratella valga 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Euchlanis pellucida 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.03 0.00 ± 0.00

Total biomass 51.59 57.77 69.85 73.71

Note: 0.00 mg·L−1 is the term used when the average biomass is less than 0.005 mg·L−1 or is not detected.

Table A7. Composition of the predominant zooplankton species in the enclosures of each treatment
group (n = 3).

Date Group Dominant Species (Degree of Dominance)

05-25

Co Strobilidium sp. (0.26) Tintinnopsis sp. (0.03) Difflugia sp. (0.06) Saccamoeba sp. (0.05)
Copepod nauplius (0.06) Brachionus calyciflorus (0.05) Brachionus ureus (0.23)

T15 Coleps sp. (0.09) Strobilidium sp. (0.25) Tintinnopsis sp. (0.15) Saccamoeba sp. (0.05)
Brachionus calyciflorus (0.04) Brachionus ureus (0.12)

T30 Strobilidium sp. (0.18) Daphnia carinata (0.13) Brachionus ureus (0.18)

T45 Coleps sp. (0.07) Strobilidium sp. (0.25) Tintinnidium fliuviatile (0.04) Daphnia magna (0.06)
Brachionus ureus (0.10)

06-30 Co Tintinnidium fliuviatile (0.13) Moinidae brachiata (0.06) Cyclops sp. (0.02) Copepod nauplius (0.22)
Polyarthra trigla (0.13) Brachionus diversicornis (0.02) Rotaria citrine (0.02)

T15
Strobilidium sp. (0.02) Difflugia sp. (0.18) Tintinnidium fliuviatile (0.12) Zoothamnium sp. (0.02)
Stentor polymorphrus (0.02) Moinidae brachiata (0.06) Chydoroidea quadrangula (0.04) Copepod nauplius (0.12)
Brachionus ureus (0.02) Polyarthra trigla (0.17) Rotaria citrine (0.03)
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Date Group Dominant Species (Degree of Dominance)

06-30
T30

Tintinnopsis sp. (0.03) Difflugia sp. (0.20) Tintinnidium fliuviatile (0.17) Moinidae brachiata (0.07)
Moinidae macrocopa (0.03) Chydoroidea quadrangula (0.04) Copepod nauplius (0.08) Brachionus ureus (0.08)
Polyarthra trigla (0.09)

T45 Strobilidium sp. (0.12) Difflugia sp. (0.12) Tintinnidium fliuviatile (0.13) Moinidae brachiata (0.05)
Copepod nauplius (0.11) Brachionus ureus (0.09) Polyarthra trigla (0.21) Brachionus diversicornis (0.02)

07-15

Co Strobilidium sp. (0.03) Difflugia sp. (0.09) Tintinnidium fliuviatile (0.13) Moinidae brachiata (0.08)
Moinidae macrocopa (0.05) Cyclops sp. (0.03) Copepod nauplius (0.30) Polyarthra trigla (0.03)

T15 Tintinnopsis sp. (0.03) Difflugia sp. (0.10) Tintinnidium fliuviatile (0.09) Moinidae brachiata (0.06) Cyclops sp. (0.03)
Chydoroidea quadrangula (0.03) Copepod nauplius (0.19) Polyarthra trigla (0.13) Lepadella ovalis (0.08)

T30 Difflugia sp. (0.21) Tintinnidium fliuviatile (0.15) Moinidae brachiata (0.11) Cyclops sp. (0.04)
Moinidae macrocopa (0.07) Chydoroidea quadrangula (0.08) Chydoroidea longirostris (0.06) Copepod nauplius (0.05)

T45 Difflugia sp. (0.15) Difflugia oblonga (0.04) Tintinnidium fliuviatile (0.20) Cyclops sp. (0.09)
Moinidae brachiata (0.17) Moinidae macrocopa (0.03) Chydoroidea quadrangula (0.04) Chydoroidea longirostris (0.05)

07-29

Co Difflugia sp. (0.29) Tintinnidium fliuviatile (0.07) Moinidae brachiata (0.09) Cyclops sp. (0.06)
Chydoroidea longirostris (0.05) Copepod nauplius (0.23)

T15 Difflugia sp. (0.25) Difflugia oblonga (0.08) Tintinnidium fliuviatile (0.14) Cyclops sp. (0.04)
Moinidae rectirostris (0.03) Chydoroidea longirostris (0.03) Copepod nauplius (0.05) Rotaria citrine (0.03)

T30 Difflugia sp. (0.19) Tintinnidium fliuviatile (0.05) Saccamoeba sp. (0.10) Moinidae brachiata (0.08)
Cyclops sp. (0.04) Copepod nauplius (0.15) Polyarthra trigla (0.02) Filinia sp. (0.02)

T45
Rotaria citrine (0.11) Polyarthra trigla (0.04) Copepod nauplius (0.11) Chydoroidea quadrangula (0.09)
Cyclops sp. (0.09) Moinidae brachiata (0.05) Tintinnidium fliuviatile (0.03) Difflugia oblonga (0.09)
Difflugia sp. (0.24)

08-15

Co
Coleps sp. (0.05) Difflugia sp. (0.05) Tintinnidium fliuviatile (0.03) Pleuronema sp. (0.03) Trachelius sp. (0.04)
Saccamoeba sp. (0.04) Moinidae brachiata (0.04) Moinidae macrocopa (0.02) Cyclops sp. (0.02)
Copepod nauplius (0.21)

T15 Copepod nauplius (0.13) Trachelius sp. (0.22) Difflugia sp. (0.03) Coleps sp. (0.13)

T30 Coleps sp. (0.15) Strobilidium sp. (0.03) Difflugia sp. (0.09) Trachelius sp. (0.06) Rhabdostyla sp. (0.03)
Moinidae brachiata (0.11) Cyclops sp. (0.09) Copepod nauplius (0.15)

T45 Coleps sp. (0.02) Difflugia sp. (0.05) Trachelius sp. (0.05) Saccamoeba sp. (0.02) Cyclops sp. (0.07)
Copepod nauplius (0.23)

09-02

Co Coleps sp. (0.03) Difflugia sp. (0.03) Tintinnidium fliuviatile (0.08) Lembadion sp. (0.07) Zoothamnium sp. (0.02)
Saccamoeba sp. (0.02) Cyclops sp. (0.05) Copepod nauplius (0.12) Polyarthra trigla (0.03)

T15 Copepod nauplius (0.20) Cyclops sp. (0.07) Lembadion sp. (0.20) Difflugia oblonga (0.15)
T30 Difflugia sp. (0.03) Difflugia oblonga (0.07) Cyclops sp. (0.03) Copepod nauplius (0.30)

T45 Copepod nauplius (0.12) Moinidae rectirostris (0.04) Lembadion sp. (0.08) Tintinnidium fliuviatile (0.05)
Difflugia oblonga (0.03) Strobilidium sp. (0.08) Coleps sp. (0.05)

09-15

Co Coleps sp. (0.08) Difflugia oblonga (0.05) Tintinnidium fliuviatile (0.05) Zoothamnium sp. (0.04)
Cyclops sp. (0.02) Copepod nauplius (0.34) Polyarthra trigla (0.14)

T15 Copepod nauplius (0.42) Cyclops sp. (0.06) Moinidae brachiata (0.03) Difflugia oblonga (0.07) Coleps sp. (0.06)

T30 Coleps sp. (0.12) Difflugia oblonga (0.13) Moinidae rectirostris (0.02) Cyclops sp. (0.04)
Chydoroidea quadrangula (0.09) Copepod nauplius (0.35)

T45 Copepod nauplius (0.42) Chydoroidea quadrangula (0.06) Zoothamnium sp. (0.05) Tintinnidium fliuviatile (0.03)

09-26

Co Difflugia sp. (0.07) Difflugia oblonga (0.03) Lembadion sp. (0.32) Cyclops sp. (0.07) Calanoida sp. (0.03)
Copepod nauplius (0.36)

T15 Copepod nauplius (0.58) Calanoida sp. (0.02) Chydoroidea quadrangula (0.02) Cyclops sp. (0.06) Lembadion sp. (0.08)

T30 Difflugia sp. (0.03) Difflugia oblonga (0.06) Lembadion sp. (0.10) Cyclops sp. (0.08) Chydoroidea quadrangula (0.05)
Copepod nauplius (0.43)

T45 Brachionus ureus (0.02) Copepod nauplius (0.39) Chydoroidea quadrangula (0.03) Cyclops sp. (0.11)
Lembadion sp. (0.03) Difflugia oblonga (0.09)

10-07

Co Coleps sp. (0.06) Moinidae rectirostris (0.04) Cyclops sp. (0.05) Copepod nauplius (0.47) Copepodid (0.02)
Polyarthra trigla (0.03)

T15 Moinidae brachiata (0.02) Moinidae rectirostris (0.04) Cyclops sp. (0.08) Copepod nauplius (0.61)
T30 Coleps sp. (0.03) Cyclops sp. (0.17) Calanoida sp. (0.06) Copepod nauplius (0.38)
T45 Coleps sp. (0.05) Moinidae brachiata (0.03) Cyclops sp. (0.12) Copepod nauplius (0.52) Asplachna brightwelli (0.02)

Table A8. Species and biomass of benthos in the enclosures of each treatment group (n = 3; x ± SD).

Species
Biomass/g·m−2

Co T15 T30 T45

Annelida 205.54 ± 438.17 290.72 ± 465.51 71.53 ± 208.79 124.92 ± 184.82
Oligochaeta 205.54 ± 438.17 290.72 ± 465.51 71.53 ± 208.79 124.92 ± 184.82
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Species
Biomass/g·m−2

Co T15 T30 T45

Limnodrilus sp. 18.14 ± 26.03 18.14 ± 32.55 11.91 ± 19.69 5.67 ± 10.33
Branchiura sp. 187.4 ± 424.71 272.58 ± 451.54 59.63 ± 193.87 119.25 ± 181.1

Mollusca 391.63 ± 174.88 383.92 ± 338.97 277.43 ± 153.15 300.6 ± 134.79
Gastropoda 391.63 ± 174.88 383.92 ± 338.97 277.43 ± 153.15 300.6 ± 134.79

Gyraulus sp. 271.18 ± 119.68 244.36 ± 141.38 208.6 ± 107.14 214.56 ± 106.47
Euconulus sp. 120.45 ± 115 139.57 ± 274.88 68.83 ± 83.12 86.04 ± 107
Arthropoda 0.00 ± 0.00 0.7 ± 3.55 0.35 ± 1.78 0.37 ± 1.78

Insecta 0.00 ± 0.00 0.7 ± 3.55 0.35 ± 1.78 0.37 ± 1.78
Ephydra sp. 0.00 ± 0.00 0.7 ± 3.55 0.35 ± 1.78 0.35 ± 1.78

Corixa substriata 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.1
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Abstract: This study investigated the effect of different carbon sources on water quality, ammonia
removal pathways, the bacterial community, and the production of Litopenaeus vannamei in outdoor
culture tanks. Three systems were established: a clear water system (CW) and biofloc technology
(BFT) systems with added molasses (M-BF) or poly (3-hydroxybutyric acid-co-3-hydrovaleric acid)
(PHBV) (P-BF). The average pH, total alkalinity, total organic carbon, biofloc volume, chlorophyll a,
nitrite, nitrate, total nitrogen, and nitrification rate were significantly different among the treatments.
Microbial composition varied and different dominant taxa were identified in the treatments by linear
discriminant analysis effect size. Redundancy analysis indicated that the water quality parameters
affected the distribution of the microbial community. Moreover, the genus Leucothrix was closely
related to the M-BF treatment. Chemoheterotrophy and aerobic chemoheterotrophy were the most
abundant functions in all treatments. A comparison of functions using BugBase indicated that the
relative abundance of several functions such as biofilm formation, stress tolerance and functions
related to anaerobic processes increased in the M-BF treatment. The specific growth rate, growth
rate, and survival rate of shrimp were significantly higher in the P-BF system than in the CW system
and the feed conversion ratio in the BFT treatments was significantly lower than that in the CW
system. Overall, adding carbon sources affected water quality, microbial community, and shrimp
performance. The results show that PHBV is a good alternative to carbon sources.

