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Green development efficiency (GDE) is an important criterion for measuring the
level of green development. GDE considers not only economic development
efficiency but also environmental costs. In China, marine fish culture, as one of
the pillar industries of mariculture, promotes green development and industrial
transformation and upgradation. Based on data from the field surveys of marine
fish farmers (2017-2019) and the China Fishery Statistical Yearbook (2018-2020),
this study establishes an evaluation index system and uses the super-slack-based
measure model (Super-SBM) to evaluate the GDE of marine fish culture. The results
show that the average GDE of marine fish culture in China was 0.9529, which
was in an inefficient state. As for culture species, golden pompano (Trachinotus
ovatus) and cobia (Rachycentron canadum) were the two species farmed in
an efficient state, with a GDE of 1.2107 and 1.0659, respectively. Regarding
culture modes, green modes (offshore cage aquaculture, industrial recirculating
aquaculture, and engineering pond aquaculture) were in an efficient state, with a
GDE of 1.2310, 1.0827, and 1.0401, respectively. Traditional modes (industrial flow-
through aquaculture, ordinary cage aquaculture, and ordinary pond aquaculture)
were in an inefficient state, with their GDE being 0.9884, 0.8746, and 0.8248,
respectively. Green modes have higher GDE than traditional modes. In contrast,
the production and culture areas of green modes were less than those of
traditional modes because the profits of the same species in green modes were
lower than those in traditional modes. The results of this study present an objective
assessment of the GDE of marine fish culture in China and provide valuable insights
for analyzing the mechanisms to improve the GDE of marine fish culture.

KEYWORDS

efficiency evaluation, green development efficiency, marine fish culture, super-SBM
model, sustainable development

1 Introduction

Marine fish stocks are an important part of the world’s food system, but overfishing is
increasing, and there is a widespread concern that fish stocks are decreasing throughout most
of the world (Hilborn et al., 2020). Aquaculture, which is predicted to reach 106 million tons
by 2030 (FAO, 2022), is expected to play a key role in filling the gap between supply and the
rapidly expanding global demand for fish (FAO, 2018; Lubchenco et al., 2020). However, the
development of this industry is limited by a wide range of environmental concerns (Naylor
etal., 2000,2005; Hall et al., 2011) resulting from the ecological impacts of aquaculture inputs
and resources (Waite et al., 2014; Ahmed and Thompson, 2019). It is necessary to ensure
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the sustainability of aquaculture, which can improve its ecological
efficiency, environmental acceptability, profitability, and social
benefits (Sun et al., 2020).

According to the China Fishery Statistical Yearbook (2019),
aquaculture has rapidly developed since Chinas reform and
opening-up in the late 1970s, and its production in China
reached 49.91 million tons in 2018 (Bureau of Fisheries of
Ministry of Agriculture and Rural Affairs of China, National
Fisheries Technical Extension Center of Ministry of Agriculture
and Rural Affairs of China, 2019), accounting for 57.93% of
global aquaculture production (FAO, 2020). Years of exploration
have shown that green development is the key to responsible
and prosperous aquaculture in China (Zou and Huang, 2015).
Based on the circular economy, low-carbon economy, and
ecological economy, green development strives to break through
constraints related to the resource environment (Guo et al., 2020).
Green development is consistent with the concept of sustainable
development, and this synergy is very important for providing
policy guidance to achieve sustainable development (Zhou et al.,
2020).

With the understanding of the multi-functions of aquaculture
(food supply and ecological and cultural service functions) (Tang,
2016), the concept of “carbon sink fisheries” (Tang and Liu, 2016)
and the sustainable goals of “efficiency, quality, ecology, health
and safety” in aquaculture have been proposed (Tang, 2017b).
Subsequently, the green development of aquaculture (Tang, 2017a)
has been suggested in China. Green development of aquaculture
is a whole-process green-development mode drawn by green
consumption, supported by green technological innovation, and
driven by institutional reform in aquaculture. Its goal is to meet the
sustainable development of human beings, aquaculture economic
activities, and natural environmental systems. The characteristics
of green development include environment-friendly production
in the culturing process, efficient resource allocation along the
industrial chain, sustainable income for aquaculture farmers, and
satisfaction of aquatic produce consumers (Yang et al., 2021).

In 2019, green development was formally promoted by the
government both in marine fish culture and other subindustries
of aquaculture in China. This practice may bring forth continual
transformation and upgradation of marine fish culture and ensure
the supply of high-quality protein (Bureau of Fisheries of Ministry
of Agriculture and Rural Affairs of China, National Fisheries
Technical Extension Center of Ministry of Agriculture and Rural
Affairs of China, 2019).

