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Abstract: Multiple datasets related to pond and marine aquaculture have been published using
diverse remote sensing technologies, yet a comprehensive dataset detailing spatial distribution on
both land and sea sides is lacking. Firstly, a meticulous comparison of datasets which we selected
related to aquaculture ponds and marine, ensuring consistency in trends. Subsequently, the datasets
published by our team were edited and integrated to illustrate aquaculture activities on both sides of
China’s coastal zone. Finally, a spatial differentiation of coastal aquaculture in major provinces was
analyzed. This analysis also utilizes the types of coastline and statistical data, guiding coordinated re-
source management efforts. The results unveil a distinctive spatial distribution pattern, concentrating
aquaculture in the northern regions—Bohai Sea, Jiangsu, Fujian, and Pearl River coasts in Guangdong.
The provinces rich in aquaculture resources, such as Shandong, Guangdong, and Liaoning, exhibit
extensive coastlines. However, remote sensing monitoring suggests an underestimation of Liaoning’s
marine aquaculture compared to statistical yearbook data. Furthermore, southern provinces like
Guangdong and Fujian exhibit significantly higher aquaculture output than Liaoning. Zhejiang
leads in fishing output. The paper outlines the future development direction of coastal aquaculture,
emphasizing a strategic, integrated land–sea approach for sustainable development.

Keywords: aquaculture; remote sensing; coastal zone in China; integrated land–sea planning

1. Introduction

The coastal zone is a pivotal interface between land and sea, constituting a dynamic and
intricate natural system characterized by distinct terrestrial and marine properties [1–3]. Ow-
ing to the impact of climate change and human activities, the coastal zone is experiencing
an issue that is diminishing coastal resources and poses a constraint on the capacity of wild
capture fisheries to meet the escalating demand for seafood driven by the expanding global
population [4,5]. According to the statistics from the Food and Agriculture Organization of
the United Nations (FAO), China is the main producer of aquaculture in the world. China’s
aquaculture production has accounted for about two-thirds of the world’s output in the past
20 years [6,7]. The aquaculture production and area of China’s coastal provinces account for
67% and 42% of the country, respectively, and are concentrated in the coastal zones on both
coastlines [8,9]. Notably, with the significant scale of aquaculture in China’s coastal regions,
it is crucial to emphasize the importance of scientific planning and management. Suppose
aquaculture endeavors in China’s coastal zones prioritize economic interests without due
consideration for sustainable practices. In that case, there is a substantial risk of adverse
impacts on the ecological and environmental security of these regions [10–12]. Therefore, it
is of great significance to understand the spatial distribution information of aquaculture
in China’s coastal zones and carry out the differentiation analysis with the administrative
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division as the research unit to scientifically plan the development of aquaculture in China’s
coastal zones.

The study of the above issues mainly clarifies the current spatial pattern and differ-
entiation of coastal aquaculture. Due to the diverse terrestrial and marine attributes of
aquaculture in coastal zones, remote sensing monitoring technology is the most effective
methodology to investigate the spatial distribution of aquaculture on land and sea [13].
Currently, coastal aquaculture research and extraction technologies have reached a high
level of maturity, with abundant data sources, diverse results, and significant contributions.
Regarding aquaculture extraction technology, perspectives include visual interpretation
methods [14], information enhancement methods [15], machine learning-based feature
enhancement methods [16–18], object-oriented methods [19–21], and deep learning meth-
ods [22,23]. In terms of data resources, they encompass SAR (synthetic aperture radar)
image data, medium-resolution optical image data, and high-resolution optical image data.
For instance, Zheng et al. utilized GF-1 remote sensing images to delineate the regions of
large algae farms in Dayu Bay [24]. Wei extracted the regions of seaweed from Subei shoal
in China by integrating a series of satellite image data from Sentinel-2A, HJ-1A/B, and
Landsat [14]. Prasad et al. conducted land-based aquaculture data extraction across the
entire coastal area of India using Sentinel-1 data [25]. Bell et al. extracted remote sensing
monitoring information from kelp farms in the Southern California Bay of the United States
utilizing aerial and underwater UAV sensor equipment deployed in the bay [26]. From the
perspective of the results, relevant research results have been obtained at multiple scales.
For example, aquaculture space proportions in coastal zones were analyzed at national and
sub-national levels, enabling comparisons of resource utilization statuses across different
regions. Both Wang et al. and Ottinger et al. demonstrated that China has the highest
proportion of landside pond aquaculture among Asian countries and globally [27,28]. Some
research findings investigated the spatial distribution of aquaculture in China at the sub-
national scale. Among these, Guangdong, Shandong, and Jiangsu exhibited the highest
proportions in landside pond aquaculture, whereas the proportion of northern mariculture
exceeded that of southern mariculture [29–33]. According to the [34] results, the total area
of aquaculture ponds in the southeast coast of China is 6348.51 km2, which are mainly
distributed in Guangdong and Jiangsu cities. At the regional scale, research is centered on
the spatiotemporal transformation of pond aquaculture and other land uses on the coastal
landside, along with the extraction of spatial information about various mariculture species
on the seaside. For instance, Wei et al. conducted a study on the area, distribution, and
changing characteristics of coastal aquaculture land in Hangzhou Bay over six periods. The
findings revealed an increase in the spatial area of coastal aquaculture land, a southward
shift in the distribution center of gravity, and a decrease in the coastal tidal flat area [35]. Li
et al. and Jin et al. utilized spectral and texture information derived from remote sensing
images to identify and extract various aquaculture features, including raft algae, shellfish,
fish ponds, and crab ponds, respectively [36,37]. Li et al. monitored the evolution of
Dike-Ponds in the Pearl River Delta using multi-source remote sensing images from 1978 to
2016. The results showed that the total area of Dike-Ponds decreased significantly and the
degree of breakage increased, and Dike-Ponds gradually transformed into a built-up area
followed by cultivated land [38]. From the perspective of the contribution of aquaculture
spatial information extraction research, it is evident that aquaculture, as a form of human
development and utilization, exerts a certain impact on the offshore ecological environment.
Liu et al. pointed out that the development scale of mariculture in China is closely related
to water quality. Good seawater quality is a prerequisite for the formation of mariculture
centers, while the deterioration of water quality is not conducive to the development of
mariculture [32]. Due to economic development, the development of coastal agricultural
systems will inevitably move to a aquaculture-based agricultural economy with a higher
economic value. It has been pointed out in some studies that coastal aquaculture ponds
have replaced the original land types on a large scale, bringing certain pressure to the
coastal ecological environment [39,40]. Shi Tiezhu’s team at Shenzhen University pub-
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lished the Spatial Distribution dataset of Coastal Aquaculture in China (1990–2022) in
June 2023 [41]. The dataset has a temporal resolution of 4 years and a spatial resolution
of 30 m. The production of this dataset has filled the gap of aquaculture data products in
China’s coastal zone, but there is still a lack of research on the spatial distribution pattern
of aquaculture on both sides of the land and sea. Therefore, this study proposes to fully
explore the spatial differentiation pattern of aquaculture on both sides of China’s coastal
zone from the perspective of land–sea integration.