Keywords: molasses; PHBV; water quality; nitrification rate; heterotrophic; bacteria community;
bacterial function

1. Introduction

The Pacific white shrimp (Litopenaeus vannamei) is the most important commercially-
traded species in shrimp aquaculture [1]. The culture systems for L. vannamei are be-
coming more intensive, resulting in ammonia and nitrite accumulation within grow-out
systems [2,3]. Attention should be given to high ammonia concentrations because the
stress can kill shrimp, fish, and other cultured animals [4–6]. Three processes involv-
ing ammonia removal from aquaculture systems are photoautotrophic uptake by algae,
chemoautotrophic oxidation of ammonia to nitrate, and heterotrophic assimilation of am-
monia directly to bacterial protein [7,8]. These three processes occur simultaneously in
many aquaculture systems but seldom in equal importance, and changes in carbon sources
may cause shifts in the dominant pathway [7].

The chemoautotrophic process is dominant in systems with a low total organic car-
bon/total nitrogen (C/N) ratio, such as a recirculating aquaculture system, [9]. Increasing
the C/N ratio in biofloc technology (BFT) systems by adding organic carbon sources induce
a shift in nitrogen use by the bacterial community from chemoautotrophy to heterotro-
phy [10]. The rate of nitrogen use by heterotrophic bacteria is 10 times faster than that
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of autotrophic nitrification [11]. Previous studies have demonstrated the efficiency of
heterotrophic bacteria in controlling total ammonia nitrogen (TAN) in shrimp and tilapia
BFT systems [5,8]. Although the growth of heterotrophic bacteria is stimulated in BFT
systems, nitrification occurs in these systems, and the process is important for the long-term
removal of TAN originating from the feed in intensive BFT systems [8,12,13]. However,
it is unclear whether the nitrification rates differ in different carbon added systems, and
whether the nitrification rate changes with the development of the bacterial community in
a BFT system.

Molasses is a by-product of sugar production, that was suggested to be an appropriate
carbon source to increase the C/N ratio in BFT systems. This water-soluble carbon source
needs to be applied frequently with constant supervision to prevent overdosing and starva-
tion of the bacterial floc, which increases the management effort. In recent years, insoluble
biodegradable polymers (BDPs), such as poly (3-hydroxybutyric acid-co-3-hydrovaleric
acid) (PHBV) have been used as carbon sources and biofilm carriers in aquaculture [14].
The relatively low cost of BDPs and the simple management requirements make them
an attractive alternative carbon source for aquaculture [15]. However, the use of differ-
ent carbon sources may lead to differences in water quality and changes in the bacterial
community of a BFT system [6,16].

The conversion of nitrogen and waste recycling in BFT systems strongly depends on
the capacity of microbes to assimilate and convert the nutrient waste [17]. The functions of
biofloc, as a waste nutrient converting agent and a food source, are related to the microbial
community. The changes in the bacterial community after adding carbons can affect the
nutrient composition, which is essential for bacteria and cultured animals. Moreover,
the relevance of host–microbiota–nutrient interactions is important in aquaculture [18].
Therefore, it is essential to explore the relationships between environmental factors and the
microbiota [18].

The present study was designed to evaluate the effects of different carbon sources
(molasses and PHBV) on water quality, nitrification rate and growth performance of
L. vannamei in low water exchange grow-out systems. Moreover, the microbial community,
the relationship between microbial structure and water environmental factors, as well as
microbial function was investigated to develop a further understanding of the impact of
different carbon sources on the microbial community in BFT systems.

2. Materials and Methods

2.1. Experimental Shrimp and Acclimation

The L. vannamei juveniles used in this experiment were supplied by Baorong Aqua-
culture Corp., Qingdao, China, and the experiment was conducted at the Ruizi Marine
Food Product Co., Ltd., Qingdao City, China. The shrimp were acclimated for 10 days in
11 polyethylene fiber tanks (400 L) from which 50% of the water was renewed daily. The
shrimp were fed a commercial feed (crude protein, 40%; moisture, 12%; ash, 16%; crude fat,
4% and NaCl, 3%) produced by the Yuehai Feed Co., Ltd., Guangzhou, China. Feed was
offered twice daily (7:00 a.m. and 6:00 p.m.) based on a feeding amount equivalent to 5%
of shrimp body weight.

2.2. Experimental Design

A 34-day trial was conducted. Three kinds of culture systems, each replicated three
times (400-L of water in each circular tank), were established and 60 healthy shrimp
(2.70 ± 0.02 g) were stocked into each tank. The treatments were: a clear water system
(CW) and two BFT systems with added molasses (M-BF) or PHBV (P-BF). No molasses or
PHBV was added to the CW tanks. Molasses was applied to the M-BF treatment at the ideal
theoretical application amounts suggested by Avnimelech [10]. The molasses had a total
organic carbon concentration of 26.5%, and it was diluted with water from the tanks and
splashed uniformly over the tank surfaces twice daily. As suggested by Zhang, et al. [19],
after 7 days of activation in the acclimation tanks, 633 g of PHBV was placed in a PVC tube
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with an inner diameter of 15 cm and an operating depth of 30 cm, and an air stone was
placed inside the tube to sufficiently stir the PHBV. The PVC tube was wrapped with a
filter screen, which was cleaned every five days.

The tanks were located within a greenhouse covered with clear plastic sheeting. One-
fifth of the water in the CW treatment was replaced daily to ensure good water quality [13].
One-fifth of the water in the BFT tanks was replaced every 5 days [20]. The seawater used
was pre-filtered using a sand filter. Each tank was continuously aerated with four air stones.
The tanks were covered with shade netting to control sunlight. The feeding regime was the
same as during the acclimation period.

2.3. Water Quality

Temperature, dissolved oxygen (DO), and pH were measured at 8:00 am daily using a
portable DO meter (RDB20, Yuanmu, Shanghai, China) and a pH meter (pH-100, LICHEN,
Shanghai, China). The salinity of the culture water was 31 g L−1 which was monitored
using an optical salinity meter (LYT-610, Yulin, Shanghai, China). Water samples were
collected from the tanks every 5 days. Total ammonia nitrogen (TAN), nitrite (NO2

−-N),
nitrate (NO3

−-N), total nitrogen (TN), total alkalinity (TA) and chlorophyll (Chl) a were
analyzed following the standard methods of the Chinese State Environmental Protection
Agency [21]. Particulate organic carbon (POC) and dissolved organic carbon (DOC) were
analyzed according to the method of Gilcreas [22]. Total organic carbon (TOC) was calcu-
lated as the sum of DOC and POC. Water samples (1000 mL) were transferred to Imhoff
cones (1000-0010, Nalgene) at 3:00 pm every five days to determine biofloc volume. The
volume of the biofloc plug accumulating on the bottom of the cone was determined 30 min
after sedimentation.

2.4. Nitrification Rate

Water samples (500 mL) were collected on days 14, 19, 24, 29 and 34 to measure
the nitrification rate following the methodology of Bratvold and Browdy [23]. Briefly,
duplicate samples were enriched with ammonium chloride (2.5 mg L−1 of ammonia-N)
and incubated in the absence or presence of 2.2 mg L−1 of the nitrification inhibitor
N-allylthiourea (Sigma-Aldrich, St. Louis, MO, USA). The nitrification process is expressed
as NH4

+ + 2O2 → NO3
− + 2H+ + H2O. The difference in the DO concentration of dissolved

oxygen between the bottles with and without the inhibitor was the nitrification result. The
nitrification rate (NR) (mg L−1 h−1) was calculated using Equation (1):

NR = (DO1 − DO2)/h, (1)

where (DO1) = dissolved oxygen in the bottle with the inhibitor (mg L−1); DO2 = dissolved
oxygen in the bottle without the inhibitor (mg L−1); h = incubation period (h).

2.5. 16S rRNA Gene High Throughput Sequencing Analysis

At the end of the study, 1-L water sample was filtered with a 50-mm membrane
(pore size 0.20 μm) and used for bacterial DNA extraction and analysis. Three repli-
cates were conducted for each treatment. Total DNAs from these samples were ex-
tracted by the CTAB/SDS method [24] and were diluted to 1 ng/μL with sterile wa-
ter and used for PCR template. 16S rRNA genes of distinct regions (16S V4/V5) were
amplified using specific primers (515F: 5′-GTGCCAGCMGCCGCGG-3′ and 907R: 5′-
CCGTCAATTCMTTTRAGTTT-3′). These PCR products were purified with a GeneJET
Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA) and prepared to construct
libraries. Sequencing libraries were generated using NEB Next®Ultra™DNA Library Prep
Kit for Illumina (NEB, Ipswich, MA, USA) following the manufacturer’s instructions. The
library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham,
MA, USA) and Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA,
USA). Then the library was sequenced on an Illumina MiSeq platform and 250 bp paired-
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end reads were generated. The raw amplicon sequencing data were deposited to NCBI
Sequence Read Archive (accession number: PRJNA738270).

Paired-end reads were merged using FLASH (v. 1.2.11, http://ccb.jhu.edu/software/
FLASH/, accessed on 29 April 2021), which was designed to merge paired-end reads when
at least some of the reads overlap those generated from the opposite end of the same
DNA fragments. The splicing sequences were called raw tags. Quality filtering on the raw
tags were performed under specific filtering conditions to obtain the high-quality clean
tags using Trimmomatic v. 0.33 [25]. The primer sequences were identified and removed
using Cutadapt v. 1.9.1 [26]. The raw tags were compared with the reference database
(Silva database, Release132, http://www.arb-silva.de/, 29 April 2021) using UCHIME
algorithm v. 10 [27] to detect and remove chimera sequences [28]. The sequencing results
were clustered into operation taxonomy units (OTUs) at a similarity threshold of 97% using
USEARCH v. 10.0 [27]. The representative sequences for each OTU were made taxonomic
annotations against the SILVA taxonomy database (Release132, http://www.arb-silva.de/,
29 April 2021) using Qiime 2 [29].

2.6. Shrimp Growth Performance and Survival

At the end of the experiment, all shrimp in the tanks were collected, counted, and
weighed to calculate growth rate, feed conversion ratio (FCR), specific growth rate (SGR)
and survival rate, which were determined as follows:

Growth rate (g/wk) = (average final weight of shrimp − average initial weight of shrimp)/culture weeks; (2)

Feed conversion ratio (FCR) = total weight of feed intake (g)/total shrimp weight gain (g); (3)

Specific growth rate (SGR) = (ln (initial wet weight) − ln (final wet weight))/culture days × 100; (4)

Survival rate (%) = (final shrimp number/initial stocking shrimp number) × 100. (5)

2.7. Statistical Analysis

The statistical analysis was performed using SAS v9.4 for windows (Cary, NC, USA).
The normality of distribution of data was checked using the Kolmogorov–Smirnov test
(p > 0.05). The Levene test (p > 0.05) was applied for assessing the homogeneity of variance.
One-way analysis of variance (ANOVA) was used to compare the average concentration
of all the water quality parameters, concentrations of NR, TAN, NO2

−-N, NO3
−-N and

TN on each sampling day, microbial alpha diversity indexes, shrimp growth indexes,
the composition of microbial phylum and genus among treatments. Differences were
considered significant at p < 0.05. When significant differences were found, Tukey’s test
was used to identify differences between treatments. The indices of Chao1, Abundance-
based Coverage Estimator (ACE), Shannon and Simpson were calculated using Qiime 2.

The linear discriminant analysis (LDA) effect size (LEfSe) method (http://huttenhower.
sph.harvard.edu/lefse/, 29 April 2021) was used for determining the features of bacterial
communities between different treatments [30]. The LDA score was set as 3.5 to identify the
significant features. The redundancy analysis (RDA) was carried on using the vegan pack-
age (v. 2.3) in R (v. 4.0). The functional prediction of bacterial community was performed
by FAPROTAX [31] and BugBase [32].