To promote the green development of marine fish culture, its
efficiency needs to be taken into consideration. Green development
efficiency (GDE) is an economic production system that maintains
economic growth by improving resource utilization and producing
less environmental pollution (Tao et al., 2016; Yang et al., 2019;
Yu et al,, 2022). Improving GDE is the critical point to achieving
green development of economic growth, resource reduction, and
environmental impact minimization (Qiu et al., 2020). However,
marine fish culture production can be increased either by adopting
improved technology or by increasing production efficiency
through the adoption of better management and culture systems
(Islam et al.,, 2016). Previous studies have shown that improving
production efficiency is more effective than introducing new
technologies if producers are not efficient (Belbase and Grabowski,
1985; Dey et al, 2000). From the existing perspective, research
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on GDE has mainly focused on green growth efficiency (OECD,
2009; World Bank, 2010; Kim et al., 2014; Ahmad and Wu, 2022),
sustainability (UNDP, 1990; Prescott-Allen, 1995; Beijing Normal
University., 2010; Sustainable Development Strategy Research
Group and Chinese Academy of Sciences (CAS), 2011; UNEP,
2014; Schulte and Knuts, 2022), and ecological economic efficiency
(Schaltegger and Sturm, 1990; WBCSD, 2000; UNESCAP, 2009;
Shen et al, 2020; Zhu et al, 2022). The GDE of mariculture,
marine economy, and agriculture evaluations have also gained
some achievements for achieving the sustainable development
goals, and stochastic frontier analysis (SFA) and data envelopment
analysis (DEA) were mainly adopted in these studies (Wang and Ji,
2017; Cuietal, 2020; Ye et al,, 2021; Wu et al., 2022). Although the
above studies provided many illuminating results, the research on
the GDE of marine fish culture is still very limited. Previous studies
concerning marine fish culture focused on economic efficiency and
technical efficiency (Sharma et al., 1999; Nielsen, 2011; Rahman
et al,, 2011; Iliyasu et al., 2014; Long et al., 2020; Twumasi et al.,
2022) but lacked consideration of the impact of marine fish culture
on the environment.

Therefore, to reveal the GDE of marine fish culture in China
and to explore the mechanism of promoting the GDE of marine fish
culture in China, this study considers the environmental impacts
of marine fish culture as undesirable outputs and establishes an
evaluation index system for the GDE of marine fish culture in
China, which includes inputs, desirable outputs, and undesirable
outputs. Based on the system, the GDE of marine fish culture in
China and the GDE of marine fish culture modes and species are
estimated. This study provides a reference for promoting the green
transformation of marine fish culture.

2 Data and methods
2.1 Super-SBM model

Among the GDE-related methods, DEA is mainly applied to
measure the relative performance of organizational units (Charnes
et al,, 1978). Tone (2001) subsequently provided the slack-based
measure (SBM) model, which can reflect the actual situation of
production factors and measure the efficiency of decision-making
units (DMUs). Based on the SBM model, Tone (2002) proposed the
Super-SBM for more accurate efficiency evaluation and to further
rank efficiency. The Super-SBM model can measure the efficiencies
of DMUs with complex input and output indicators. It is more
convenient to distinguish the difference in efficiency values than
the SBM model (Meng and Qu, 2022). In previous studies, the
Super-SBM model was widely used in industry, agriculture, energy,
and other fields (Gokgoz and Erkul, 2019; Cui et al., 20205 Li and
Ouyang, 2020; Khan et al,, 2021; Wu et al., 2022). Therefore, in
our study, we used the Super-SBM model to measure the GDE of
marine fish culture.

Considering the different culture modes of various marine fish
culture species in China, this study determined the DM Us based on
the various culture modes of marine fish culture species in China
from the Annual Report 2018-2020 of China Agriculture Research
System for Marine Fish Culture Industry (National Marine Fish
Industry Technology Research Development Center, 2018-2020),
including 24 DMUgs, as shown in Table 1.
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TABLE 1 List of different culture modes of various marine fish culture
species in China.

Turbot industrial flow-through aquaculture

Turbot industrial recirculating aquaculture

Japanese flounder industrial flow-through aquaculture

Japanese flounder industrial recirculating aquaculture

Japanese flounder ordinary pond aquaculture

Japanese flounder ordinary cage aquaculture

Half-smooth tongue sole industrial flow-through
aquaculture

Half-smooth tongue sole industrial recirculating aquaculture

Pufferfish industrial recirculating aquaculture

Pufferfish ordinary pond aquaculture

Grouper ordinary pond aquaculture

Grouper ordinary cage aquaculture

Grouper engineering pond aquaculture

Cobia offshore cage aquaculture

Cobia ordinary cage aquaculture

Spotted sea bass ordinary pond aquaculture

Spotted sea bass ordinary cage aquaculture

Spotted sea bass offshore cage aquaculture

Large yellow croaker ordinary pond aquaculture

Large yellow croaker ordinary cage aquaculture

Large yellow croaker offshore cage aquaculture

Golden pompano ordinary pond aquaculture

Golden pompano ordinary cage aquaculture

Golden pompano offshore cage aquaculture

Sources: The Annual Report 2018-2020 of China Agriculture Research System for Marine
Fish Culture Industry (National Marine Fish Industry Technology Research Development
Center, 2018-2020).

If the presence of n DMUs is assumed, then each DMU has three
factors: inputs, desirable outputs, and undesirable outputs. Every
unit uses M inputs x to produce S; desirable outputs y, and S,
undesirable outputs y,, which are represented by three vectors: x
IS Rm,yg € RS! and Yy € RS2, and R stands for a set of real numbers.
[x1, X2, ..., xp] € RNVM,
D4, 935 - yal € RV>S1 and
[yll’,yé’, ...,yﬁ] € RN*82 Wwe
consider the following expression for describing a certain DMU (xo,

Yo Jh):

The input matrix is represesnted as X =
the desirable output matrix as Y& =
the undesirable output matrix as Y?=

0= XA + s (1)
yg =YSh — % )
o =Yo% 44, (3)

where A > 0,5~ >0,s¢ >0,and s’ > 0. AL isa weight vector in
R". The vectors s, s¢, and s” indicate the slack in inputs, desirable
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outputs, and undesirable outputs, respectively. Using slacks, the
SBM model is as follows:

i 21_1 X0

(4)
1+ ﬁ (Zr—l ),e +Y2

» = min|

st ) ]

In Equation (4), M, S;, and S, denote the number of input
indicators, desirable output indicators, and undesirable output
indicators, respectively; x denotes the inputs, »¢ denotes the
desirable outputs, y* denotes the undesirable outputs, s; denotes
the input slack variable, & denotes the desirable output slack
variable, and sf denotes the undesirable output slack variable. p
indicates the efficiency value of the DMU, which varies from 0 to 1.
Only if p equals 1 and s~, s, and sP are all equal to 0 will the DMU
be on the frontier of production, which indicates that the DMU is
effective and there is no redundancy or deficiency of the input. If p
is < 1, the DMU is ineflicient and there is a loss of efficiency.