Examining the spatial distribution of aquaculture resources solely from either the
land or sea perspective has certain limitations in achieving the sustainable development of
aquaculture in coastal zones. The coastal zone serves as a crucial link between the land and
the ocean system, and the judicious allocation of aquaculture space on both land and sea
sides is a spatial resource management approach that reflects the coordinated development
of China’s coastal zone. For the coastal zone space resource management, many experts
and scholars put forward the concept of “land–sea integration”. Land–sea integration
guides the development of land–sea systems with holistic consideration, emphasizing the
dynamic nature of the development process. It aims to achieve overall and coordinated
development across land–sea economic, social, cultural, and ecological systems by lever-
aging the complementary advantages of land–sea systems in technical expertise, resource
utilization, and industrial structure [42,43]. As the population continues to accumulate in
coastal zones, the intensity of development in these areas has sharply increased [44]. Conse-
quently, a significant contradiction has emerged between the need for ecological protection
of land and marine environments and the imperative for resource development [45,46].
Aquaculture, as an agricultural activity, occupies substantial space and resources while
generating significant economic value for coastal areas. Hence, leveraging the concept of
land–sea overall planning, the rational allocation of limited coastal space resources and the
achievement of coordinated development of aquaculture in China’s coastal zone, both on
land and at sea, to continually create value for mankind, have become pressing concerns
for governments and scholars worldwide.

Against the backdrop of the increasingly prominent contradiction between ecological
environment protection and resource utilization in the global coastal zone, this study takes
the coordinated development of land–sea systems as the ultimate goal. Leveraging the
team’s accomplishments, this paper focuses on extracting and meticulously processing
spatial distribution datasets about aquaculture activities in China’s coastal zones. Utilizing
the dataset, the spatial pattern of coastal aquaculture in China was investigated with a
focus on land–sea integration. Furthermore, by analyzing the types of coastal zones in the
municipalities of coastal provinces and utilizing data from the China Fishery Statistical Year-
book, the proportion of coastal zone aquaculture in the current aquaculture landscape of
major aquaculture provinces was examined. The study makes two significant contributions.
Firstly, it addresses the absence of a comprehensive dataset on the spatial distribution of
aquaculture activities on both land and sea sides in China’s coastal zone. Through meticu-
lous comparison and integration of datasets, the research achieves spatial pattern mapping.
Secondly, the study conducts a differentiation analysis on the proportion of coastal aquacul-
ture in major provinces, providing valuable insights for coordinated resource management
and informing the future development of coastal aquaculture in China.

2. Study Areas

In the context of landside aquaculture ponds, Duan et al. extracted pond aquaculture
data in mainland China, focusing on a 30 km buffer zone along the Chinese coastline. The
research demonstrated that a 30 km buffer zone effectively covers the majority of China’s
aquaculture activities [30]. Similarly, Ren et al. examined the aquaculture pond area in
China from 1983 to 2015, utilizing a spatial range of a 50 km buffer zone extending from
the coastal zone inland [29]. Regarding the spatial scope of marine aquaculture, Liu et al.’s
research indicated that China’s offshore aquaculture is generally distributed within 40 km
of the coastline [31]. Fu et al. established the research area along the coast within a spatial
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range of 30 km based on their experience [47]. Therefore, building on existing relevant
research, this article adopts a research scope of a 50 km buffer zone extending east to west
along the coastline. This buffer zone encompasses China’s coastal provinces from north to
south, including Liaoning, Heibei, Tianjin, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian,
Guangdong, Guangxi, Hainan, and Taiwan. The study areas are illustrated in Figure 1,
representing the research areas for aquaculture distribution in China’s coastal regions.
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3. Materials and Methods

This part comprises four main components: Section 3.1 comparative analysis of exist-
ing pond aquaculture datasets by province. this section involves a through comparison
and analysis of existing data related to pond aquaculture activities in various provinces.
Section 3.2 selection of remote sensing images for marine aquaculture, which can be mon-
itored via remote sensing, and specific types as rafts and cages were selected. This ex-
cludes bottom seeding aquaculture, which is not feasible for remote sensing monitoring.
Section 3.3 is other data. Section 3.4 focuses on the synthesis and visualization of spatial
datasets related to aquaculture activities in China’s coastal zone. These components col-
lectively form a comprehensive approach to understanding and analyzing aquaculture
patterns, ensuring a robust assessment of spatial distribution of aquaculture resources in
China’s coastal areas.

3.1. Comparative Analysis and Selection of Existing Pond Aquaculture Data

This paper provides a comprehensive review of current spatial distribution data
concerning coastal pond aquaculture in China. The initial publicly assessabled dataset on
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pond aquaculture in China is the compilation by the Northeast Institute of Geography and
AgroEcology, Chinese Academy of Science, derived from long-term Landsat series images.
The dataset covers the spatial distribution of coastal aquaculture ponds during five distinct
periods: 1984, 1990, 2000, 2010, and 2016 [29]. The second dataset under consideration
is the comprehensive dataset of China’s coastal aquaculture ponds, publicly released by
East Normal University. This dataset meticulously constructed by processing 9 periods of
Landsat data spanning the past 30 years through a cloud platform. The result is a long-term,
high-precision thematic information map product depicting China’s coastal aquaculture
ponds [30]. Furthermore, our team successfully extracted the initial global-scale spatial
distribution mapping of landside large-scale aquaculture ponds in previously published
research [27]. In the published research [27], our team utilized an intelligent algorithm
that combines spatiotemporal spectrum analysis and geoscience knowledge. The method
is based on the distinctive spatial distribution characteristics of aquaculture ponds and
remote sensing image features. Table 1 illustrates the information of the datasets in existing
research with pond aquaculture.