3. Results

3.1. Water Quality

The descriptive statistics for the water quality data are given in Table 1. No significant
differences in average temperature or DO were observed among the treatments (Table 1,
p > 0.05). The pH in the CW system was significantly higher than that in the other treat-
ments and pH in the P-BF system was significantly higher than that in the M-BF system
(Table 1, p < 0.05). The average TA concentration in the CW system was significantly higher
than that in the other systems (p < 0.05) and the biofloc volume in the M-BF systems was
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significantly higher than that in the CW and P-BF systems. The Chlorophyll a in the P-BF
system was significantly lower than that in the other two systems.

Table 1. The mean and standard deviations of water quality parameters in the three systems during
the experiment.

Parameters CW M-BF P-BF

Temperature (◦C) 25.5 ± 1.56 a 25.5 ± 1.56 a 25.5 ± 1.56 a

DO (mg L−1) 5.27 ± 0.74 a 4.83 ± 0.88 a 4.95 ± 0.84 a

pH 7.7 ± 0.08 a 7.1 ± 0.07 c 7.4 ± 0.05 b

TA (mg L−1 CaCO3) 102.67 ± 0.44 a 81.69 ± 4.98 b 86.14 ± 1.81 b

TOC (mg L−1) 10.65 ± 3.29 c 27.01 ± 2.93 a 18.95 ± 3.15 b

Biofloc volume (mL L−1) 0.00 ± 0.00 b 3.35 ± 1.10 a 0.00 ± 0.00 b

Chl (mg L−1) 13.55 ± 1.19 a 10.48 ± 2.11 a 3.95 ± 0.57 b

TAN ((mg L−1) 0.13 ± 0.16 a 0.17 ± 0.04 a 0.23 ± 0.05 a

NO2
−-N (mg L−1) 0.82 ± 0.26 c 6.44 ± 1.70 a 3.38 ± 0.49 b

NO3
−-N (mg L−1) 0.94 ± 0.09 c 4.51 ± 0.90 a 2.79 ± 0.20 b

TN (mg L−1) 5.69 ± 0.30 c 13.65 ± 0.58 a 9.75 ± 0.39 b

Nitrification rate (mg L−1 h−1) 0.39 ± 0.06 a 0.10±0.02 b 0.12±0.01 b

CW, M-BF and P-BF represented the three systems of this study. TA: total alkalinity; TOC: total organic carbon;
Chl: chlorophyll a; TAN: total ammonia nitrogen; TN: total nitrogen. In each row, different superscript letters
indicate significant differences at the p < 0.05 level (one-way ANOVA and Tukey’s test).

The average TAN concentration was not significantly different among the three sys-
tems (Table 1, p > 0.05). The concentration of TAN in the BFT systems (M-BF and P-BF)
reached peak levels on day 7 of the experiment and then decreased sharply from day 7
to 14 (Figure 1a). Then, the concentration of TAN in the BFT systems remained relatively
stable. The concentration of TAN in the CW system declined from days 1 to 14 and then
increased slowly over that in the other systems (Figure 1a). No significant difference in
TAN was observed among the treatments at the end of the study (Figure 1a, p > 0.05).

The average concentration of NO2
−-N in the CW system was significantly lower than

that in the BFT systems (p < 0.05) and it was relatively stable. The NO2
−-N concentration

in the M-BF system increased sharply from days 0 to 19, then, the concentration of NO2
−-N

decreased from days 19 to 24 and was stable after day 24 (Figure 1b).
The concentration of NO3

−-N in all systems was stable from days 1 to 19 but increased
sharply in the BFT systems from days 19 to 29 (Figure 1c). After day 29, the NO3

−-N
concentration in the BFT systems decreased slightly. The NO3

−-N concentration in the
CW system remained relatively constant during the study. The concentration of NO3

−-N
in the CW system was not significantly different from the other two systems during the
first 19 days (p > 0.05). After day 19, the concentration of NO3

−-N in the CW system was
significantly lower than that in the carbon added systems (p < 0.05).

The average concentration of TN in the M-BF was 13.65 mg L−1, which was signifi-
cantly higher than that in the CW and P-BF systems (5.69 and 9.75 mg L−1, respectively)
(Table 1, p < 0.05). The TN concentration increased during the first 7 days in all systems but
began to fluctuate after day 7 (Figure 1d). The concentration of TN in the M-BF system was
significantly higher than that in the CW system after day 7.

The average nitrification rate in the CW system was significantly higher than that in
the BFT systems (Table 1, p < 0.05). No significant differences were observed in nitrification
rate among the three treatments on the first sampling date (d 14) (Figure 2). Then, the
nitrification rate was consistently higher in the CW system than in the other systems
(Figure 2). The nitrification rate in the BFT systems decreased dramatically after the first
sampling and approached zero after day 19 (Figure 2).
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Figure 1. Fluctuations of (a) total ammonia nitrogen (TAN), (b) NO2

−-N, (c) NO3
−-N and (d) total nitrogen (TN) during

the period of the experiment. CW, M-BF and P-BF represented the three systems of this study. Values are mean ± standard
deviation of three replications on each sampling day.

3.2. Characterization of the Bacterial Community

A total of 446,015 high-quality reads were obtained and 3,219 operational taxonomic
units (OTUs) were obtained in the water samples by clustering the OTUs at a 97% similarity
level. The Chao1, ACE, Shannon, and Simpson indices, which were used to represent
the richness and diversity of the bacterial community, were not significantly different
among the treatments. The phyla Bacteroidetes, Proteobacteria and Actinobacteria were
the dominant bacteria (48.76%, 38.20%, and 3.27%, respectively) in the three treatments
(Figure 3a). The abundance of Cyanobacteria decreased in the M-BF system and increased
in the P-BF system compared to the CW system, which was 0.44%, 7.32% and 2.83% in
the M-BF, P-BF, and CW systems, respectively. Differences in the phyla among treatments
were compared and the top 20 phyla with the smallest p-values were listed in Figure 3c.
Cyanobacteria were included in the top 20 phyla. Planctomycetes was one of the dominant
bacteria in the M-BF system and the abundance of this phylum was significantly higher
than that in the other treatments (p < 0.01, Figure 3c). The abundance of Chloroflexi was
higher in the CW systems (5.58%) than in the BFT systems (0.69% in M-BF and 0.46% in
P-BF) and was included in the top 20 phyla with the smallest p-value (Figure 3c).
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Figure 2. Nitrification rate during the period of the experiment. CW, M-BF and P-BF represented the three systems of this
study. Values are mean ± standard deviations of three replications on each sampling day.

As for genera of the bacterial communities, an uncultured_bacterium_f_ Flavobacteri-
aceae, uncultured_bacterium_f_Rhodobacteraceae, and Leucothrix were the more abundant
genera in the M-BF treatment compared to the other two treatments (Figure 3b). Tamlana
and an uncultured _bacterium_o_Ardenticatenales were more abundant in the CW than
the other two systems. Five genera were significantly different among the treatments in
the top 20 genera with the smallest p-values (Figure 3d). Vibrio was significantly more
abundant in the CW than the BFT systems (Figure 3d).

Linear discriminant analysis effect size (LEfSe) was used to identify the most differen-
tially abundant microbial taxa in the three systems (Figure 4a). The taxa higher than the
LDA significance threshold of 3.5 were scored in each system (Figure 4b). Various taxa were
enriched in the BFT systems (Figure 4). For example, Oxyphotobacteria (Class), Cyanobac-
teria (Phylum), and Chloroplast (Order) were enriched in the p-BF treatment, whereas
Gemmatimonadetes (Phylum) and planctomycetes (Class, Order, Family and Genus) were
enriched in the M-BF treatment (Figure 4). Furthermore, Vibrionaceae (Family), Vibrionales
(Order) and Vibrio (Genus) were enriched in the CW system, which was consistent with the
analysis of variance in genus level (Figure 3d).

3.3. Correlation Analysis between Environmental Factors and Microbial Community

Redundancy analysis (RDA) was used to discern the possible correlations between the
bacterial genera, the carbon varieties, and the environmental variables (Figure 5). Samples
from the M-BF system were distributed on the left of the first canonical axis, whereas
samples from the P-BF and CW systems were distributed on the right. Most environmental
factors had a strong negative effect on the distribution of the samples on the first axis,
whereas TAN and TA had a positive effect. Moreover, Leucothrix was strongly positively
correlated with the M-BF treatment.
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Figure 3. Bacterial community compositions and abundance at phyla (a) and genus (b) levels across all samples. The
Analysis of Variance (ANOVA) shows the top 20 phyla (c) and genera (d) with the smallest p-value among treatments.
*, p < 0.05; **, p < 0.01. CW, M-BF and P-BF represented the three systems of this study.

3.4. Functional Prediction in Carbon Adding Environments

FAPROTAX was adopted to annotate and screen the key ecological functions of the
bacterial communities in the three treatments. The top 10 functions are shown in Figure 6a.
The functions of chemoheterotrophy and aerobic chemoheterotrophy were abundant in
all treatments. Increased relative abundances of chloroplasts and intracellular parasites
were observed in the P-BF treatment, while fermentation increased in the M-BF treatments.
Based on the 16s rRNA gene sequences, the pairwise functional comparison was investi-
gated using BugBase (Figure 6b–d). The relative abundance of several functions, such as
biofilm formation (i.e., forms biofilms), anaerobic functions (i.e., anaerobic), stress tolerance
(i.e., stress-tolerant), and mobile elements (i.e., contains mobile elements), increased in
the M-BF than the CW system (Figure 6b). The relative abundance of the function of
Gram-negative increased in both carbon adding systems compared to the CW system
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(Figure 6b,c). The relative abundance of the functions related to Gram-negative, aerobic,
anaerobic, forms biofilms and stress-tolerant were all higher in M-BF than P-BF (Figure 6d).

3.5. Growth Performance

The final weight, specific growth rate (SGR), growth rate, and survival rate of L. vannamei
were highest in the P-BF system and lowest in the CW system. The three parameters in
the P-BF system were significantly higher than those in the CW system (Table 2). The feed
conversion ratios (FCR) were significantly lower in M-BF and P-BF treatments than in the
CW treatment (p < 0.05).

Figure 4. Linear discriminant analysis effect size (LEfSe) analysis showing the abundance of three treatments. (a) LEfSe
analysis identified the most differentially abundant taxa among three systems. The six rings of the cladogram stand for
domain (innermost) phylum, class, order, family, and genus. (b) Linear discriminant analysis score of the three systems
with a threshold value of 3.5. CW, M-BF and P-BF represented the three systems of this study.
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Figure 5. Redundancy analysis (RDA) identified the correlation of different treatments, bacterial communities, and
environmental factors. Biofloc: biofloc volume; TN: total nitrogen; TAN: total ammonia nitrogen; TA: total alkalinity; Chl:
chlorophyll a; TOC: total organic carbon. Details of all environmental factors were shown in Table 1. CW, M-BF and P-BF
represented the three systems of this study.

Table 2. Growth parameters and survival of Litopenaeus vannamei of different experimental systems
at the end of the 34-d trial.

Parameters CW M-BF P-BF

final weight 5.17 ± 0.81 b 6.94 ± 1.17 ab 8.04 ± 0.94 a

Specific growth rate (%/day) 1.84 ± 0.00 b 2.67 ± 0.00 ab 3.11 ± 0.00 a

Growth rate (g/wk) 0.49 ± 0.16 b 0.85 ± 0.23 ab 1.07 ± 0.19 a

Feed conversion ratio (kg/kg) 1.95 ± 0.54 a 1.12 ± 0.30 b 0.86 ± 0.17 b

Survival rate (%) 28.33 ± 0.04 b 45.56 ± 0.11 ab 61.11 ± 0.29 a

Data are presented as mean ± standard deviation (n = 3). CW, M-BF and P-BF represented the three systems of
this study. In each row, different superscript letters indicate significant differences at the p < 0.05 level (one-way
ANOVA and Tukey’s test).
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Figure 6. Functional prediction in different environments. (a) The predicted functions using FAPROTAX among different
treatments. (b–d) Pairwise comparisons of functions between the three systems according to BugBase. The left part of each
figure shows the mean proportion of two systems in different functions. The right part of each figure shows the difference
between proportions. CW, M-BF and P-BF represented the three systems of this study.