In some cases, some DMUs are simultaneously efficient when
evaluating efficiency. To establish a reasonable efficiency evaluation
method, we apply the super-SBM model with undesirable outputs
based on the previous studies (Andersen and Petersen, 1993; Tone,
2004; Li et al., 2013; Zhang et al., 2019; Zhao et al., 2020; Khan et al,,
2021; Wu et al., 2022). This model is described as follows:

MZ: 1x,(.)

7 = 21_1 #0 }”JY,
X>x0, B <y, 7=y %®>0120

where p* stands for the super-efficiency value of the DMU. The
range of p* can be >1. All other variables in Equation (5) have the
same connotation as those in Equations (1) to (4).

2.2 Study areas

Marine fish culture in China has established its aquaculture and
contributed to its optimization in China (Lei, 2009). It is mainly
distributed in coastal areas, including Liaoning, Hebei, Tianjin,
Shandong, Jiangsu, Zhejiang, Fujian, Guangdong, Guangxi, and
Hainan. In this study, marine fish culture in Hong Kong, Macao,
and Taiwan have not been included due to a lack of data.
The main culture species are turbot (Scophthalmus maximus),
Japanese flounder (Paralichthys olivaceus), half-smooth tongue sole
(Cynoglossus semilaevis), pufferfish (Tetraodontidae), large yellow
croaker (Larimichthys crocea), grouper (Epinephelus spp.), spotted
sea bass (Lateolabrax japonicus), cobia (Rachycentron canadum),
and golden pompano (Trachinotus ovatus) (Lei, 2005; Gui et al,
2018). The culture modes mainly include industrial flow-through
aquaculture, industrial recirculating aquaculture, ordinary cage
aquaculture, offshore cage aquaculture, ordinary pond aquaculture,
and engineering pond aquaculture. Based on data from the China
Fishery Statistical Yearbook, the production of marine fish culture
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TABLE 2 Evaluation index system for the GDE of marine fish culture in China.

Category Variable Index Units ‘
Input indicators Capital input Fry costs Million US dollars
Fish feed costs Million US dollars
Fishery drug costs Million US dollars
Water-electricity-fuel costs Million US dollars
Transport costs Million US dollars
Depreciation per unit of fixed assets Million US dollars
Equipment maintenance costs Million US dollars
Labor input Permanent workers costs Million US dollars
Temporary workers costs Million US dollars
Land/Sea input Marine fish culture areas 10* km?
Desirable output indicator Gross value of marine fish culture Million US dollars
Undesirable output indicators COD emissions Tons
TN emissions Tons
TP emissions Tons

TABLE 3 Summary of the major provinces and species of marine fish culture field surveys from 2017 to 2019 in China.

Provinces Areas and counties

Liaoning Province

Bayuquan District, Dawa County, Ganjingzi District, Lushunkou
District, Changhai County, Zhuanghe City, Jinpu New District,
Donggang City, Gaizhou City, Longgang District, Panshan

Marine fish culture species

Turbot, Japanese flounder, pufferfish, spotted sea
bass, etc.

County, Suizhong County, Wafangdian City, Xingcheng City, etc.

Hebei Province

Caofeidian District, Changli County, Fengnan District, Huangye
City, Leting County, Luanan County, etc.

Turbot, Japanese flounder, half-smooth tongue
sole, pufferfish, etc.

Tianjin

Dagang District, Hangu District, Tanggu District, etc.

Half-smooth tongue sole, grouper, etc.

Shandong Province

Changdao District, Changyi City, Rushan City, Donggang
District, Fushan District, Haiyang City, Zhaoyuan City, Jimo
District, Wudi County, Laiyang City, Laizhou City, Weifang
Binhai District, Lanshan District, Laoshan District, Lijin County,
Rongcheng City, Longkou City, Muping District, Penglai City,
Rizhao Development Zone, Zhifu District, etc.

Turbot, Japanese flounder, half-smooth tongue
sole, pufferfish, spotted sea bass, etc.

Jiangsu Province

Ganyu County, Haian County, etc.

Turbot, pufferfish, spotted sea bass, etc.

Zhejiang Province

Dongtou District, Jiaojiang District, Pingyang County, Zhoushan
Putuo District, Xiangshan County, etc.

Grouper, large yellow croaker, spotted sea bass, etc.

Fujian Province

Fuding City, Jiaocheng District, Lianjiang County, Luoyuan
County, Xiapu County, Yunxiao County, Zhangpu County, etc.

Grouper, pufferfish, large yellow croaker, spotted
sea bass, etc.

Guangdong Province

Huidong County, Raoping County, Xinhui District, Yangxi
County, Zhanjiang Development Zone, Doumen District,
‘Wanshan District, etc.

Grouper, pufferfish, large yellow croaker, spotted
sea bass, cobia, golden pompano, etc.

Guangxi Zhuang Autonomous Region

Fangcheng Port, Qinnan District, Tieshan port area, etc.

Grouper, spotted sea bass, golden pompano, etc.

Hainan Province

Changjiang County, Chengmai County, Danzhou City, Dongfang
City, Haikou City, Ledong County, Linggao County, Lingshui
County, Qionghai City, Sanya City, Wanning City, Wenchang
County, etc.