Table 1. The information of the datasets in existing research with both pond and marine aquaculture.

The Mode of
Aquaculture Author Satellite and Sensors Spatial Resolution Study Period

Pond aquaculture
Wang et al., 2022 [27] Sentinel-2 10 m 2020
Duan et al., 2020 [30] Landsat-8 30 m 2017
Ren et al., 2019 [29] Landsat OLI 30 m 2016

Marine aquaculture
Liu et al., 2022 [33] Sentinel-1/Sentinel-2 10 m 2020
Liu et al., 2020 [31] Landsat8 30 m 2018
Fu et al., 2021 [47] GF-1 16 m 2016–2019

In this study, the spatial distribution data of pond aquaculture in the coastal areas
of China, extracted by our previously published research result, were compared with the
findings from another team such as Ren et al., 2019’s [29] and Duan et al., 2020’s [30]
existing studies on pond aquaculture in the same regions, as depicted in Figure 2a. Upon
comparison with the data published by Ren et al., 2019 [29] and Duan et al., 2020 [30], the
areas of pond aquaculture data generated in this study align consistently with the Ren et al.,
2019 [29] and Duan et al., 2020 [30]. datasets. Furthermore, the area trends observed in
each coastal province remain consistent. Notably, in China, the most concentrated regions
for pond aquaculture are Shandong, followed by Hebei, Jiangsu, and Liaoning.
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(a) The results of the pond aquaculture in this study were compared with those published by Ren et al.,
2019 [29] and Duan et al., 2020 [30]. (b) The results of the marine aquaculture in this study were
compared with those published by Liu et al., 2020 [31] and Fu et al., 2021 [47].
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The selection of the pond aquaculture data extracted by our previously published
research is grounded in several reasons: (1) The method employed takes into account the
spectral and texture characteristics of pond aquaculture. It involves intensive time sequence
extraction of aquaculture outcomes based on multi-source remote sensing data. (2) The
accuracy of the dataset was rigorously tested within our team, resulting in an accuracy rate
of 83.91%, a recall rate of 92.49%, and a comprehensive index F1-score of 0.88. Comparative
analysis with other team datasets indicated excellent accuracy test results, establishing the
dataset’s high reliability. (3) The data source utilized in this study comprises the Sentinel-2
image dataset from 2020. The subsequent marine aquaculture dataset chosen is also based
on the extraction and mapping of Sentinel-2 image data from 2020. The objective of this
paper is to establish a comprehensive spatial distribution dataset of China’s aquaculture
that encompasses both land and sea. Therefore, in terms of data source utilization, selecting
image sets with the same data source and spatial–temporal resolution ensures higher
consistency in the aquaculture spatial distribution dataset formed.

3.2. Comparative Analysis and Selection of Existing Marine Aquaculture Data

This paper provides an overview of published marine aquaculture spatial distribution
datasets. Firstly, Liu et al. utilized the Canny operator and OBVS-NDVI methods to
extract the spatial distribution range of raft and cage aquaculture in offshore China in 2018
based on Landsat image datasets [31]. Secondly, Fu et al. applied a deep learning-based
approach to map China’s coastal aquaculture atlas using GF-1 imagery, a study currently
published in Big Earth Data [47]. Thirdly, Liu et al., a part of our research team, published
the China 2020 offshore marine aquaculture dataset in the International Journal of Digital
Earth (IJDE) [33]. Table 1 illustrates the information of the datasets in existing research with
marine aquaculture

In this study, the previously published marine aquaculture data results were compiled
based on provinces and regions, as depicted in Figure 2b. The areas obtained from the
marine aquaculture datasets published by Liu et al., 2022 [33] (our team produced the
dataset which is already published in IJDE) were notably higher than those of the other two
studies. The discrepancy can be attributed to Liu et al., 2022’s [33] utilization of intensive
time series data from Sentinel-1 and Sentinel-2 throughout the entire year of 2020 to map
the extent of marine aquaculture in offshore China. Considering the unique characteristics
of Chinese marine aquaculture, which encompass diverse aquaculture species and varying
aquaculture cycles from north to south, the spatial distribution datasets for Chinese marine
aquaculture was extracted using time series analysis and multi-source remote sensing data.
The methodologies employed in Fu et al., 2021 [47] and Liu et al., 2020 [31]. primarily relied
on single-view and single-source images for large-scale marine aquaculture extraction,
leading to omission phenomena when compared with the aquaculture results obtained
by our team. The overall accuracy of Liu et al., 2022’s [33] marine aquaculture extraction
results of 94%, with a kappa coefficient of 0.91. For detailed information regarding the
marine aquaculture dataset extraction methods and other specifics, please refer to the
published literature [33].

3.3. Other Data

(1) Coastal shoreline-type data

The coastal shoreline plays a crucial role in safeguarding coastal biodiversity, ensuring
the sustainable utilization of coastal resources, and preserving and enhancing the coastal
ecological environment. In this study, a comprehensive coastal shoreline dataset was
complied, encompassing eight provinces of China (Liaoning, Hebei, Shandong, Jiangsu,
Zhejiang, Fujian, Guangdong, Guangxi) and two municipalities directly under the central
government of China (Tianjin, Shanghai). The shoreline established by Yan et al., 2023 [48]
was derived from Landsat remote sensing data covering the period from 1980 to 2018. The
dataset comprises various shoreline types, including traffic embankments, aquaculture
embankments, farmland embankments, bedrock embankments, construction embank-



Remote Sens. 2024, 16, 1585 7 of 23

ments, estuary coastlines, silt coastlines, biological coastlines, salt field embankments,
wharf coastlines, and gravel coastlines [48,49]. According to the relationship between the
shoreline and aquaculture, the above 11 types of shorelines are reclassified into 4 types of
shorelines. Traffic embankments, construction embankments, and wharf coastlines were
grouped as artificial coastlines; farmland embankments and silt coastlines were classified
as productive coastlines; and bedrock embankments, estuary coastlines, silt coastlines, bio-
logical coastlines, and gravel coastlines were designated as natural coastlines. Aquaculture
embankments were categorized as a distinct type, denoted as aquaculture coastlines.