4. Discussion

4.1. TAN Removal Pathways in Different Systems
4.1.1. Nitrification in Different Systems

In previous studies, apparent nitrification was observed in heterotrophic systems,
where heterotrophic assimilation was promoted [7,33]. This agrees well with the findings
of the present study, in which the nitrification rate was relatively high in the BFT treatments
during early culture but was not significantly different from that in the CW treatment.
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Several water quality variables demonstrated nitrification in the BFT systems. NO2
−-N

is the product of the first step in the nitrification process. The accumulation of NO2
−-N

and a decrease in TAN were observed during the early days of culture, suggesting that
the first nitrification step (NH4

+ + 1.5 O2 → NO2
− + 2H+ + H2O) progressed at a greater

rate than the second step (NO2
− + 0.5 O2 → NO3

−). Schveitzer, et al. [33] made a similar
observation in BFT systems and arrived at the same conclusion. A dramatic increase in
NO3

−-N was observed from days 19 to 29, indicating complete oxidation of nitrite to
nitrate during the period. Nitrite increased to a high level in the middle of the experiment
and Emilie, et al. [34] also observed this trend after 20 d. However, nitrification in the
BFT systems became inhibited as the experiment progressed. The nitrification rates in
the BFT systems decreased and almost reached zero at the end of the study. Previous
studies have demonstrated that heterotrophic bacteria efficiently compete with nitrifying
bacteria for nutrients and space resulting in inhibited nitrification in L. vannamei and
Oreochromis mossambicus culture systems [7,8,12].

4.1.2. Heterotrophic Bacteria Assimilation

The heightened ammonia concentrations in BFT systems during week 1 of this study
may indicate that heterotrophic bacterial communities require considerable time to develop.
The water had not received added carbohydrates to stimulate the growth of heterotrophic
bacteria before it was added to the culture tanks. The addition of carbohydrates began
after the shrimp were placed into the tanks, and the bacterial community required time to
become functional in the systems [6]. Gerardi [35] reported that the heterotrophic bacterial
community takes 14 days to reach a stable stage. In this study, although the average
TAN concentration was not significantly different among the treatments, the dominant
TAN removal pathway may have been different. The low TAN concentration in the CW
system was maintained by water exchange and nitrification. This was supported by the
significantly higher nitrification rate in the CW system during the experiment period. TAN
in the BFT systems was mainly removed through heterotrophic bacterial assimilation, and
nitrification was greatly inhibited after 14 d.

4.2. Microbial Composition

Previous studies have shown that different carbon sources can affect the structure
and function of bacterial communities in aquaculture systems [8,10,36,37]. In this study,
Proteobacteria and Bacteroidetes were the dominant phyla of bacteria in all three systems.
This finding agrees with Cardona, et al. [34] who reported that these two phyla represent
more than 90% of the total bacteria present in BFT systems. Proteobacteria are widely
dispersed in the aquatic environment and play an important role in nutrient cycling and
the mineralization of organic compounds [34,38]. Bacteroidetes are an important part of the
heterotrophic bacterial community of many water bodies [39]. Other phyla with different
abundance among treatments, including Cyanobacteria, Planctomycetes, Chloroflexi, and
Verrucomicrobia were found in L. vannamei culture systems [40]. Significant growth and
proliferation of Cyanobacteria were observed in the P-BF system in this study, and this was
reported by Miranda-Baeza, et al. [41] in BFT systems with added molasses. This phylum
has developed a variety of ecological and physiological adaptation strategies to grow under
poor conditions with high organic matter loads [41]. The phylum Planctomycetes, which
was abundant in the M-BF system, performs anaerobic ammonium oxidation (i.e., oxidizing
ammonium with nitrite as the electron acceptor to yield dinitrogen gas) to maintain good
water quality [36,42].

Leucothrix was the most abundant genus in the M-BF system, and this was consistent
with our previous studies [43]. One study reported that Leucothrix forms filaments and is
usually found as an epiphyte on algae and invertebrates [43]. Species of this genus promote
high mortality rates in shrimp [44,45], and this may be the reason for the decreased survival
rate in the M-BF system. In addition, Vibrio, which are also bacterial pathogens to aquatic
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organisms, increased significantly in the CW system compared to the BFT systems [46,47].
Inhibition of a population of pathogenic Vibrio was reported in BFT systems [46].

4.3. The Correlation between Carbon Sources, Microbial Communities and Environmental Factors

According to the RDA, a close correlation was observed between bacterial composition
and the water quality parameters. This result agrees with the findings of previous studies,
which reported that bacterial community structure in the aquatic environment is affected by
the abiotic environment [48]. Zhang, et al. [49] revealed that abiotic environmental factors,
such as TAN and TN, have large impacts on bacterial populations in L. vannamei culture
ponds, and Li, et al. [50] reported that TAN and Chl strongly affect the bacterial composition
in the sediment of intertidal regions used for mariculture. Many of the environmental
factors changed in the culture systems after adding the carbon sources. (Table 1). Different
bacteria perform different ecological functions and the changing ecology and microbiota
co-affected shrimp culture [51].

The changes in the functional profiles involved in the bacterial community provide
valuable information from a functional perspective [31]. FAPROTAX is a gene functional
annotation tool based on 16S rRNA sequencing that is appropriate for environmental
samples. The results of the functional predictions indicated that biofilms formation and
stress tolerance increased in the M-BF system. Biofilm contributes to the metabolism of
the nitrogenous compounds generated within biofloc culture systems [52]. This finding
indicates that adding molasses changed the environment to a more stressful condition
but improved nitrogen metabolism in another aspect. The functional comparison using
BugBase showed that adding PHBV produced a less stressful environment for bacteria
compared to that of molasses. Our previous study also showed that shrimp are subject to be
stressed in BFT systems where molasses serves as the carbon source other than PHBV [53].

4.4. Practical Value

Carbon sources are often applied in aquaculture systems to maintain a high C/N ratio
and control the concentrations of nitrogenous metabolites in the system [54]. The carbon
sources used are often by-products of the food processing and animal feed industries that
are inexpensive and locally available [54]. Water exchange is greatly reduced in those
systems to favor heterotrophic nitrogen assimilation pathways [33,55–57]. In the present
study, the water exchange rate in the BFT systems was only one-fifth of that applied to the
CW system, but the average TAN concentrations were not significantly different among the
three systems. This agrees with the findings of Hargreaves [12] and Avnimelech [58], who
demonstrated the usefulness of BFT in reducing water use while maintaining adequate
water quality.

The growth rate of shrimp was better in the BFT systems than in the CW system,
suggesting the benefits of BFT systems for improving the growth rate, decreasing the FCR
of shrimp, and reducing feed costs. Avnimelech [59] also observed that the growth rate of
overwintering tilapia fingerlings in BFT systems was significantly higher than in the control.
Shrimp may utilize bioflocs as a source of protein and additional feed for growth [4,60].
The mechanism for the promoting effect of biofloc on the growth of aquatic animals is
unclear. Some researchers have proposed that biofloc contains fungal proteins, and their
amino acids facilitate absorption by aquatic animals. In addition, biofloc is a rich source of
proteins and lipids continuously available in situ for consumption by shrimp [54].

Water-soluble carbon sources, such as molasses, must be added many times to a
culture system, which increases the difficulty of system management. Such carbon sources
are also limited by excessive DOC and color problems [61]. In the present study, water
from the M-BF system was more turbid than that from the CW and P-BF systems. The
biofloc in the P-BF system was almost in the PVC tube, which caused low biofloc volume
in this system. Moreover, PHBV was added as a carbon source only once, so this was not
a major management effort. Boley, et al. [61] demonstrated that solid carbon sources are
better alternatives to water-soluble carbon sources because they reduce supervision and

141



Water 2021, 13, 3584

management efforts. Adding PHBV had a similar function for improving water quality
and producing less stress compared with the molasses-added treatments. Taken together,
our results suggest that insoluble biodegradable polymers could be good alternatives for
improving water quality and promoting production in intensive aquaculture systems.

5. Conclusions

The carbon sources-added group maintained water quality with reduced water ex-
change compared to the control. The dominant ammonia removal pathways changed
after adding a carbon source, where the TAN concentration was mainly removed through
heterotrophic bacterial assimilation, and nitrification was greatly inhibited after day 14.
Moreover, this study confirmed the effects of adding carbon sources on bacterial community
composition in culture tanks, and Leucothrix was closely related to molasses treated systems.
Results from the present study also indicated that the environment of the molasses-added
systems tended to be more stressful to shrimp as the relative abundance of several functions,
such as biofilms formation and stress tolerance increased in the treatment. The relatively
better shrimp performance and less stressful culture environment in the PHBV-added
systems suggest that PHBV may be a better alternative as a carbon source in BFT systems.
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Abstract: Seaweeds have been verified to effectively reduce the nutrients of aquaculture wastew-
ater, and to increase the economic output when commercially valuable species are utilized. Py-
ropia/Porphyra/Neopyropia/Neoporphyra species are important seafood resources globally, and their
growth and bioremediation capacities are affected by diverse biotic and abiotic stressors. In this study,
we investigated the effects of desiccation (0, 1, 2, 4, and 6 h of air exposure), water velocity (0.1, 0.2,
and 0.5 m s−1), and the nitrogen limitation period (1, 2, and 3 d) on the relative growth rates (RGR)
and nutrient removal rates of Neoporphyra haitanensis and Neoporphyra dentata. The RGRs and NO3-N
removal rates of the two species decreased significantly with increasing desiccation periods. A
higher water velocity of 0.5 m s−1 had a greater negative impact on the RGRs and NO3-N and PO4-P
removal rates than 0.1 and 0.2 m s−1. N. haitanensis exhibited a greater tolerance to water motion than
N. dentata. Additionally, the RGRs and NO3-N and PO4-P removal rates were significantly different
among the nitrogen limitation periods. N. haitanensis and N. dentata exhibited different nitrogen
usage strategies after nitrogen limitation and recovery. These results provide valuable information
relating to the excessive nutrient removal from aquaculture wastewater by Neoporphyra species.

Keywords: aquaculture wastewater; desiccation; growth; Neoporphyra; nitrogen limitation; NO3-N
and PO4-P removal; water velocity

1. Introduction

Aquaculture was one of the fastest-growing commercial activities in the last few
decades. The production of marine organisms has broken historical records, reaching
114.5 million tonnes in 2018 [1]. In terms of the increasing storage of natural resources, the
recirculating aquaculture system (RAS) has become one of the most sustainable models of
marine animal aquaculture [2–4]. Due to high density cultivation with limited volumes
of seawater, the wastewater from RAS usually contains high concentrations of nutrients,
posing a potential risk to the surrounding environment [3,5,6]. Much research has been
performed to look for bioremediation technologies that could solve this problem and ensure
its environmental sustainability [7–9]. Recently, due to their low cost and high uptake
efficiency, seaweeds have become a feasible alternative in the bioremediation of eutrophic
wastewater [10–12]. It is very critical to select appropriate seaweed species with great
nutrient demands and high economic value for RAS.

Intertidal seaweeds are subjected to cyclical immersion and emersion because of their
periodic exposure to tidal fluctuations. During low tide, the intertidal seaweeds are ex-
posed to air and experience various environmental stresses, such as drastic temperature
shifts, high osmotic pressure, and desiccation [13–15]. Desiccation with different periods
and frequencies is unavoidable for seaweeds growing in different vertical zones, and their
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physiological and metabolic activities, including growth and nutrient assimilation, are sig-
nificantly affected [16–18]. Besides desiccation, water velocity is another important abiotic
factor affecting the metabolism of seaweeds [15,19]. Adverse hydrodynamic conditions
in the sea can produce different degrees of influences on the productivity of natural and
cultivated seaweeds, which depends on their different environmental tolerances and nutri-
ent utilization performances [20–23]. Similarly, under laboratory conditions, the growth
and nutrient uptake of diverse seaweed species have been identified to be significantly
inhibited by immoderate water velocity [24,25].