Grouper, cobia, spotted sea bass, golden pompano,
etc.

in China increased rapidly from 0.45 million tons in 2003 to 1.61
million tons in 2019. In China, the annual growth rate of marine
fish culture was 8.22%, which is higher than that of aquaculture
(2.94%) from 2003 to 2019 (Bureau of Fisheries of Ministry
of Agriculture and Rural Affairs of China, National Fisheries
Technical Extension Center of Ministry of Agriculture and Rural
Affairs of China, 2004-2020).

Frontiers in Sustainable Food Systems

2.3 Evaluation index system

An effective evaluation of the GDE of marine fish culture relies
on input-output indicators. Table 2 shows the evaluation index
system for the GDE of marine fish culture.

In terms of input indicators, capital, labor, and land/sea are
the most basic factors of production according to economics
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(Yu et al, 2020). The capital input is based on the main costs
of marine fish culture in China (National Marine Fish Industry
Technology Research and Development Center, 2019), including
fry costs, fish feed costs, fishery drug costs, water-electricity-fuel
costs, transport costs, depreciation per unit of fixed assets, and
equipment maintenance costs. The land/sea input is represented
by marine fish culture areas (Islam et al., 2016; See et al., 2021)
and has cost advantages related to input utilization (Iliyasu and
Mohamed, 2015). The labor input represents the total expenses for
family and hired labor used in marine fish culture (Sharma et al,
1999). Combined with the actual situation of marine fish culture
in China (National Marine Fish Industry Technology Research
and Development Center, 2019), the costs of workers (including
permanent and temporary workers) are selected as the labor factors.
These variables can reflect the major inputs in marine fish culture
in China.

The desirable output indicator mainly refers to the economic
benefits of marine fish culture, which are represented by the
gross value of marine fish culture (Sharma et al., 1999). Chemical
oxygen demand (COD) emissions, total nitrogen (TN) emissions,
and total phosphorus (TP) emissions as specific indicators can
reflect the degree of environmental pollution caused by marine
fish culture (Wang and Ji, 2017). Therefore, COD emissions, TN
emissions, and TP emissions are selected as the undesirable outputs
in this study.

2.4 Sources of data

This study covers most marine fish culture areas in China.
All original data were obtained from field surveys of marine fish
farmers (2017-2019) and the China Fishery Statistical Yearbook
(Bureau of Fisheries of Ministry of Agriculture and Rural Affairs of
China, National Fisheries Technical Extension Center of Ministry
of Agriculture and Rural Affairs of China, 2018-2020). From 2017
to 2019, field research on marine fish farmers by questionnaires
was continuously carried out in coastal areas, including Liaoning,
Hebei, Tianjin, Shandong, Jiangsu, Zhejiang, Fujian, Guangdong,
Guangxi, and Hainan. The summary of the major provinces and
species of marine fish culture field surveys is shown in Table 3.
Finally, 372 valid survey datasets were obtained, and the number
of questionnaire responses is shown in Table 4. In addition, data
published in the China Fishery Statistical Yearbook (Bureau of
Fisheries of Ministry of Agriculture and Rural Affairs of China,
National Fisheries Technical Extension Center of Ministry of
Agriculture and Rural Affairs of China, 2018-2020) were also used
in this research.

For the input indicators, data of capital input (including
fry costs, fish feed costs, fishery drug costs, water-electricity-
fuel costs, transport costs, depreciation per unit of fixed assets,
and equipment maintenance costs) and data of labor input
(including permanent workers and temporary workers) were
derived from the field research, and these data were cost per unit
of production in US dollars/kg. Data on the production of marine
fish culture species (turbot, Japanese flounder, half-smooth tongue
sole, pufferfish, large yellow croaker, grouper, spotted sea bass,
cobia, and golden pompano) were collected from the China Fishery
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TABLE 4 Quantity of questionnaire responses from marine fish culture
field surveys in China.

DMU Questionnaire
responses

Turbot industrial flow-through aquaculture 17
Turbot industrial recirculating aquaculture 15
Japanese flounder industrial flow-through 16
aquaculture

Japanese flounder industrial recirculating 15
aquaculture

Japanese flounder ordinary pond aquaculture 16
Japanese flounder ordinary cage aquaculture 15
Half-smooth tongue sole industrial flow-through 16
aquaculture

Half-smooth tongue sole industrial recirculating 15
aquaculture

Pufferfish industrial recirculating aquaculture 15
Pufferfish ordinary pond aquaculture 17
Grouper ordinary pond aquaculture 16
Grouper ordinary cage aquaculture 15
Grouper engineering pond aquaculture 15
Cobia offshore cage aquaculture 15
Cobia ordinary cage aquaculture 15
Spotted sea bass ordinary pond aquaculture 16
Spotted sea bass ordinary cage aquaculture 15
Spotted sea bass offshore cage aquaculture 16
Large yellow croaker ordinary pond aquaculture 15
Large yellow croaker ordinary cage aquaculture 16
Large yellow croaker offshore cage aquaculture 15
Golden pompano ordinary pond aquaculture 15
Golden pompano ordinary cage aquaculture 16
Golden pompano offshore cage aquaculture 15

Statistical Yearbook (units:kg) (Bureau of Fisheries of Ministry
of Agriculture and Rural Affairs of China, National Fisheries
Technical Extension Center of Ministry of Agriculture and Rural
Affairs of China, 2018-2020). Then, the cost per unit of production
and the production were multiplied to get data of labor input
and capital input, in million US dollars. Data on marine fish
culture areas were derived from field surveys of marine fish farmers
(2017-2019), and these data were produced per unit of areas in
kg/10* km?. Then, production per unit of areas and the production
of marine fish culture species, which were collected from the
China Fishery Statistical Yearbook (units: kg) (Bureau of Fisheries
of Ministry of Agriculture and Rural Affairs of China, National
Fisheries Technical Extension Center of Ministry of Agriculture
and Rural Affairs of China, 2018-2020), were multiplied to obtain
the data of marine fish culture areas in 10* km?2.