(2) Fishery statistical data

In this study, we focused on five key indicators sourced from the China Fishery
Statistical Yearbook 2020, namely the statistical area and yield of marine aquaculture,
as well as pond aquaculture, in each coastal province of China, along with the fishing
yield. The objective of selecting these five indicators was to compare the accuracy of
area measurements in marine and pond aquaculture, as extracted by remote sensing, with
corresponding statistical values. Additionally, the study aimed to assess the complementary
relationship between aquaculture and fishing activities in the coastal provinces. To conduct
this analysis, we selected data from nine provinces of China (Liaoning, Hebei, Shandong,
Jiangsu, Zhejiang, Fujian, Guangdong, Guangxi, and Hainan) and two municipalities
directly under the central government of China (Tianjin, Shanghai) from the China Fishery
Statistical Yearbook 2021.

3.4. Methods

(1) Synthesis and mapping of spatial distribution datasets of the aquaculture in coastal
areas of China

Utilizing the team’s existing research findings, a comprehensive aquaculture dataset
was developed by post-processing, encompassing a spatial range of a 50 km buffer zone on
the east and west sides of the Chinese coastline. Following the post-processing of landside
pond aquaculture and marine aquaculture, overlapping areas in the two datasets were
visually interpreted. Subsequently, aquaculture spaces within the overlapping regions were
identified. The revised datasets were integrated to create a unified dataset, mapping the
spatial distribution of aquaculture in China’s coastal zones. Spatial analysis operations
were employed to analyze the resulting dataset products, enabling the completion of the
spatial differentiation pattern analysis of aquaculture in China’s coastal areas, as illustrated
in Figure 3.

According to the pond and marine aquaculture results which we previously published,
the remote sensing image data sources exclusively utilized Sentinel-1 and Sentinel-2 images
from 2020. The data processing methods employed a time series-based extraction approach,
effectively mitigating ground feature omissions caused by single-source remote sensing
images. The subsequence analysis of the two datasets involved overlay analysis, revealing
a total overlapping area of 118.40 km2, encompassing 145 overlapping patches. Figure 4a il-
lustrates the overlapping area between pond aquaculture and marine aquaculture. Among
these, Guangdong exhibited the largest overlapping patch area, totaling 42.40 km2, followed
by Liaoning and Guangxi, with overlapping areas of 21.28 km2 and 19.93 km2, respectively.
These overlapping areas predominantly concentrated around estuarine regions. Visual
discrimination was conducted using the Google Earth Pro platform and Sentinel-2 remote
sensing images to identify the categories of overlapping areas. Figure 4b–d showed the
overlapping area of aquaculture in real remote sensing image of Pulandian Bay (Liaon-
ing), Sanmen Bay (Zhejiang), Tongming Bay (Guangdong), and Qinzhou Bay (Guangxi),
which were reclassified as marine aquaculture. Through this visual discrimination, it was
confirmed that, except for the 4.21 km2 overlapping area in Jinghai Bay, Shandong, which
pertains to landside pond culture, all other overlapping areas belong to marine aquaculture.
Following visual identification and adjustment of overlapping areas, a comprehensive
coastal area aquaculture spatial dataset was meticulously curated.
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(2) Analysis method of aquaculture spatial distribution aggregation character

This study employed spatial analysis tools to investigate the spatial distribution and
variability patterns of aquaculture activities along the coastal zone of China. Initially, a grid
of dimensions of 0.05 × 0.05◦ and central point was generated within the study areas using
Fishnet Tools. Subsequently, the aquaculture area ratio for each grid was calculated and
assigned to the central point of the corresponding grid. Finally, the Kernel analysis tool
and Getis-Ord Gi* were utilized to compute the density spatial distribution of aquaculture
within the study area.

Kernel analysis is an algorithm that focuses on point density and can calculate the
density of point sets in their neighborhood [50]. Unlike other spatial point density calcula-
tion methods, kernel analysis is particularly effective in addressing issues such as uniform
density in the density space and abrupt density changes at cell junctions. This method takes
into account the attenuation effect of spatial points on surrounding positions, resulting
in a gradual decrease in kernel density with the increase in the radiation distance from
the center.

The equation of the Kernel analysis method is as follows:

f(s) = ∑n
i=1

1
h2 k

(
s − ci

h

)
, (1)

In this equation, f(s) represents the kernel calculation function at the space position s,
where h signifies the distance attenuation threshold. The variable n encompasses all points
within the distance attenuation threshold of points, and c denotes the spatial position of
the presently calculated point. k represents the spatial weight function. The meaning of the
formula is that the density values of the kernel function reach their maximum at the core
point, and gradually decrease in the process of moving away from the core point until the
distance reaches the attenuation threshold. There are two critical parameters: the distance
attenuation threshold h and the spatial weight function k. The selection of k minimally
affects the point pattern’s distance result, whereas setting an appropriate h value is essential
based on specific research requirements. A smaller h value emphasizes local details, while
a larger h value accentuates the neighborhood at a global scale. According to the scale of
this research in the Chinese coastal zone, we chose the h value is 1000 m to highlight the
center of aquaculture in China. The results of nuclear density analysis were divided into
seven categories by the natural discontinuity method.

The hotspot analysis tool (Getis-Ord G*
i ) enables the identification of spatial clustering

locations of high-value or low-value elements within the study area by calculating Z-
scores and p-values (significance) [51]. By considering each factor within the surrounding
environment, a single high-value factor may not exhibit a statistically significant hotspot.
However, when multiple high-value factors cluster together, it indicates that the clustered
area represents a statistically significant hotspot. When the local sum of an element and its
neighbors is compared to the sum of all elements, and if the difference between the local
sum and the expected local sum is significant enough to suggest a non-random outcome, a
statistically significant Z-score is generated.