Moreover, the nutrient uptake and growth of seaweeds are greatly affected by diverse
biotic factors, including the species, competition, growth phase, and nitrogen level in
the algae [15,26,27]. Nitrogen and phosphorus are two essential nutrient components
to be incorporated into physiological compounds that are crucial for seaweed growth
and development [28]. In recent years, ambient nitrogen deficiency has been reported
to cause aggravated damage to the seaweed mariculture systems due to the reduced
environmental tolerance of algae caused by an undesirable internal nutrient status [29–31].
Nevertheless, as a physiological strategy in response to nutrient deprivation, it was found
that the nitrogen uptake ability of seaweeds was enhanced under the condition of nitrogen
limitation [32–34], and was positively associated with the degree of nitrogen limitation [35].
Therefore, the assessment of the potential of nitrogen limitation in aquaculture water
purification with seaweeds is considered to have significant ecological and commercial
values.

Macroalgae of the genus Neoporphyra are considered edible, delicious and nutritious,
and were recently separated from the genus Porphyra [36]. Neoporphyra species are impor-
tant commercially available marine crops in China, and have been massively cultivated
because of great demand [17,37,38]. Due to their extremely high surface area to volume
ratio, they are capable of the rapid assimilation of nutrients, which promotes high rates
of growth in these algae [39–41]. As a result, they have been proven to contribute to the
purification of seawater in aquaculture ponds and nearshore farming areas in China, with
total nitrogen and PO4-P removal rates of 65.8–80.2% and 71.1–84.6% [42,43]. These facts
suggest that this genus is one of the most promising candidates for bioremediation and
integrated aquaculture [40,41,44].

Neoporphyra haitanensis and Neoporphyra dentata are two common Pyropia species
inhabiting the intertidal zone of rocky shores along the coast of southern China [45]. Their
optimal temperature ranges for growth are 19–23 ◦C and 17–23 ◦C, respectively [46,47],
which are generally consistent with the cultivation temperature of economic marine animals
such as turbot and grouper [48,49]. These provide advantageous conditions for aquaculture
wastewater purification using these two species. As one of the major commercial species, N.
haitanensis has received extensive attention for its physiological and metabolic responses to
biotic and abiotic stressors for aquaculture production optimization [50–54]. N. dentata is a
promising species for cultivation in South China, and has been farmed on an experimental
scale over the past few years [46,47,55]. Nevertheless, the nutrient removal capacities and
potential application in aquaculture wastewater purification have been rarely investigated
in these species. Furthermore, it is very vital to understand the correlation between the
nutrient removal capacities and diverse biotic and abiotic factors.

In the present study, three short-term laboratory experiments were conducted to
investigate the respective effects of desiccation, water velocity and nitrogen limitation on
the growth and NO3-N and PO4-P removal of N. haitanensis and N. dentata. The results of
this study are expected to provide valuable information to improve aquaculture wastewater
management and to assess the bioremediation potential of these two high-valued cultivars
in China.
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2. Materials and Methods

2.1. Sample Collection and Maintenance

Gametophytic thalli of N. haitanensis and N. dentata were collected from cultivated
populations on Nanao Island, Guangdong, China (23◦28′ N, 117◦06′ E) in December 2018.
These samples were rinsed several times with filtered seawater to remove epiphytic organ-
isms and detritus. The surface seawater temperature at the sampling site was measured
at the same time. The samples were promptly transported to the laboratory under low-
temperature conditions. Healthy thalli were then selected and cultured in several plastic
tanks containing sterilized seawater. For the subsequent experiments, these thalli were
maintained at 23 ◦C (the surface seawater temperature at the sampling site), with an
irradiance of 100 μmol photon m–2 s–1 and a 12:12-h light/dark cycle for 2 days.

2.2. Desiccation Experiment

A culture experiment was conducted over a period of 4 days after five periods of
desiccation: 0, 1, 2, 4, and 6 h of air exposure. The water loss percentages of N. haitanensis
and N. dentata were 34.4% and 41.4% after 1 h of desiccation, 55.2% and 59.2% after 2 h
of desiccation, 70.5% and 71.9% after 4 h of desiccation, and 77.6% and 81.2% after 6 h
of desiccation, respectively. There were a total of 10 experimental treatments for each
species, and each treatment was performed in three replicates. Before the culturing, 5 g
thalli were randomly selected for each replicate. After being blotted dry, those thalli at
1–6 h of desiccation treatments were transferred into autoclaved Petri dishes (10 cm in
diameter) containing a layer of gauze soaked with a small amount of culture medium
(NO3-N: 50 mg L−1; PO4-P: 5 mg L−1), which was made using a nutrient solution and
sterilized seawater from the coast of Taipingjiao, Qingdao, with a salinity of approximately
31 psu. Next, these Petri dishes were placed into incubators at 23 ◦C for 1, 2, 4, and 6 h,
respectively. After desiccation, the thalli of each replicate were moved into a side-arm
flask with 500 mL culture medium and GeO2, which were then gently aerated. During
this experiment, a temperature of 23 ◦C, a 12:12-h light/dark cycle, and an irradiance of
100 μmol photon m–2 s–1 were maintained.

The fresh weights of all of the thalli before and after the experiment were measured
after removing excess seawater on the surface. The relative growth rate (RGR; % day–1) of
each replicate was calculated using the following Equation (1):

RGR (% day-1) = 100 × (ln Wt - ln Wo)/t (1)

where Wo is the initial fresh weight, Wt is the final fresh weight, and t is the time of the
culture in days.

For all of the treatments, the culture media before and after the experiment were
separately collected, and the concentrations of NO3-N and PO4-P were analyzed using the
cadmium column reduction method and the phosphomolybdenum blue spectrophotomet-
ric method, respectively [56,57]. The removal rates of NO3-N and PO4-P were estimated
using the following Equation (2):

RN, P = (C0−C4)/C0 × 100% (2)

where RN, P are the removal rates of NO3-N and PO4-P (%); C0 is the initial concentration
of NO3-N and PO4-P (mg L−1); and C4 is the final concentration of NO3-N and PO4-P
(mg L−1) after 4 days.

2.3. Water Velocity Experiment

In order to examine the effect of the water velocity on the growth and nutrient removal
of these two species, they were cultured for 4 days at three water velocities (0.1, 0.2, and
0.5 m s−1) with three replicates. For this experiment, a total of 18 side-arm flasks were
prepared, and each contained 500 mL culture medium with GeO2 and 5 g thalli. During the
experimental period, a temperature of 23 ◦C, a 12:12-h light/dark cycle, and an irradiance
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of 100 μmol photon m–2 s–1 were maintained. At the end of this experiment, the calculations
of the RGR and the removal rates of NO3-N and PO4-P were the same as for the desiccation
experiment.

2.4. Nitrogen Limitation Experiment

In order to investigate the effect of nitrogen limitation on the growth and nutrient
removal of these two species, a total of 18 side-arm flasks including three replicates for each
treatment were prepared. Each flask contained 500 mL culture medium with GeO2 and 5 g
thalli. These two species were incubated for 4 days after three different periods of nitrogen
limitation (1, 2, and 3 day). We used nitrogen-deficient seawater (NO3-N: 5 mg L−1) to
achieve different nitrogen levels in the algae. During the 4-day experiment, a temperature
of 23 ◦C, a 12:12-h light/dark cycle, and an irradiance of 100 μmol photon m–2 s–1 were
maintained. The RGR and removal rates of NO3-N and PO4-P were calculated in the same
way as described above.

2.5. Statistical Analysis

Two-way analysis of variances (ANOVA) were used to analyze the effects of desic-
cation and the species, water velocity and the species, and nitrogen limitation and the
species on the RGR and NO3-N and PO4-P removal rates. Prior to the ANOVA tests, all
of the data were confirmed to show a normal distribution and homogeneity of variance.
When a significant difference was identified by the ANOVA, Tukey’s multiple comparisons
test was used to determine which levels of each factor produced significant differences
(p < 0.05). All of the analyses were performed using STATISTICA version 7.0 software.

3. Results

3.1. Effect of Desiccation on Growth and Nutrient Removal

The results of the two-way ANOVA showed that the RGRs of N. haitanensis and N.
dentata were significantly affected by desiccation, but they did not significantly differ
between the two species (Figure 1; Table 1). A significant interaction between desiccation
and the species was not detected. The RGRs of the two species decreased significantly with
increasing desiccation periods from 0 to 6 h.

Table 1. Analysis of variance (two-way ANOVA) examining the effects of desiccation on the RGR
and NO3-N and PO4-P removal rates of N. haitanensis and N. dentata, and the comparison of these
parameters between the two species.

Factors df F P

RGR
Desiccation (D) 4 5.973 <0.01
Species (S) 1 1.187 0.346
Interaction (D × S) 4 0.851 2.061

NO3-N removal rate
Desiccation (D) 4 16.177 <0.001
Species (S) 1 1.465 0.239
Interaction (D × S) 4 2.935 <0.05

PO4-P removal rate
Desiccation (D) 4 0.834 2.947
Species (S) 1 1.181 0.385
Interaction (D × S) 4 0.655 6.421
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Figure 1. The RGRs and NO3-N and PO4-P removal rates of N. haitanensis and N. dentata cultured
for 4 days under five desiccation periods. Different capital and small letters indicate statistical
significance ( P < 0.05) among species and desiccation periods, respectively. The data represent the
mean ± SE (n = 3 replicates).

The NO3-N removal rates of N. haitanensis and N. dentata were significantly affected
by desiccation, but they did not significantly differ between the two species. A significant
interaction between desiccation and the species was detected. The NO3-N removal rates of
N. haitanensis and N. dentata decreased significantly with increasing desiccation periods,
with ranges of 87.2–72.4% and 89.2–67.1%, respectively.

The PO4-P removal rates of N. haitanensis and N. dentata were not significantly affected
by desiccation, and also did not significantly differ between the two species. A significant
interaction between desiccation and the species was not detected. The PO4-P removal
rates of N. haitanensis and N. dentata ranged from 88.9 to 98.0%, and from 90.9 to 98.2%,
respectively.

3.2. Effect of the Water Velocity on Growth and Nutrient Removal

The RGRs of N. haitanensis and N. dentata were significantly affected by the water
velocity, and also differed significantly between the two species (Figure 2; Table 2). A
significant interaction between the water velocity and species was detected. The RGRs
of N. haitanensis and N. dentata at 0.1 and 0.2 m s−1 were significantly greater than those
at 0.5 m s−1. The RGR of N. dentata at 0.2 m s−1 was significantly greater than that
at 0.1 m s−1. The RGRs of N. haitanensis were significantly greater than those of N. dentata
at all three water velocities.

The NO3-N removal rates of N. haitanensis and N. dentata were significantly affected
by the water velocity, but they did not significantly differ between the two species. A
significant interaction between the water velocity and species was detected. The NO3-N
removal rates of N. haitanensis and N. dentata at 0.1 (N. haitanensis: 86.2%; N. dentata: 80.5%)
and 0.2 m s−1 (N. haitanensis: 83.7%; N. dentata: 89.9%) were significantly greater than those
at 0.5 m s−1 (N. haitanensis: 44.6%; N. dentata: 48.4%). There were no significant differences
in the NO3-N removal rates between 0.1 and 0.2 m s−1 for both species.
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Figure 2. The RGRs and NO3-N and PO4-P removal rates of N. haitanensis and N. dentata cultured for
4 days under three water velocities. Different capital and small letters indicate statistical significance
(P < 0.05) among species and water velocities, respectively. The data represent the mean ± SE
(n = 3 replicates).