The desirable output data (the gross value of marine fish
culture) were derived from the market price of marine fish culture
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species according to the “Annual Report of China Agriculture
Research System for Marine Fish Culture Industry” (National
Marine Fish Industry Technology Research Development Center,
2018-2020), and its unit is US dollars/kg. Then, the market price
of marine fish culture species and the production of marine fish
culture species, which were collected from the China Fishery
Statistical Yearbook (units: kg) (Bureau of Fisheries of Ministry
of Agriculture and Rural Affairs of China, National Fisheries
Technical Extension Center of Ministry of Agriculture and Rural
Affairs of China, 2018-2020), were multiplied to get data of the
gross value of marine fish culture, in million US dollars.

The undesirable output data (COD emissions, TN emissions,
and TP emissions) were not available directly. The pollution
production coefficient of marine fish culture species was obtained
from the First National Census of Pollution Sources in China—
Aquaculture Pollution Sources Production and Discharge
Coeflicient Manual (Aquaculture Pollution Sources Production
Discharge Coefficient Measurement Project Team of National
Census of Pollution Sources, 2010). Then, the coefficient was
multiplied by the DMUS production to obtain the undesirable
output data (COD emissions, TN emissions, and TP emissions).

The description of variables for the GDE of marine fish culture
in China is shown in Table 5.

3 Results and discussion

3.1 Estimation results of the GDE of marine
fish culture in China

This study integrated the selected inputs, desirable outputs, and
undesirable outputs into GDE by using MaxDEA software. GDE >
1 is regarded as an efficient state, and GDE < 1 is regarded as an
inefficient state (Tone, 2004). The GDE of marine fish culture in
China was 0.9529, which was in an inefficient state. Compared with
mariculture (GDE = 0.7140) (Wang and Ji, 2017) and agriculture
(GDE = 0.6650) (Wu et al., 2022) in China, the GDE of marine fish
culture was higher. This better performance of marine fish culture
may result from its smaller scale and less complex environment
than those of mariculture and agriculture.

Considering the GDE of marine fish culture in China, the
highest GDE was pufferfish industrial recirculating aquaculture
(GDE = 1.2913) and the lowest GDE was Japanese flounder
ordinary pond aquaculture (GDE = 0.3710). Among all 24
DMUs, 37.50% exhibited an efficient state, including pufferfish
industrial recirculating aquaculture, golden pompano offshore
cage aquaculture, cobia offshore cage aquaculture, large yellow
croaker offshore cage aquaculture, spotted sea bass offshore cage
aquaculture, grouper engineering pond aquaculture, half-smooth
tongue sole industrial recirculating aquaculture, turbot industrial
recirculating aquaculture, and Japanese flounder industrial
recirculating aquaculture.

Furthermore, turbot industrial flow-through aquaculture, cobia
ordinary cage aquaculture, large yellow croaker ordinary cage
aquaculture, half-smooth tongue sole industrial flow-through
aquaculture, spotted sea bass ordinary pond aquaculture, pufferfish
ordinary pond aquaculture, and Japanese flounder industrial
flow-through aquaculture showed GDE values between 0.8000
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and 0.9000. Golden pompano ordinary cage aquaculture, large
yellow croaker ordinary pond aquaculture, grouper ordinary pond
aquaculture, grouper ordinary cage aquaculture, and spotted sea
bass ordinary cage aquaculture showed GDE values between 0.6000
and 0.8000. Japanese flounder ordinary cage aquaculture, golden
pompano ordinary pond aquaculture, and Japanese flounder
ordinary pond aquaculture showed GDE values below 0.6000.
These DMUs were in an inefficient state.

Figure 1 shows the ranking of the GDE of marine fish culture in
China.

Among the culture modes, offshore cage aquaculture, industrial
recirculating aquaculture, and engineering pond aquaculture were
in an efficient state. Others (industrial flow-through aquaculture,
ordinary cage aquaculture, and ordinary pond aquaculture) were in
an inefficient state. Offshore cage aquaculture had the highest GDE
(GDE = 1.2310), followed by industrial recirculating aquaculture
(GDE = 1.0827), engineering pond aquaculture (GDE = 1.0401),
industrial flow-through aquaculture (GDE = 0.9884), and ordinary
cage aquaculture (GDE = 0.8746). Ordinary pond aquaculture had
the lowest GDE (GDE = 0.8248) (Figure 2).

Among the culture species, the cultures of golden pompano
and cobia were in an efficient state, while the others were in an
inefficient state. The culture of golden pompano had the highest
GDE (GDE = 1.2107), followed by that of cobia (GDE = 1.0659),
turbot (GDE = 0.9954), large yellow croaker (GDE = 0.9847), half-
smooth tongue sole (GDE = 0.9675), pufferfish (GDE = 0.9142),
spotted sea bass (GDE = 0.8370), and grouper (GDE = 0.7371). The
culture of Japanese flounder had the lowest GDE (GDE = 0.5455)
(Figure 3).