The equation of the hotspot analysis method is as follows:

G*
i =

∑n
j=1 wi,jxj − X∑n

j=1 wi,j

S

√ [
n∑n

j=1 w2
i,j−

(
∑n

j=1 wi,j

)2
]

n−1

, (2)

where xj is the attribute value of element j, wi,j is the spatial weight between element i and
j, n is the total number of elements, and

X =
∑n

j=1 xj

n
, (3)
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S =

√
∑n

j=1 x2
j

n
−

(
X
)2, (4)

The G*
i statistic returned for each element of the dataset is the Z-score. In the case

of a statistically significant positive z-score, a higher z-score indicates a higher degree of
clustering for high values (hotspots). Conversely, for a statistically significant negative
z-score, a lower z-score indicates a higher degree of clustering for low values (cold spots).
In this study, hotspot analysis was conducted on the center points of the grid corresponding
to aquaculture areas with values greater than 0 in the coastal zone of China. This analysis
aimed to calculate the areas of high-value and low-value aggregation of aquaculture in the
coastal zone of China.

4. Results
4.1. Analysis of Total Marine and Landside Aquaculture in China

The aquaculture mapping along the coast of China is depicted in Figure 5, while
Figure 6 illustrates the distribution area of aquaculture along the Chinese coastline. The
overall pattern of Chinese aquaculture exhibits a trend of “more in the North and less
in the South”. The total area of aquaculture in China’s coastal zone spans 25,300.07 km2,
with marine aquaculture covering 11,630.95 km2 and pond aquaculture encompassing
13,669.12 km2. In the northern provinces (Liaoning, Hebei, Tianjin, Shandong), the aquacul-
ture area totals 13,683.58 km2, significantly surpassing the area in the southern provinces
(Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, Hainan, Taiwan), which stands
at 11,616.49 km2. Within the northern provinces, pond aquaculture and marine aquaculture
account for 48.89% and 60.19% of the total area, respectively. In contrast, in the southern
province, pond aquaculture and marine aquaculture account for 51.11% and 39.81% of the
total area, respectively. Notably, the marine aquaculture area in the northern province obvi-
ously surpasses that of southern provinces, while the pond aquaculture area in northern
provinces is slightly lower than that of southern provinces.
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The area of aquaculture exhibits significant variation across different provinces within
China’s coastal zone. Shandong boasts the highest aquaculture area, covering 7461.59 km2,
with marine aquaculture and pond aquaculture accounting for 38.43% and 21.89%, re-
spectively. In the coastal area of Guangdong, the total aquaculture area is 4125.53 km2,
with marine aquaculture and pond aquaculture constituting 9.90% and 21.76% of the na-
tional totals, respectively. Both Hebei and Jiangsu have nearly identical aquaculture areas,
with values of 2839.52 km2 and 2806.66 km2, respectively. In these two provinces, the
area of pond aquaculture is slightly higher than that of marine aquaculture. The area of
aquaculture in Liaoning is 2760.39 km2, with marine aquaculture slightly exceeding pond
aquaculture. Specifically, marine aquaculture covers 1432.24 km2 while pond aquaculture
covers 1328.15 km2. Aquaculture area in Fujian account for 7.86% of the total area, among
which marine aquaculture account for 12.87% of the total area of marine aquaculture in
China, and the area value is 1497.37 km2, second only to Shandong. In Zhejiang, the total
aquaculture area accounts for 4.67%, with marine aquaculture covering 1.84% and pond
aquaculture covering 7.08% of the national total, respectively.

4.2. Analysis of Aggregation of Aquaculture in Coastal Areas of China

In this paper, the Kernel analysis and hotspot analysis results of coastal aquaculture in
China were generated using the Kernel analysis tool and hotspot analysis tool with a search
radius of 50 km in ArcGIS, as depicted in Figures 7 and 8. The dense areas, high-value, and
low-value gathering areas of aquaculture in China can be directly observed through the
Kernel analysis diagram and hotspot analysis diagram.
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The overall pattern of Chinese aquaculture exhibits a trend of “denser in the north
and sparser in the south”. Aquaculture activities focused on four main regions: the Bohai
coastal zone, Jiangsu coastal zone, Fujian coastal zone and the Guangdong Pearl River
Delta region. Interestingly, the spatial core of pond aquaculture is different from that of
marine aquaculture. For pond aquaculture, the core areas span north to south, including the
Hebei coastal zone, Tianjin coastal zone, the north part of Shandong coastal zone, Jiangsu
coastal zone, Zhejiang coastal zone, and Guangdong Pearl River Delta region. In contrast,
the core areas for marine aquaculture extend from north to south, covering the Liaoning
coastal zone, Shandong’s Laizhou Bay to the north coast of Jiangsu, Fujian along the coast.
The aggregation patterns of cold and hotspots in the aforementioned aquaculture centers
vary. The coastal areas of Hebei, the northern coastal areas of Shandong, and the coastal
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areas of Jiangsu constitute the high-value aggregation areas of pond aquaculture. On the
other hand, the coastal areas of eastern Dalian in Liaoning, Laizhou Bay in Shandong,
and the northern coastal areas of Jiangsu are identified as high-value aggregation areas
of mariculture. Conversely, the aquaculture areas in the coastal regions of Fujian and the
Pearl River Delta region of Guangdong primarily represent low-value aggregation areas.

4.3. Analysis of the Relationship between Aquaculture Spatial Patterns and Landside and Seaside

By integrating the findings from the aggregation of aquaculture in coastal areas of
China as discussed in Section 4.2. This analysis covered the Bohai coastal zone (encompass-
ing Liaoning, Hebei, Tianjin, cities in north of Shandong), Jiangsu coastal zone (including
cities in south of Shandong, Jiangsu), Fujian coastal zone, and the Guangdong Pearl River
Delta region, as illustrated in Figure 9.
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Figure 9. (a1,a2) Spatial distribution of pond aquaculture and marine aquaculture in coastal areas
around the Bohai Sea. (b1,b2) Spatial distribution of pond aquaculture and marine aquaculture in the
coastal areas of the Jiangsu. (c1,c2) Spatial distribution of pond aquaculture and marine aquaculture
along the coast of Fujian. (d1,d2) Spatial distribution of pond aquaculture and marine aquaculture in
the Pearl River Delta region of Guangdong.
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The spatial relationship between pond aquaculture and marine aquaculture exhibits
a dynamic pattern within the Bohai coastal zone, with the area of pond aquaculture and
marine aquaculture being 9288.80 km2 and 6354.61 km2, respectively. Notably, for the
Bohai coastal zone, a higher spatial distribution of marine aquaculture corresponds to a
lower spatial distribution of pond aquaculture, and vice versa. Dalian stands out due to its
elevated area of both pond aquaculture and marine aquaculture. Situated on the Liaodong
Peninsula, Dalian borders the Yellow Sea to the east and the Bohai Sea to the west. Its
vast coastline and abundant natural resources make it ideal for aquaculture development.
In Dalian, pond aquaculture is mainly concentrated in the northern region, and marine
aquaculture is concentrated in the eastern region and Changhai County, north of the Yellow
Sea open sea.