Table 2. Analysis of variance (two-way ANOVA) examining the effects of the water velocity on the
RGR and NO3-N and PO4-P removal rates of N. haitanensis and N. dentata, and the comparison of
these parameters between the two species.

Factors df F P

RGR
Water velocity (W) 2 29.933 <0.001
Species (S) 1 16.025 <0.001
Interaction (W × S) 2 27.251 <0.001

NO3-N removal rate
Water velocity (W) 2 20.070 <0.001
Species (S) 1 0.773 4.197
Interaction (W × S) 2 5.773 <0.01

PO4-P removal rate
Water velocity (W) 2 18.191 <0.001
Species (S) 1 9.966 <0.001
Interaction (W × S) 2 11.555 <0.001

The PO4-P removal rates of N. haitanensis and N. dentata were significantly affected by
the water velocity, and also differed significantly between the two species. A significant
interaction between the water velocity and species was detected. The PO4-P removal rate
of N. haitanensis at 0.1 m s−1 (86.9%) was significantly greater than those at 0.2 (70.3%)
and 0.5 m s−1 (64.8%). The PO4-P removal rates of N. dentata at 0.1 (62.4%) and 0.2 m s−1

(65.9%) were significantly greater than that at 0.5 m s−1 (45.4%). The PO4-P removal rate of
N. haitanensis was significantly greater than those of N. dentata at 0.1 and 0.5 m s−1.

3.3. Effect of Nitrogen Limitation on Growth and Nutrient Removal

The RGRs of N. haitanensis and N. dentata were significantly affected by nitrogen
limitation, and also differed significantly between the two species (Figure 3; Table 3). A
significant interaction between nitrogen limitation and the species was detected. After
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4 day nitrogen recovery, the RGRs of N. haitanensis at 2 and 3 day nitrogen limitation
were significantly greater than that at 1 day nitrogen limitation. There were no significant
differences in the RGRs among the three nitrogen limitation levels for N. dentata. The RGR
of P. dentata was significantly greater than that of N. haitanensis at each nitrogen limitation
level.

Figure 3. The RGRs and NO3-N and PO4-P removal rates of N. haitanensis and N. dentata cultured for
4 days after three different periods of nitrogen limitation. Different capital and small letters indicate
statistical significance (P < 0.05) among species and nitrogen limitation periods, respectively.The data
represents the mean ± SE (n = 3 replicates).

Table 3. Analysis of variance (two-way ANOVA) examining the effects of nitrogen limitation on the
RGR and NO3-N and PO4-P removal rates of N. haitanensis and N. dentata, and the comparison of
these parameters between the two species.

Factors df F P

RGR
Nitrogen limitation

(N) 2 5.190 <0.01

Species (S) 1 25.021 <0.001
Interaction (N × S) 2 19.201 <0.001

NO3-N removal rate
Nitrogen limitation

(N) 2 23.876 <0.001

Species (S) 1 0.482 9.110
Interaction (N × S) 2 15.766 <0.001

PO4-P removal rate
Nitrogen limitation

(N) 2 28.171 <0.001

Species (S) 1 8.960 <0.001
Interaction (N × S) 2 12.095 <0.001

The NO3-N removal rates of N. haitanensis and N. dentata were significantly affected
by nitrogen limitation, but they did not significantly differ between the two species. A
significant interaction between nitrogen limitation and species was detected. After 4 day
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nitrogen recovery, the NO3-N removal rate of N. haitanensis at 3 day of nitrogen limitation
(91.8%) was significantly greater than those at 1 day (78.4%) and 2 day of nitrogen limitation
(80.0%). The NO3-N removal rate of N. dentata increased significantly from 1 to 3 day
nitrogen limitation (1 day: 72.9%; 2 day: 82.0%; 3 day: 93.3%).

The PO4-P removal rates of N. haitanensis and N. dentata were significantly affected
by nitrogen limitation, and differed significantly between the two species. A significant
interaction between nitrogen limitation and the species was detected. After 4 day of
nitrogen recovery, the PO4-P removal rate of N. haitanensis at 1 day of nitrogen limitation
(80.3%) was significantly greater than those at 2 (64.4%) and 3 day of nitrogen limitation
(59.5%). The PO4-P removal rates of N. dentata at 1 (68.9%) and 2 day of nitrogen limitation
(62.4%) were significantly greater than that at 3 day of nitrogen limitation (48.3%). The
PO4-P removal rates of N. haitanensis were significantly greater than those of N. dentata at 1
and 3 day of nitrogen limitation.

4. Discussion

Intertidal seaweeds usually experienced the stress of desiccation with different periods
originating from tidal alternation because they are essentially marine organisms [15,16].
Several studies have demonstrated that desiccation significantly affects the growth and
nutrient uptake of Neoporphyra species under laboratory conditions [17,18]. Similarly, in
the present study, we found that different degrees of desiccation exhibited a significant
inhibitory effect on the growth and nitrogen removal of N. haitanensis and N. dentata. This
inhibitory effect intensified significantly with the increase of the desiccation period. This
finding is supported by Cao et al. [58], showing that, due to the artificial reduction of the
air exposure period, the thalli of Neoporphyra yezoensis (formerly Pyropia yezoensis) from
cultivated populations were significantly larger than those from wild populations in the
surrounding area. Li et al. [18] also documented that periodical dehydration could reduce
the relative growth rate of N. yezoensis by 7–10% in different salinity conditions. However,
the effects of desiccation on the growth and nutrient uptake of seaweeds varied from
species to species, which is coordinated with their vertical distribution patterns [16,59,60].
Thomas et al. [61] found that the upper-shore species Pelvetiopsis limitata and Fucus distichus
(Phaeophyceae) achieved their maximum nitrate uptake following severe desiccation that
inhibited the nitrate uptake in the low-shore species Gracilaria pacififica (Rhodophyta). Kim
et al. [16] suggested that species in the intertidal zone that have longer exposure times may
have a higher time-use efficiency than subtidal species in terms of their nitrate uptake and
growth. On the other hand, the impact of desiccation on seaweeds appears to be associated
with their water-retaining abilities caused by structure features. For example, desiccation
appeared to have no significant influences on the growth and photosynthesis of Ulva linza
(Chlorophyta) and Gloiopeltis furcata (Rhodophyta) because of their internal hollow cavities
being conductive to water retention [60,62]. The two Neoporphyra species used in this study
are monolayer or bilayer membranous thalli with a weak water-retaining capacity, which
may partially contribute to the inhibition of nutrient removal under desiccation stress.

Although the water loss percentages of the two experimental species in this study
were as high as approximately 80% after 6 h of desiccation, they were still alive. After a 96-h
culture, both species effectively recovered the capacity of nutrient absorption. Particularly,
the removal rates of PO4-P were not significantly different among the desiccation periods
from 0 to 6 h. These results suggest that N. haitanensis and N. dentata possess extremely
strong resilience to high desiccation stress, and thus can adapt well to changeable oceanic
conditions. Similarly, Gao and Wang [63] examined the effect of single dehydration on
the physiological features of N. yezoensis, and found that the photosynthetic activity of
N. yezoensis that lost 86% of its cellular water could be fully restored after 30 min of re-
hydration. Therefore, the periodical emersion of seeded nets has been widely applied in
Pyropia/Neopyropia/Neoporphyra field aquaculture to kill most fouling organisms, including
diatoms and macroalgal spores [64]. Additionally, N. dentata appears to be slightly more
sensitive to desiccation stress than N. haitanensis, even though their vertical distribution
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ranges are similar [45]. This may be closely associated with the fact that N. haitanensis has a
thicker thallus (65–110 μm) with local double-layer cell tissue, whereas N. dentata only has
a very thin single-layer thallus (30–55 μm) [45,65].

Water motion is a critical physical process in the marine environment that can trans-
port the inorganic carbon and nutrients required for the growth and survival of marine
macrophytes [66]. It has been demonstrated that an increased water velocity can reduce
the diffusion boundary layer along the algae surface, and can thereby enhance its nutrient
uptake and growth until a saturating velocity is reached [67,68]. Nevertheless, in this study,
the growth of N. dentata exhibited a significant increase from 0.1 to 0.2 m s−1, but was
significantly inhibited at 0.5 m s−1. Similarly, N. haitanensis had a significant lower RGR
at 0.5 m s−1 compared with lower water velocities. Their removal capacities of NO3-N
and PO4-P were also inhibited at a high water velocity of 0.5 m s−1. Analogous growth
and physiological inhibition caused by an over-high water velocity has also been reported
for the brown algae Laminaria digitata and Sargassum siliquastrum (Phaeophyceae) [68,69].
Furthermore, Yang [70] found a clear inverse correlation between the cell growth and
chlorophyll synthesis of Chlorella (Chlorophyta) species and water velocity. All of these
results suggested that over-high water velocity can greatly restrict the photosynthetic
and nutrient accumulation activities of algae, and can even cause direct damage to algae
membranes. Furthermore, N. haitanensis appeared to exhibit a greater tolerance and less
sensitivity to variable hydrodynamic conditions than N. dentata. This may still be correlated
with their different structure traits. It is conceivable that thicker and more solid algae can
better resist the negative impact of external forces.

In seaweed species, nitrogen can be accumulated for growth demands and stored
in its inorganic form in the cellular reserve pool [15,19]. As an ecological adaption to
nitrogen deficiency stress, stored nitrogen can be remobilized to support seaweed survival
without an ongoing inorganic nitrogen supply [33,71]. Their physiological and metabolic
activities, including growth, photosynthesis, and protein and nucleic acid synthesis, will
be suppressed by nitrogen deficiency below the critical concentration [72,73]. However, ni-
trogen replenishment quickly reverted the nitrogen accumulation and metabolism of algae,
with the reestablishment of the nitrogen reserve pool and growth promotion [33,50,74]. In
this study, the nitrogen removal capacities of both species after nitrogen recovery were
positively correlated with the nitrogen limitation period, exhibiting a compensatory re-
sponse in nitrogen accumulation. Similar phenomena have been documented for floating
Sargassum horneri (Phaeophyceae) and Agarophyton tenuistipitatum (formerly Gracilaria
tenuistipitata) (Rhodophyta), showing that nitrogen limitation and then recovery signif-
icantly increased their ammonium uptake rates in comparison with a control without
nitrogen limitation [34,75]. These results suggest that nitrogen limitation can lead to a
deficit status of the nitrogen reserve pool. In an effort to maintain life and restore health,
the algae in worse conditions must possess a stronger ability to replenish nitrogen when
subjected to nitrogen resupply. Curiously, the phosphorus removal in both species did not
show the compensatory responses consistent with nitrogen removal. As we known, in
seaweed species, there are interactions among different nutrients, which are required in a
certain ratio [19]. Perini and Bracken [76] confirmed that nitrogen availability may mediate
the ability of marine primary producers to access phosphorus. Therefore, we suspect that
particularly rapid nitrogen accumulation may have a negative effect on phosphorus accu-
mulation, which is supported by a finding regarding the phosphorus absorption inhibition
by an ambient high nitrogen concentration in Skeletonema costatum (Bacillariophyta) [77].
Further studies should be carried out to test our hypothesis.

Under the same nitrogen limitation and recovery conditions, N. haitanensis and N.
dentata showed similar NO3-N removal rates, whereas the RGRs of N. haitanensis were
significantly lower than those of N. dentata. Liu et al. [74] demonstrated that nitrogen
deprivation and then recovery notably promoted the growth of Asparagus schoberioides
(formerly Gracilaria lemaneiformis) (Rhodophyta), but significantly inhibited the accumu-
lation of phycoerythrin and chlorophyll a. In contrast, Friedlander et al. [78] reported
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that after nitrogen limitation and recovery, although the external nitrogen concentration
was sufficient, Gracilaria conferta (Rhodophyta) did not grow significantly, probably due
to more internal organic synthesis. All of these findings suggest that seaweeds under
nitrogen starvation show a species-specific nitrogen utilization strategy when encountering
nitrogen resupply. As mentioned above, in comparison with N. dentata, N. haitanensis with
a thicker thallus and more complex structure appears to require more nitrogen resources
for the synthesis of the necessary organic compounds rather than growth, resulting in the
significantly lower RGR and deeper color observed in our experiment.