3.2 Comparative analysis of production and
the GDE of marine fish culture in China

For marine fish culture modes, industrial recirculating
aquaculture, offshore cage aquaculture, and engineering pond
aquaculture as intensive and environmentally friendly aquaculture
modes (Hall et al., 2018) were in an efficient state. Industrial
flow-through aquaculture, ordinary cage aquaculture, and ordinary
pond aquaculture were in an inefficient state. Compared with
traditional modes (industrial flow-through aquaculture, ordinary
cage aquaculture, and ordinary pond aquaculture), green modes
(offshore cage aquaculture, industrial recirculating aquaculture,
and engineering pond aquaculture) improved resource utilization
and reduced environmental pollution (undesirable outputs)
by technologies and facilities, resulting in improving the GDE
of marine fish culture. Based on data from the China Fishery
Statistical Yearbook (Bureau of Fisheries of Ministry of Agriculture
and Rural Affairs of China, National Fisheries Technical Extension
Center of Ministry of Agriculture and Rural Affairs of China,
2018-2020), the average production of marine fish culture was
153,331 tons. Ordinary cage aquaculture (accounting for 38.40%
of the total production of marine fish culture), ordinary pond
aquaculture (accounting for 26.88% of the total production of
marine fish culture), and offshore cage aquaculture (accounting
for 21.29% of the total production of marine fish culture) were
the dominant aquaculture modes in marine fish culture in China,
with their cumulative percentage accounting for 80.09% of the
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TABLE 5 Description of variables for the GDE of marine fish culture in China.

Capital input Land/Sea Labor input Gross value of TN emissions TP emissions COD
input marine fish culture emissions

Turbot industrial flow-through aquaculture 367.7825 876.0340 48.7314 773.6838 105.8720 67.5648 4,187.9356
Turbot industrial recirculating aquaculture 4.5437 13.0178 0.2812 9.1730 0.0000 0.0000 0.0000
Japanese flounder industrial flow-through 15.3986 64.4900 1.1845 25.0887 7.0285 4.4854 278.0248
aquaculture
Japanese flounder industrial recirculating 3.6349 10.4134 0.2236 7.3383 0.0000 0.0000 0.0000
aquaculture
Japanese flounder ordinary pond aquaculture 16.5831 7,273.1600 1.6914 33.0259 3.9453 0.3235 24.4896
Japanese flounder ordinary cage aquaculture 2.3690 8.1200 0.4442 4.5340 47.1754 7.8802 95.2125
Half-smooth tongue sole industrial flow-through 132.0725 102.6890 26.0591 234.5065 11.4400 7.3000 452.5600
aquaculture
Half-smooth tongue sole industrial recirculating 11.4448 13.9400 2.0847 25.8277 0.0000 0.0000 0.0000
aquaculture
Pufferfish industrial recirculating aquaculture 5.8036 7.4050 0.1373 10.8824 0.0000 0.0000 0.0000
Pufferfish ordinary pond aquaculture 59.2058 8,498.1200 6.9442 120.3755 194.7572 10.8223 195.6226
Grouper ordinary pond aquaculture 654.0318 7,543.2500 55.0510 976.9178 1,849.9587 102.7992 1,858.1783
Grouper ordinary cage aquaculture 419.1803 705.0567 27.4890 526.6394 4,400.6945 735.0987 8,881.7814
Grouper engineering pond aquaculture 12.5854 396.7000 1.7768 30.3530 0.0000 0.0000 0.0000
Cobia offshore cage aquaculture 57.0945 41.0982 18.3894 117.0733 0.0000 0.0000 0.0000
Cobia ordinary cage aquaculture 95.5108 114.8402 6.0706 167.9040 1,902.4468 317.7876 3,839.6477
Spotted sea bass ordinary pond aquaculture 316.2632 6,386.1500 12.1412 366.9060 2,552.3772 141.8315 2,563.7179
Spotted sea bass ordinary cage aquaculture 112.2437 175.0017 4.5898 144.3077 3,476.7301 582.7456 3,492.1773
Spotted sea bass offshore cage aquaculture 27.4687 12.9830 1.1479 32.8050 0.0000 0.0000 0.0000
Large yellow croaker ordinary pond aquaculture 0.3369 7.8900 0.0674 0.7043 2.5635 0.1424 2.5749
Large yellow croaker ordinary cage aquaculture 745.2535 2,450.3993 37.6434 1,006.8725 15,230.9545 2,552.9079 15,298.6260
Large yellow croaker offshore cage aquaculture 56.5438 138.6216 1.0420 66.3124 0.0000 0.0000 0.0000
Golden pompano ordinary pond aquaculture 3.5858 296.6500 0.2787 7.3703 34.0212 1.8905 34.1723
Golden pompano ordinary cage aquaculture 30.1407 26.1611 1.1020 39.4936 804.4408 134.3750 1,623.5773
Golden pompano offshore cage aquaculture 415.3414 1,409.5690 28.44 583.5197 0.0000 0.0000 0.0000
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total production of marine fish culture. Industrial recirculating
aquaculture and engineering pond aquaculture accounted for
0.37 and 0.30% of the total production of marine fish culture,
respectively (Figure 4). Furthermore, industrial recirculating
aquaculture and engineering pond aquaculture had higher GDE
and lower production (<average production). Offshore cage
aquaculture had higher GDE and higher production (>average
production). Ordinary pond aquaculture and ordinary cage
aquaculture had lower GDE and higher production (>average
production). Industrial flow-through aquaculture had lower
GDE and lower production (<average production) (Figure 5).
Although offshore cage aquaculture was most productive,
ordinary pond aquaculture and ordinary cage aquaculture
were still the dominant aquaculture modes in marine fish
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culture in China, which influenced the GDE of marine fish
culture in China. Since offshore cage aquaculture, industrial
recirculating aquaculture, and engineering pond aquaculture can
guarantee aquaculture economic activities, optimize environmental
conditions, and reduce interactions with harmful organisms (Gui
et al, 2018; Sievers et al, 2021), it is necessary to increase
the production of these green modes (with higher GDE)
to promote the green development of marine fish culture
in China.