Within the Jiangsu coastal zone, pond aquaculture predominates, while smaller-scale
marine aquaculture is concentrated in the northern part of Jiangsu. Among the cities in
Jiangsu, Lianyungang boasts the highest aquaculture area, with marine aquaculture and
pond aquaculture being 827.37 km2 and 477.98 km2, respectively. The vast coastline at
195.88 km, abundant reservoirs at 160, and numerous rivers provide a solid breeding basis
for the aquaculture development in Lianyungang.

Within the Fujian coastal zone, marine aquaculture prevails and is particularly con-
centrated in Ningde and Zhangzhou. The marine aquaculture area covers 543.01 km2

in Ningde and 432.39 km2 in Zhangzhou. Ningde benefits from excellent ports such as
Shacheng Port and Shacheng Port. Moreover, its vast sea area of 44,500 km2 and extensive
coastline of 1046 km, accounting for nearly 1/3 of the coastline of Fujian, provide a robust
foundation for aquaculture development. Zhangzhou is rich in marine resources, among
which Zhao’an Bay is Zhangzhou’s traditional key aquaculture area.

Pond aquaculture was predominately concentrated in the Guangdong Pearl River
Delta region, while marine aquaculture within the Pearl River Delta region was lower than
that of the Bohai coastal zone. According to the aquaculture area values of the Guangdong
Pearl River Delta region, the pond aquaculture and marine aquaculture are 2478.33 km2 and
662.67 km2, respectively. Jiangmen stands out due to its abundant bays, extensive coastline,
and dense rivers, resulting in a significant area for both pond aquaculture (391.34 km2) and
marine aquaculture (555.00 km2).

5. Discussion
5.1. Effects of Coastal Geographical Features on Aquaculture Patterns in China

The distribution pattern of aquaculture within China coastal zone exhibits “more in
the North and less in the South, denser in the north and sparser in the south”. Aquaculture
activities focused on four main regions: the Bohai coastal zone, Jiangsu coastal zone, Fujian
coastal zone, and the Guangdong Pearl River Delta region. The spatial distribution of
aquaculture in China is closely related to shoreline utilization. This research aimed to
analyze the reasons behind the spatial distribution and variability in aquaculture activities
by examining the length resources and types of shorelines. According to the relationship
between shorelines and aquaculture, the above 11 types of shorelines are reclassified into
four types of shorelines, including aquaculture coastlines, natural coastlines, artificial
coastlines, and productive coastlines. The landside of the aquaculture coastline is obviously
dominated by larger pond aquaculture, while the seaside hosts smaller marine aquaculture.
Natural coastline, encompassing bedrock embankments, estuary coastlines, silt coastlines,
biological coastlines, and gravel coastlines, is mainly protected. Notably, both land and sea
sides in natural coastline areas could be converted into aquaculture land. Artificial coastline
included traffic embankment, construction embankment, and wharf coastline, primarily
used for human living facilities. Farmland embankment and silt coastline are recognized
as productive coastlines. It is important to note that artificial coastline and productive
coastline on the landside may not be converted into pond aquaculture in the short term,
whereas the seaside has significant potential for developing marine aquaculture, contingent
on the development of infrastructure and the improvement of landside life conditions.
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In Figure 10, based on the classified types of coastlines, the length of resources and the
proportion of corresponding coastline types in the provinces were analyzed. Regarding the
length resources of the coastline, the southern provinces have a longer coastline than the
northern provinces, with southern provinces and northern provinces accounting for 65.06%
and 34.94% of the total coastline length in China, respectively. Despite the longer coastline in
southern provinces, the aquaculture area values in northern provinces significantly exceed
those in southern provinces. Therefore, explaining the spatial distribution and variability
of aquaculture activities between the northern and southern provinces based solely on
coastline length is challenging. From the perspective of resource allocation of the coastline
length in various provinces, the coastline length in Guangdong, Shandong, and Liaoning is
positively correlated with the aquaculture area occupancy, and the corresponding coastline
length value is larger than that of the aquaculture area occupancy. Jiangsu and Hebei
ranked among the top five in terms of pond aquaculture area value in China, yet they have
limited coastline length resources. Both provinces have a number of pond aquaculture
distributions inland, and a significant number of inland lakes are present on the landside
of Hebei and Jiangsu. Given fewer coastline resources but abundant water resources,
pond aquaculture is concentrated on the landside. Considering the types of coastlines,
Shandong, Guangdong, and Liaoning have abundant coastline types corresponding to high
aquaculture area values, especially with a high proportion of natural coastline, artificial
coastline, and aquaculture coastline. The marine aquaculture area of Fujian is higher than
the pond aquaculture area, which is closely related to the topography of Fujian in addition
to the consideration of coastline length and types. Unlike Jiangsu and Hebei provinces,
Fujian Province is not suitable for large-scale pond aquaculture development due to the
limitations of topography. Zhejiang Province boasts rich coastal areas and diverse types, yet
its aquaculture area is relatively low. This disparity can be attributed to the presence of the
famous Zhoushan fishing ground along the coast of Zhejiang Province, making the primary
mode of fishery development in the coastal areas of Zhejiang Province predominantly
focused on fishing activities.
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5.2. Relationship between Remote Sensing Monitoring Data and Statistical Data of
Coastal Aquaculture

In this study, we conducted a comparative analysis between the results of remote
sensing surveillance of aquaculture areas within the coastal zone of China and the statistical
values reported in the China Fishery Statistical Yearbook. The primary objective was to
explore the spatial distribution and variability in each province by combining the results of
remote sensing surveillance with aquaculture yield data. This analysis aimed to elucidate
the relationships between aquaculture and fishing activities. Marine aquaculture areas and
pond aquaculture areas for the year 2020 were calculated for each province and compared
with the aquaculture areas reported in the Statistical Yearbook. This comparative approach
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aimed to establish the consistency between the two sets of results. Subsequently, the
study delved into discussing the variability between aquaculture and fishing, particularly
concerning aquaculture yield data from the Statistical Yearbook.