5. Conclusions

Dealing with eutrophic wastewater is a major challenge for aquaculture production
and water environment protection. According to the data of this study, N. haitanensis and
N. dentata appear to play an important role in the removal of inorganic nitrogen and phos-
phorus from aquaculture wastewater, and therefore are likely to be used as efficient and
environmentally friendly remediation tools. N. dentata is a more ideal candidate because of
its greater environmental resistance. Our results show that desiccation, water velocity and
nitrogen limitation are three significant variables affecting the growth and nutrient removal
of both species. N. haitanensis and N. dentata showed different nitrogen usage strategies
after nitrogen limitation and recovery. These findings provide valuable information for
developing and improving wastewater treatment technologies for RAS. Moreover, apart
from being a biological filter, these two Neoporphyra species can be harvested as aquaculture
byproducts to increase economic income owing to their excellent growth capacities. Due to
the limited physiological data in this study, further experiments measuring multiple pa-
rameters are warranted to comprehensively assess the application feasibility of wastewater
purification using Neoporphyra species.
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Abstract: Integrated rice field aquaculture, a practice normally used by rural small-scale farmers, is
not only supporting farms and livelihoods but is also reducing poverty and is playing a more and
more important role in China. It is also becoming one of the main freshwater aquaculture systems,
in addition to ponds, lakes, reservoirs, streams, and other aquaculture systems. During the past
40 years, both the production and areas of integrated rice field aquaculture in China have significantly
increased from 0.13 million t and 0.74 million ha in 1990 to 3.25 million t and 2.56 million ha in 2020,
respectively. Advances in ecology research on integrated rice–fish aquaculture were one of the main
contributors to this achievement. In this paper, we systematically reviewed the advances in ecology
research on three major integrated rice field aquaculture systems in China, namely rice–fish, rice–crab,
and rice–crayfish coculture systems, the contribution of the research, and future prospects. We
found that progress in ecology research on theories, biological studies, models, and eco-engineering
techniques, coupled with policy support promoted the development of the rice field aquaculture
industries. This review could assist individual small-scale farmers to make better use of rice field
space to produce safer aquatic and rice products at a lower cost and help aquaculture scientists to
further study the ecology of integrated rice field aquaculture systems.

Keywords: rice field; integrated aquaculture; ecology; review; prospects; coupling degree; eco-certification

1. Introduction

Integrated rice field aquaculture evolved from rice–fish coculture, and is playing
a more and more important role in China, as the largest aquaculture producer in the
world. It is also becoming one of the main freshwater aquaculture systems, in addition to
ponds, lakes, reservoirs, streams, and other aquaculture systems, amounting to 10.52% of
China′s freshwater aquaculture production and 33.71% of the aquaculture area in 2020 [1]
(Figure 1). China, the most populous country, is short of land resources and is also the
biggest consumer of rice; therefore, food security is a priority of the Chinese government.
The development of aquaculture by digging more ponds is strictly controlled by law.
Therefore, integrated rice fields are getting more and more attention as a resource for
increasing aquaculture production because of their properties of water conservation and
using less land. This practice is normally adopted by individual small-scale farmers as
an ideal use of land and an easy source of cheap, fresh, and convenient animal protein. It
not only promotes sustainable agricultural and aquaculture development and farms and
livelihoods, but also reduces poverty [2–4]. Consequently, during the past 40 years, both
the production and area of integrated rice field aquaculture in China have significantly
increased from 0.02 million t and 0.35 million ha in 1982 to 3.25 million t and 2.56 million
ha in 2020, respectively [1,5] (Figure 2). Advances in ecology research, policy support,
and aquaculture techniques for integrated rice–fish aquaculture are probably the main
contributors to this achievement.
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Figure 1. Comparison of freshwater aquaculture production (a) and area (b) between rice fields and
other main water bodies in China [1].

Figure 2. Changes in the aquaculture production and area in rice fields in China from 1950 to
2020 [1,5].

Integrated rice field aquaculture in China includes 25 different models [4]. In this
paper, we systematically reviewed the advances in ecology research for the three most
important systems in China, namely the rice–fish, rice–crab, and rice–crayfish coculture
systems [6]. We also introduced the prospects for ecology research on integrated rice field
aquaculture. This information could assist individual small-scale farmers to make better
use of rice field space to produce safer aquatic and rice products at a lower cost and help
aquaculture scientists to further study the ecology of this industry.

For this review, we searched for Chinese articles in the China National Knowledge
Infrastructure database and English articles in the Web of Science database in 2022. We
collected as many relevant pieces of literature as possible, and we only selected and referred
to important published articles and books. Most of the information that was extracted
included productive data (such as density, area, yield, survival rate, feed, and pesticide
usage), aquaculture models, and advances in ecological research.

2. Advances in Ecology Research on the Rice–Fish Coculture System

The rice–fish coculture system is the most ancient integrated rice field aquaculture
system in the world [2], and many fish species have been chosen for coculture, such as
grass carp (Ctenopharyngodon idella), common carp (Cyprinus carpio) and its diverse strains,
goldfish (Carassius auratus) and its diverse strains, swamp loach (Misgurnus anguillicaudatus),
silver carp (Hypophthalmichthys molitrix), bighead carp (Aristichthys nobilis), and tilapias
(Oreochromis sp.) [7,8]. Furthermore, ecology research in this system not only accelerates
the development of the rice–fish aquaculture industry, but also lays the foundation for the
formulation and development of other rice field integrated aquaculture systems.
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2.1. Establishment of the Rice–Fish Symbiosis Theory

Ni [9] studied the population interactions between rice and fish in the coculture
system based on biological and ecological traits in the late 1970s and early 1980s and
put forward the Rice–Fish Symbiosis Theory in 1981. Ni and Wang suggested that rice
is the main body in the rice field ecosystem and is also the dominant population, which
absorbs solar energy, carbon dioxide, water, and other nutrients, and produces organic
materials by photosynthesis and rice and straw for stakeholders. Moreover, plenty of
weeds, phytoplankton, and photosynthetic bacteria in the field also conduct similar energy
conversion, transportation, and storage as rice, but they also compete with rice for fertilizers,
water, space, and solar energy without providing useful products for people [10]. Thus,
the clearance of weeds in rice fields, which results in the loss of fertility and solar energy
for rice, is imperative. Furthermore, plankton, bacteria, and other microorganisms are
usually flushed away by irrigation, directly or indirectly causing the loss of fertility and
solar energy [10]. Fish culture in rice fields can partially compensate for this loss. Fish
in rice fields can directly or indirectly utilize weeds, zoobenthos, plankton, and detritus,
decreasing competition with weeds for fertilizers, and utilizing the food and energy that
cannot be utilized by rice [10]. In addition, nutrient loadings from fish can also provide
nutrients for rice and plankton, and the CO2 released by fish can also be utilized by rice,
weeds, and algae. Additionally, the fish may loosen the surface soil and improve the oxygen
condition of the soil to promote the mineralization of organic matter and the release of
nutrients [9]. In this ecosystem, rice and fish complement each other and both play an
active role, promoting the cycle of materials inside the field, directing beneficial energy
flow to both the rice and fish, and efficiently recycling the materials and energy in this
coculture ecosystem [10].

The Rice–Fish Symbiosis Theory, although a qualitative description in theory, provides
a theoretical base for the Chinese government to adopt specific extension policies for the
development of this traditional practice with a long history. In 1983, the Health Commission
of China listed fish culture in rice fields as an important measure for killing mosquitoes,
and the Ministry of Agriculture, Husbandry, and Fisheries held the first nationwide “On
Site Experience Exchange Conference on Fish Culture in Rice Fields” in Wenjiang County,
Sichuan Province. Additionally, in 1984, the National Economic Commission of China
listed fish culture in rice fields as a national technical development project and extended
this technique to 18 provinces; and in 1987, the technical extension of fish culture in rice
fields was accepted into the National Harvest Project and State Key Agricultural Extension
Project. Then, in 1990, the Ministry of Agriculture held the second nationwide “On Site
Experience Exchange Conference on Fish Culture in Rice Fields” in Chongqing [2]. Thus,
the breakthrough of ecological theories for integrated rice field aquaculture won national
policy support and accelerated the development of fish culture in rice fields in the 1980s
(Figure 2).

2.2. Quantitative Determination of Material Cycling and Energy Flow in the Rice–Fish System
2.2.1. Rice–Fish Coculture Remains Rice Production

With the rapid development of integrated rice field aquaculture in the 1980s and 1990s,
one of the biggest concerns for agricultural administration officers was whether this system
would affect rice production since China has the largest population in the world and food
security is a priority for the government. A systematic large-scale in situ experiment,
including 155 rice–fish coculture fields and 93 rice monoculture fields in 31 villages in
Qingtian County, Zhejiang Province (where its rice–fish culture system was designated
by the FAO-GEF as one of the five first Globally Important Agricultural Heritage System
(GIAHS) pilot sites in the world), was conducted to compare the difference between rice–
fish coculture and rice monoculture from 2006 to 2010. Studies showed that there was no
significant difference in rice production between the rice–fish coculture system and the
rice monoculture system (p > 0.05). The average rice production over five years in the
rice–fish coculture system was 6190 ± 150 kg/ha/crop, while that for the monoculture was
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6520 ± 390 kg/ha/crop [11]. This result eliminated the concerns about a decrease in rice
production due to fish culture in rice fields.

2.2.2. Rice–Fish Coculture Decreases the Application of Chemical Fertilizers and
Agricultural Pesticides

Fertilizers and agricultural pesticides are the main inputs of rice fields, affecting
economic income and food safety. Experiments from 31 villages in Qingtian County
indicated that the application amount of agricultural pesticides in the rice monoculture
system was significantly higher than that in the rice–fish coculture system (p < 0.05) [11].
The application amount of chemical fertilizers was 158.39 ± 16.97 kg/ha/growing season in
the rice–fish coculture system, which was much lower than 266.28 ± 18.15 kg/ha/growing
season in the rice monoculture system. In addition, the application amount of agricultural
pesticides was 1.81 ± 0.15 kg/ha/growing season in the rice–fish coculture system, which
was also much lower than the 4.22 ± 0.16 kg/ha/growing season in the rice monoculture
system [12]. During the five-year experiments, no herbicides were used in the rice–fish
coculture system [12]. These results support that fish can control weeds and thus reduce
the need for chemical fertilizers and decrease the application of agricultural pesticides.
No application or much lower application of agricultural pesticides provides security for
rice quality safety; thus, many rice products from integrated rice field aquaculture can be
certificated and labeled as green and organic food [13]. Consequently, they have become
famous brands that can be sold at a much higher price than rice from rice monoculture
systems [5].

Further studies on the reason for the maintenance of rice production with low or zero
pesticide application showed that rice planthoppers (including Nilaparvata lugen, Sogatella
furcifera, and Laodelphax striatellus) were more abundant during their outbreak period
(from late August to early September in each year, p < 0.05), the incidence of rice sheath
blight caused by Thanatephorus cucumeris was higher (p < 0.01), and the weed biomass was
significantly higher (p < 0.01) in the rice monoculture system than those in the rice–fish
coculture system [14]. In addition, a lower cost and better price are the drivers for farmers
to extend rice fish coculture, and better food safety increases consumers′ confidence.