Among marine fish culture species, large yellow croaker,
grouper, spotted sea bass, and golden pompano were the
main culture species in China, and their cumulative percentage
accounted for 80.10% of the total production of marine fish culture
(Bureau of Fisheries of Ministry of Agriculture and Rural Affairs of
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China, National Fisheries Technical Extension Center of Ministry
of Agriculture and Rural Affairs of China, 2018-2020) (Figure 6).
Based on the results, the GDE of the culture of large yellow croaker,
grouper, and spotted sea bass were 0.9847, 0.7371, and 0.8370,
respectively. The dominance of these three species, which account
for 62.32% of the total production of marine fish culture, is one of
the important factors resulting in the inefficiency of marine fish
culture. Although golden pompano and cobia were farmed in an
efficient state, their percentage in the total production of marine
fish culture is smaller than those farmed in an inefficient state. A
comparison between the production and the GDE of marine fish
culture species in China is illustrated in Figure 7.

Moreover, considering the various modes of marine fish culture
species, the GDE values of marine fish culture species showed
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significant differences. The reasons for these results are shown in
Figures 8, 9.

As the dominant species, the large yellow croaker was mainly
cultured through ordinary cage aquaculture. Its ordinary cage
aquaculture accounted for 22.99% of the total production of marine
fish culture. Meanwhile, the GDE of its ordinary cage aquaculture
was only 0.9736, which influenced the GDE of the large yellow
croaker culture and marine fish culture.

As another dominant species, grouper was mainly cultured
through ordinary pond aquaculture and ordinary cage aquaculture.
Its ordinary pond aquaculture accounted for 11.60% of the
total production of marine fish culture and 58.29% of grouper
production. Its ordinary cage aquaculture accounted for 40.20% of
grouper production. The GDE of its ordinary pond aquaculture
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and ordinary cage aquaculture were only 0.7626 and 0.6888,
respectively. This large occupation in production and low GDE,
to some extent, resulted in the inefficiency of grouper culture and
marine fish culture.

Spotted sea bass was mainly cultured through ordinary pond
aquaculture. Its ordinary pond aquaculture accounted for 13.34%
of the total production of marine fish culture, and 68.12% of its
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total production of ordinary pond aquaculture. Its ordinary cage
aquaculture accounted for 26.80% of its ordinary cage aquaculture
production. It can be observed that its ordinary pond aquaculture
and its ordinary cage aquaculture were in an inefficient state,
with a GDE of 0.8980 and 0.6297, respectively. This performance
influenced the GDE of spotted sea bass culture and marine
fish culture.
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Turbot and half-smooth tongue sole were mainly cultured
through (97.95%  of
turbot production and 90.08% of half-smooth tongue sole

industrial flow-through aquaculture
production). Pufferfish were mainly cultured through ordinary
pond aquaculture (91.46% of pufferfish production). Turbot
industrial flow-through aquaculture (GDE = 0.9953), half-smooth
tongue sole industrial flow-through aquaculture (GDE = 0.9603),
and pufferfish ordinary pond aquaculture (GDE = 0.8790) were
in an inefficient state, which influenced the GDE of turbot,
half-smooth tongue sole, and pufferfish.

Japanese flounder was mainly cultured through ordinary
pond aquaculture. Its ordinary pond aquaculture accounted for
55.13% of its ordinary pond aquaculture total production. Japanese
flounder industrial flow-through aquaculture accounted for 30.70%
of its total production. Both Japanese flounder ordinary pond
aquaculture and industrial flow-through aquaculture, with GDE
of 0.8980 and 0.9884, were running in an inefficient state, which
influenced the GDE of Japanese flounder culture.

Golden pompano and cobia were the two species farmed in
an efficient state. Golden pompano was mainly produced through
offshore cage aquaculture, which accounted for 16.89% of the
total production of marine fish culture. Cobia was mainly cultured
through ordinary cage aquaculture and offshore cage aquaculture,
which contributed 2.70 and 1.89% to the total production of marine
fish culture, respectively. Even though cobia culture was running
in an efficient state, its offshore cage aquaculture showed space
for improvement.

Frontiers in Sustainable Food Systems

3.3 Comparative analysis of culture areas
and the GDE of marine fish culture in China

China has large-scale marine fish culture, and as a result,
marine fish culture has high production (Szuwalski et al., 2020).
However, based on data from the China Fishery Statistical
Yearbook (Bureau of Fisheries of Ministry of Agriculture and
Rural Affairs of China, National Fisheries Technical Extension
Center of Ministry of Agriculture and Rural Affairs of China,
2018-2020), the scale of marine fish culture in China was
dominated by ordinary pond aquaculture (accounting for
82.05% of the total areas of marine fish culture). The green
modes with higher GDE (industrial recirculating aquaculture,
offshore cage aquaculture, and engineering pond aquaculture)
were just developed to a small scale (cumulative percentage
accounting for 5.59% of the total areas of marine fish culture)
(Figures 10, 11). Even though these green modes had a higher
unit production (Gui et al, 2018), with their small scale in
China, their production was still lower than that of those
traditional modes, such as ordinary pond aquaculture and ordinary
cage aquaculture.