In Figure 11a, the Pearson correlation test was utilized to assess the correlation between
the marine aquaculture area monitored by remote sensing and marine aquaculture data
from statistical results. The calculated correlation value of 0.779 indicated a significant
correlation. Notably, for marine aquaculture in Liaoning, the remotely sensed area differs
significantly from the statistical results, with the statistical data reporting a higher marine
aquaculture area. This discrepancy is attributed to the fact that the statistical marine
aquaculture area in Liaoning includes a substantial portion of bottom seeding aquaculture,
accounting for 70.38% of the total marine aquaculture area, as reported in the Liaoning
statistical yearbook. The challenge lies in monitoring the coverage of this type of marine
aquaculture through remote sensing technology. However, it is worth highlighting that
the results of remote sensing monitoring and statistical data in other provinces exhibit
relatively consistent patterns.

The pond aquaculture area in statistical yearbook does not include freshwater aqua-
culture farms in lakes, reservoirs, rivers, and other areas. The statistical area is the value
of pond aquaculture area in various coastal provinces, which is different from the buffer
zone of 50 km along the coast in this paper. In Figure 11b, the correlation between the pond
aquaculture area monitored by remote sensing and the statistical results was examined,
revealing a correlation value of 0.561. Notably, the pond aquaculture of Jiangsu was initially
concentrated in inland Tai lakes, Gaoyou lakes, and southern Jiangsu lakes during the 1990s.
However, in the 21st century, the development of pond aquaculture in Jiangsu gradually
converted to coastal zone [52,53]. The pond aquaculture area in the 50 km buffer zone of
Jiangsu, as obtained by remote sensing monitoring, is smaller than the total province area
reported in the statistical yearbook. To address this underestimation of the pond aquacul-
ture area in Jiangsu, correlation analysis between the pond aquaculture data monitored
by remote sensing in other 10 provinces and the statistical data of aquaculture ponds was
conducted after excluding the results from Jiangsu. The Pearson correlation result was
0.734 **, indicating a significant relationship. Therefore, it was reliable to extract the pond
aquaculture area value through remote sensing monitoring.

Aquaculture area, as a crucial facet of fishery production, exhibits distinct spatial
distributions along the coastal zone of China, influenced by various geographical and
economic factors. While marine fishing represents an alternative mode of production
in the marine fisheries sector, it serves as a complementary approach to aquaculture
production. This study aimed to unravel the distribution pattern of aquaculture yield within
China’s coastal zone across provinces, comparing fishing, freshwater aquaculture, and
marine aquaculture yield. Figure 11c illustrates that Shandong and Fujian exhibit relatively
high marine aquaculture yields, with Shandong ranking first in marine aquaculture area
based on remote sensing monitoring results. Shandong optimally utilizes its narrow
coastline and ample seawater conditions, fostering the vigorous development of the marine
aquaculture industry. Fujian’ s marine aquaculture area, accounting for 12.87% of the total,
is comparable to Liaoning’s (12.31%). However, the yield value of Marine aquaculture in
Fujian significantly surpasses Liaoning’s due to stable coastal temperatures, facilitating
year-round cultivation. The hilly terrain of Fujian’s land side limits freshwater aquaculture
development, resulting in lower yields. Liaoning’s marine aquaculture yield, while lower
than Guangdong’s, reflects the longer aquaculture cycle due to temperature differences.
Freshwater aquaculture in Guangdong and Liaoning tops China’s rankings. The study
finds pond aquaculture areas in Guangdong and Jiangsu, accounting for 21.76% and
11.06%, respectively. Abundant freshwater resources, a mild climate, and high production
rates contribute to Guangdong’s success. In Jiangsu, pond aquaculture is concentrated
inland, explaining the lower proportion in the remote sensing data. Marine aquaculture
areas in Guangdong and Jiangsu contribute 9.90% and 11.13%, but Guangdong’s marine
aquaculture yield outstrips Jiangsu’s, notably for South American white shrimp. Zhejiang
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boasts the highest Marine Fishing Industry output. The Zhoushan fishing ground, rich
in nutrients and fish resources, aligns with warm and cold currents. Despite abundant
fishery resources, Zhejiang’s marine and freshwater aquaculture yields are relatively low,
representing 1.84% and 7.08%, respectively, of the remote sensing data.
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remote sensing. (c) Statistical results of the output of fishery catch, freshwater aquaculture, and
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5.3. Suggestions for the Development of Aquaculture in the Coastal Zone