2.2.3. Rice–Fish Coculture Increases Nitrogen Use Efficiency

In the rice monoculture system, nitrogen in chemical fertilizers can only be used by
rice, while nitrogen in feeds can be used only by fish in the fish monoculture system.
However, nitrogen in chemical fertilizers and feeds can be mutually used in the coculture
system. Xie et al. [14] confirmed that the rice–fish coculture system increases nitrogen use
efficiency when compared to the rice and fish monoculture systems, and Hu et al. [15] and
Zhang et al. [16] confirmed that it decreases the nutrient loadings to the water environment.
Experiments showed that 41.02% of the food source of fish in the rice–fish coculture
system was from natural food produced in the rice fields [11]. Nitrogen intake from feed
was 37.6 kg/ha and that from natural food sources in the rice fields was 42.2 kg/ha [15].
Among them, 17.99% (14.36kg/ha) of nitrogen was assimilated and 82.01% (65.44 kg/ha)
was released by the fish, while 84.38% (55.22 kg/ha) of the released nitrogen was dissolved
into the water in the form of ammonia excreted by the fish, which can be directly absorbed
by the rice. The remaining nitrogen, 15.62% (10.22 kg/ha), was released in the form of feces,
which returns to the soil [15]. Thus, fish can provide nutrients through feeding, excretion,
and fecal production, compensating for the nitrogen needed for rice growth, and feces
added to the soil can also provide nitrogen for the rice.

Quantitative studies on material cycling and energy flow in the rice–fish coculture
system, together with other ecological research achievements in the rice–crab, rice–crayfish,
and rice–turtle coculture systems led to the leapfrog development of the integrated rice field
aquaculture industry both in terms of the amount produced and the area used (Figure 2).
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3. Advances in Ecology Research on the Rice–Crab Coculture System

The Chinese mitten crab (Eriocheir sinensis) is used for traditional seafood in China
and its aquaculture production reached 775,887 t in 2020 [1]. Fish–crab coculture systems
started in the late 1980s [17] but developed very fast with a coculture area of 13,869 ha and
a production of 61,800 t in 2019 [18]. As a young aquaculture sector, ecology research on
rice–crab coculture received attention from the start of the industry [19–21]. Promoted by
the Rice–Fish Symbiosis Theory, symbiosis was also studied in the rice–crab coculture and
it was found that crabs can utilize the weeds in rice fields, loosen the soil, prey on pests, and
provide fertilization through excretion and fecal production, while rice can purify water
and protect crabs from their natural enemies [22]. Modern studies on rice–crab coculture
ecology have focused on two aspects. One is the crab stocking density in relation to growth,
yield, and environmental improvements including the larvae and juvenile crabs. The other
is the progress in ecological engineering research.

For megalopa, a stocking density of 15 ind./m2 can produce the highest crab yield and
profit [23], while a stocking density of 120 ind./m2 with an average weight of 0.005 g/ind.
can promote nitrogen use efficiency [24]. For juveniles, a stocking density of 0.75 ind./m2

with an average weight of 7.04 g/ind. has the highest profit without affecting the soil
chemical indexes [25], and weeds can be effectively controlled at a stocking density of
0.50 ind./m2 with an average weight of 12 g/ind. [26]. This quantitative determination of
different stocking densities for different sizes under different ecological conditions lays the
foundation for rice–crab coculture development [27–29].

Progress in eco-engineering techniques was the other driver for the development of the
rice–crab coculture. Enlightened by the edge effect of rice growth, the trench structure in rice
fields has changed from line-shaped trenches to cross-shaped trenches, and then to circular-
shaped trenches composed of peripheral and cross trenches (Figure 3). The compensation
rates for rice yield loss because of trench building were 95.89%, 85.58%, and 58.02% for
line-shaped, cross-shaped, and circular-shaped trenches, respectively [30]. Thus, the new
trench shape helps to maintain rice yield without increasing the trench area. Normally,
the total trench area accounts for approximately 10% of rice fields. Another reform is
the building of new style ridges [13]. The most successful method of ecological ridge
engineering is the Panshan model, which is applied in Liaoning Province. In this model,
rice planting is based on large single ridges between double rows, i.e., one wide row and a
narrow row, with narrow row spacing within the ridge and wider row spacing between the
ridges [31]. Edge row densification reduces the plant spacing in the rice row on the field′s
edge, where there is a marginal improvement in light, water, and fertilizer supply, which
can improve rice yield [22]. Because of the improvements from this ecological engineering
project, many provinces and autonomous regions in northern China have referenced the
Panshan model when developing rice–crab coculture systems.

Fence building is another important eco-engineering project for rice–crab coculture.
Vertical fences were designed in recent years for surrounding rice fields based on under-
standing the ecological traits of the mitten crab (Figure 4). Preventing the escape of the
mitten crab ensures a better crab production. The fences are established using rigid plastics,
metal leaves, bricks, or other materials, which are usually fixed into the soil and reached a
30 cm height above the soil.
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Figure 3. The evolution of trench designs in the rice–crab coculture system: (a) line-shaped trenches;
(b) cross-shaped trenches; (c) and circular-shaped trenches.
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Figure 4. A plastic fence for the prevention of escaping crabs in the rice–crab coculture system.

4. Advances in Ecology Research on the Rice–Crayfish Coculture System

The red swamp crayfish (Procambarus clarkii) is an alien crustacean that was introduced
to China from Japan as early as 1929, although it is natively distributed in North Amer-
ica [32]. Since its introduction, the fighting against its invasion and effects on biodiversity
and the environment, especially for the destruction of water conservation projects has
never stopped until today [33–36]. However, it has also become the most successful exotic
aquaculture species with a production increase from 0.05 million t in 2003 to 2.39 million t in
2020, and an area increase from 0.6 million ha in 2016 to 1.46 million ha in 2020 (Figure 5) [1].
Therefore, it is playing a more and more important role in China’s aquaculture industry [37].
It has almost overtaken the production of 1.66 million t for tilapias and its production is
7.8 times the production of channel catfish (Ictalurus punctatus), which was 0.31 million t
in 2020 [1]. Among all the crayfish aquaculture systems, the rice–crayfish coculture has
become the most important model and it has developed very fast. The percentage of the
rice–crayfish coculture area to the total crayfish aquaculture area increased from 70.83% in
2017 to 86.61% in 2020, while that of rice–crayfish coculture production to total crayfish
aquaculture production increased from 72.40% in 2018 to 86.16% in 2020 [1] (Figure 6).

 
Figure 5. The red swamp crayfish aquaculture area and production from 2003 to 2020 in China [1].
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Figure 6. The red swamp crayfish area (a) and production (b) in the rice–crayfish coculture system
and total crayfish aquaculture system in China [1].

Red swamp crayfish aquaculture in rice fields originated from fish farmers’ practices
and its aquaculture techniques were later summarized and extended by scientists and
the government. The biggest barrier to developing this aquaculture is the concern for
crayfish burrowing. However, this phenomenon is rarely observed in rice fields. The main
reason is likely that the rice in the fields provides shelter for the crayfish. For instance,
Cheng et al. confirmed that shadows can act as a solid shelter for red swamp crayfish,
and more shadow partitioning, with a 60% shadow area, resulted in a decreased agonistic
behavior, a lower mortality, and a higher body weight gain [38]. Yu et al. [39] also reported
that an 80% artificial macrophyte coverage significantly increased the total biomass, the
molting frequency, the total weight gain, the specific growth rate, and the daylight shelter
occupancy when compared to those of a 20% coverage. Rice fields have more shadow areas
and even partitioning conditions, which could be the ideal environment for red swamp
crayfish growth. Moreover, an increased structural complexity could decrease the predation
of native fishes by red swamp crayfish [38]. Additionally, dense rice and circular trenches
in rice fields are beneficial for biodiversity protection from red swamp crayfish.

Red swamp crayfish have a small fecundity of about 500 eggs per female and normally
reproduce in autumn when the water temperature is low and the hatching time is long [40],
which affects the large-scale supply of juveniles. Research on the reproductive biology of red
swamp crayfish is focused on solving this problem. For example, Jin et al. [41] systematically
studied the spawning traits of red swamp crayfish and found that its spawning activities
mainly took place from September to November with a mean fecundity of 429 ± 9 eggs per
female, and there were two recruitments yearly, a major one from October to November
and a minor one from March to May. They inferred that some eggs, prevented from
hatching by a lower water temperature in winter, were more likely to hatch in the next
spring, suggesting that reducing the fishing intensity on immature crayfish and avoiding
sex selection during the reproductive period could improve the overall sustainability. Jin
et al. [42] further indicated that the optimal temperature is 21–25 ◦C for adult reproduction
and 25 ◦C for the embryonic development of red swamp crayfish. Consequently, this study
provides evidence that manipulating the water temperature is an effective alternative for
the mass production of juvenile red swamp crayfish.

The determination of the optimal stocking density for red swamp crayfish is very
important since they have agonistic behaviors and fight for shelter. Many experimental
and in situ studies have been conducted on this topic [39,43–45]. In summary, the optimal
stocking densities were 90,000–120,000 juvenile crayfish at 3–4 cm in length per hectare and
75,000–90,000 juvenile crayfish at 4–5 cm in length per hectare [30].

Overall, progress in the ecology research on rice–fish coculture systems contributes
to increased economic benefits, decreased chemical fertilizer and agricultural pesticides
usage [4], and improved environmental conditions [44,46,47]. Using Hubei Province as an
example, with the largest amount of rice–fish coculture in China, the average production
was 1.80 t/ha of crayfish with a benefit of about 7000 USD and the use of chemical fertil-
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izers and agricultural pesticides decreased by more than 30% when compared to the rice
monoculture system [4].

5. Future Prospects

During the past two decades, integrated rice field aquaculture has become the fastest
developing sector of all the aquaculture systems in China, partially because of the progress
in ecology research, policy support, and aquaculture techniques in this field. The basic
principle of integrated rice field aquaculture is the coupling of aquatic animals, including
fishes, crustaceans, and turtles, with rice production similar to that of the aquaponics
to some degree from the viewpoint of coupling [48]. The present study systematically
reviewed the advances in ecology research for three major integrated rice field aquaculture
systems, the development process of each system, and the contribution of the ecology
research. Moreover, we discussed new trends that have appeared in the integrated rice
field aquaculture systems and industry, and we have introduced some prospects below.

Some qualitative and quantitative ecological theories of symbiosis, material cycling,
and energy flow have been established for the aquaculture systems that were discussed
above. However, there are as many as 25 types of integrated rice field aquaculture systems
and more than 30 aquatic animals have been included in the industry [4]. Therefore,
it is necessary to establish a standard coupling degree comprising a set of parameters
to quantitatively determine the coupling efficiency of the nutrient flow in the different
coculture systems. This will maximize nutrient use and minimize the input of feeds,
fertilizers, and agricultural pesticides, contributing to the extension of specific coculture
techniques and the sustainability of integrated rice field aquaculture. Currently, the trench
area is forbidden to exceed 10% of the total area of the rice fields [30]; therefore, establishing
a standard coupling degree that is suitable for different integrated rice field aquaculture
systems will increase the efficiency of land use and reduce environmental impacts.

Although a green aquatic food and organic aquatic food certification system, and an
aquatic products quality and safety traceability system have been established for food safety
in China [13,49], it is necessary to build an eco-certification system for integrated rice field
aquaculture in China since this industry is related with both agriculture and aquaculture.
Eco-certification in integrated rice field aquaculture should be based on producing positive
sustainability outcomes through the process of certification and a market for certified
sustainable products from this system. This would rely on producer compliance with
eco-certification criteria that effectively addresses sustainability issues and the acceptance
of eco-certification amongst the stakeholders including the consumers, producers, and
harvesters [50].

The development of integrated rice field aquaculture is also closely related to brand
building, which relies on eco-culture development. Because of the success of eco-culture
building in Qianjiang (a medium-sized city in Hubei Province), in this city, red swamp
crayfish produced through the rice–crayfish coculture system has promoted the develop-
ment of the tourism and catering industry, and it has become a model city for red swamp
crayfish aquaculture and trade [51]. Similar cases have also been reported in Qingtian, a
GIAHS pilot site [11], and many other places [30]. Additionally, aquaculture products from
eco-culture-famous sites normally demand much higher prices than those from normal
producing areas. Thus, eco-culture can ensure a much better income for stakeholders.
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