As for the scale of marine fish culture species, grouper
and pufferfish cultures had the largest proportions among all
marine fish culture species, accounting for 23.41 and 23.17% of
the total areas of marine fish culture, respectively. The scales
of Japanese flounder and spotted sea bass cultures accounted
for 19.85 and 17.76% of the total areas of marine fish culture,
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FIGURE 10
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Relationship between culture areas and the GDE of marine fish culture modes in China.

respectively. The cumulative percentage of the above species
exceeded 84.19% of the total areas of marine fish culture,
and their GDE values revealed an inefficient state. As efficient
species (GDE > 1), the scale of golden pompano and cobia
accounted for only 5.54% of the total areas of marine fish
culture (Figure 12). As intensive, efficient, and environmentally
friendly aquaculture modes, industrial recirculating aquaculture,
offshore cage aquaculture, and engineering pond aquaculture (Hall
et al., 2018) have been extended to the coastal areas of China
in recent years. However, the scale of these green modes in
China is still small, and marine fish farmers lack enthusiasm for
green modes.

Frontiers in Sustainable Food Systems

3.4 The effect of costs and profits on the
GDE of marine fish culture in China

Since marine fish farmers are profit-driven (Bateman and
Balmford, 2018), this study conducted statistical accounting
on the marine fish culture costs in China. The results are
shown in Figure 13. There were significant differences in the
costs of marine fish culture modes. The costs of high GDE
marine fish culture modes were generally higher than those of
low GDE marine fish culture modes. The costs of industrial
aquaculture (industrial recirculating aquaculture and industrial
flow-through aquaculture) were higher than those of ordinary
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cage aquaculture and ordinary pond aquaculture. The costs of
offshore cage aquaculture were higher than those of ordinary
cage aquaculture. There was no price difference in marine fish
among various culture modes (Yang et al, 2014). The profits
of the same species in green modes were lower than those in
traditional modes, affecting marine fish farmers’ preference for
aquaculture modes. Therefore, it is necessary to establish the price
coordination mechanisms of produce to make prices stable at an
efficient level.

4 Conclusion and recommendations

4.1 Conclusion

The GDE of marine fish culture in China, as well as the GDE
of marine fish culture modes and species, were estimated in this
study. The results showed that the average GDE of marine fish
culture in China was 0.9529. Pufferfish industrial recirculating
aquaculture had the highest GDE (GDE = 1.2913), and Japanese
flounder ordinary pond aquaculture had the lowest GDE (GDE =
0.3710). Among culture modes, offshore cage aquaculture (GDE
= 1.2310), industrial recirculating aquaculture (GDE = 1.0827),
1.0401) were in
an efficient state. Industrial flow-through aquaculture (GDE =
0.9884), ordinary cage aquaculture (GDE = 0.8746), and ordinary
pond aquaculture (GDE = 0.8248) were in an inefficient state. For

and engineering pond aquaculture (GDE =

culture species, the culture of golden pompano (GDE = 1.2107) and
cobia (GDE = 1.0659) were in an efficient state, and the culture of
turbot (GDE = 0.9954), large yellow croaker (GDE = 0.9847), half-
smooth tongue sole (GDE = 0.9675), pufferfish (GDE = 0.9142),
spotted sea bass (GDE = 0.8370), grouper (GDE = 0.7371), and
Japanese flounder (GDE = 0.5455) were in an inefficient state.

The average GDE of 0.9529 means that China’s marine
fish culture is running in an inefficient state, and extensions
and applications of green modes that can improve the GDE
of Chinas marine fish culture are still needed. Because the
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different culture modes influenced the GDE of marine fish
culture to improve the GDE of marine fish culture in China,
it is necessary to enlarge the scale and increase the production
of green modes (industrial recirculating aquaculture, offshore
cage aquaculture, and engineering pond aquaculture). In the
current times, the scale of green modes, which are encouraged
by the government, is smaller than that of traditional modes,
and the production of green modes is less than that of
traditional modes (ordinary pond aquaculture and ordinary cage
aquaculture). Specifically, more attention should be paid to the
green modes of the culture of turbot, large yellow croaker, half-
smooth tongue sole, pufferfish, spotted sea bass, grouper, and
Japanese flounder.

4.2 Recommendations

To realize the goal of green development of marine fish culture
in China by improving the GDE of this industry, it is necessary
to increase the profits of green modes since the costs of green
modes were higher than those of traditional modes, resulting in
significant differences in profits. To this end, financial support,
aquaculture insurance systems, technological training for marine
fish farmers, and produce price coordination mechanisms are
recommended. Financial support for green modes can be used
to increase marine fish farmers benefits, thereby encouraging
their initiative to apply them. Aquaculture insurance systems for
marine fish farmers are needed to reduce the risks, since they are
difficult to obtain insurance from companies (Yang et al., 2015).
Technological training for marine fish farmers can help them to
improve their skills and update culture modes. This training can be
done by strengthening the association among research institutes,
universities, and marine fish farmers. Moreover, stable produce
price coordination mechanisms, which may improve the benefits of
green modes and thereby improve the GDE of marine fish culture
in China, are required.
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FIGURE 13
The costs and profits of different culture modes of various marine fish culture species in China. 1. Turbot industrial aquaculture; 2. Japanese flounder
industrial aquaculture; 3. Japanese flounder ordinary pond aquaculture; 4. Japanese flounder ordinary cage aquaculture; 5. Half-smooth tongue sole
industrial recirculating aquaculture; 6. Half-smooth tongue sole industrial flow-through aquaculture; 7. Pufferfish industrial aquaculture; 8. Pufferfish
ordinary pond aquaculture; 9. Spotted sea bass ordinary pond aquaculture; 10. Spotted sea bass ordinary cage aquaculture; 11. Spotted sea bass
offshore cage aquaculture; 12. Cobia ordinary cage aquaculture; 13. Cobia offshore cage aquaculture; 14. Grouper ordinary pond aquaculture; 15.
Grouper industrial aquaculture; 16. Golden pompano ordinary cage aquaculture; 17. Golden pompano offshore cage aquaculture; 18. Large yellow
croaker ordinary cage aquaculture.
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