In recent years, the robust development of China’s aquaculture industry has prompted
a competitive landscape for spatial resources in coastal zones, leading to various challenges.
Initial insufficient spatial planning and the pursuit of economic gains have resulted in the
encroachment of extensive coastal wetlands, causing severe ecological damage in specific
areas [54–58]; Additionally, the expansion of coastal agricultural and urban lands has fur-
ther limited the available resources for aquaculture [43,48,59,60]; Furthermore, traditional
marine capture fisheries, deeply rooted in coastal zones, pose a challenge to aquaculture
space expansion, resulting in negative competition [43,61]. Lastly, the introduction of
economically alien species in aquaculture production and coastal pollution have adversely
impacted local communities, leading some governments to impose bans on unplanned
aquaculture development [62–65]. As indicated by relevant research policies, sustaining
total aquaculture food production while minimizing negative coastal aquaculture impacts
is a priority. In line with the principles of sustainable development, policies across China
aim to curb inefficient aquaculture spatial expansion, as shown in Figure 12. The Marine
Environmental Protection Law, enacted in the 1990s, stipulates that aquaculture activities
conducted in prohibited or restricted areas are liable to legal consequences. In the 21st
century, the “National Marine Functional Zoning” in China has identified ten major Marine
functional zones, including areas designated for the utilization and conservation of fishery
resources. Subsequently, in 2012, the “National Marine Functional Zoning 2011–2020”
further delineated agricultural and fishery zones, aimed at expanding agricultural develop-
ment space and fostering the development of Marine living resources. Then, in 2015, the
“National Marine Main Function Zoning” subdivided Marine fishery security zones into
restricted development areas and implemented classified management within this zone.
The relevant policies in 2017 and 2023 introduced new requirements for the development
of aquaculture in coastal zones. The former proposed establishing safe “red lines” and
“yellow lines” as prohibited and restricted aquaculture zones based on beach carrying
capacity and aquaculture development needs, setting a development bottom line. The
latter proposed rationally and scientifically determining the scale of sea use and optimizing
the layout of sea use for aquaculture, with increased areas for aquaculture more clearly
defined.
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The aforementioned planning of fishery aquaculture areas further underscores that
scientific and rational planning of limited coastal space resources is a prerequisite for
the coordinated development of aquaculture on land and sea in China’s coastal zones.
Considering the development of aquaculture on both land and sea, it has been emphasized
that the nutritional and economic value of aquaculture should be maximized within the
constraints of limited space resources. Building upon traditional pond, raft, and cage
culture models, the advancement towards integrated multi-trophic aquaculture (IMTA)
entails leveraging the material and energy present in aquaculture waters to foster ecological
mutual benefits among organisms. This approach aims to achieve material recycling, water
quality control, ecological disease prevention, and quality safety control within the breeding
system. Through IMTA, different nutrient levels of organisms can be effectively matched
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to optimize overall system performance. Common models include the “multi-nutrient
level ecological health culture model of shrimp, crab, and shellfish in seawater ponds”, the
“multi-nutrient level ecological culture model of low-salt water fish and shrimp”, and the
“culture model of penaeus maculatus with blue crabs and yellow fin bream”. For instance,
the IMTA in Sanggou Bay, China, serves as an international exemplar. Observable in remote
sensing images, it showcases the amalgamation of various aquaculture modes across
different aquaculture areas, including algae, shellfish, and cage culture. This integrated
aquaculture approach represents the future development direction of coastal aquaculture.

Currently, global warming is causing a range of adverse effects on coastal aquacul-
ture, including sea level rise, intensified storm surges, outbreaks of red tide, and ocean
acidification. These climate-induced factors have been shown to negatively impact coastal
aquaculture. Research indicates that the gradual warming of the climate is affecting the
production of aquaculture feed. Climate change is also disrupting the production of small
fish used in fish meal and fish oil, leading to supply, demand, and price fluctuations in
aquaculture feed, thereby posing challenges to the sustainable development of aquaculture.
Additionally, the tolerance of cultured species to ocean acidification is weakening, resulting
in significant decreases in the production of crustaceans and mollusks. Furthermore, coastal
farming facilities are unable to withstand the frequency and intensity of extreme weather
events. According to forecasts from the AR5 report, China is one of the countries most
severely affected by these changes, necessitating measures to mitigate the negative effects
of climate change. The establishment of marine-protected areas (MPAs) holds significant
potential for maintaining and enhancing the resilience of aquatic ecosystems. China has a
history of establishing MPAs dating back to the 1960s, with 271 MPAs covering a total area
of 124,000 km2 established along its coastal areas by the end of 2018. Accurately assessing
the surrounding environment and impacts of MPAs and enhancing their resilience will
play a crucial role in mitigating the adverse effects of climate change.

6. Conclusions

Utilizing existing research datasets on pond aquaculture and marine aquaculture,
and ensuring reasonable consistency in trends and distribution, the research team metic-
ulously edited and integrated the datasets to achieve a comprehensive spatial mapping
of aquaculture on both sides of China’s coastal zone. In conjunction with shoreline types
and data from the China Fishery Statistical Yearbook, a detailed differentiation analysis
was conducted on the proportional representation of coastal aquaculture in the prevailing
aquaculture landscape across major breeding provinces. The spatial distribution pattern of
aquaculture in China’s coastal zone adheres to a more in the north and less in the south,
dense in the north and sparse in the south’ paradigm, with concentration observed in four
primary areas along the Bohai Sea, Jiangsu coast, Fujian coast, and Pearl River coast in
Guangdong. The length and types of shorelines exert a discernible influence on aquaculture
distribution. Provinces like Shandong, Guangdong, and Liaoning, endowed with abundant
aquaculture resources and diverse shoreline types, exhibit higher aquaculture densities.
The comparison of remote sensing monitoring results with area and yield values in the
China Fishery Statistical Yearbook reveals an underestimation of the marine aquaculture
area in Liaoning Province. This discrepancy is attributed to the inclusion of bottom seeding
aquaculture in Liaoning’s statistical data, a type challenging to monitor accurately via
remote sensing technology. In terms of production, southern provinces such as Guangdong
and Fujian outperform their northern counterpart, Liaoning. This disparity can be rational-
ized by the milder climate and stable sea water temperatures in Fujian and Guangdong,
facilitating year-round coastal seafood production. Conversely, Zhejiang, boasting a high
fishing output, experiences a relatively lower aquaculture production due to the distribu-
tion of Zhoushan fishing ground along its coast. Building upon the above analysis of the
spatial pattern and differentiation of aquaculture on both sides of China’s coastal zone
through remote sensing monitoring, the paper highlights the IMTA model as the future
development direction for coastal aquaculture.
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In conclusion, this study has focused on the spatial pattern and differentiation analysis
of aquaculture on both sides of China’s coastal zone. The observed spatial and temporal
patterns in China’s coastal zone are outcomes of intricate interactions within the land-sea
system involving multiple complex factors. Due to constraints in data sources, the current
analysis and discussion are limited to the results of the first phase of 2020. Nonetheless,
for future studies, it is imperative to firstly elucidate the spatio-temporal differentiation
characteristics of aquaculture in China’s coastal zones. Secondly, it is crucial to explore
the mechanisms influencing the spatio-temporal changes of aquaculture in China’s coastal
zones. In the research on the differentiation of aquaculture in China’s coastal zones,
provincial administrative divisions serve as the primary analysis units, offering manage-
rial insights. However, owing to variations in natural factors such as topography and
landform across the coastal zones, it becomes necessary to construct a land–sea unit by
comprehensively considering diverse factors including human and natural elements. This
approach facilitates the analysis of spatial differentiation characteristics of aquaculture in
the coastal zones, thereby enabling the provision of more meaningful scientific research for
the utilization and conservation of aquaculture resources.
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