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ABSTRACT

With the rapid marine economic development, the problem of the marine ecological environment has become
progressively prominent. Mariculture monitoring plays an essential role in sustaining ecological stability,
rational planning, and green economic development of sea areas. Using the Landsat image, the raft-mariculture
area information of Haizhou Bay and its adjacent southern waters were extracted by the object-oriented clas-
sification method based on remote sensing techniques. Landscape pattern index and principal component
analysis were used to analyze the spatiotemporal expansion and structural changes of mariculture areas, and to
quantify the effects of natural, socio-economic factors on the spatiotemporal variations of mariculture areas. This
study discusses the correlation between the mariculture area and the outbreak scale of Enteromorpha Enter-
omorpha green tide. Results show that the object-oriented classification method has the highest accuracy, with
total classification accuracy and Kappa coefficient of more than 90% and 0.79, respectively. The total area, patch
density, and landscape shape index of mariculture areas in Haizhou Bay increase yearly, which demonstrates that
the heterogeneity and fragmentation increase with the expansion of the mariculture area. The landscape pattern
changes in the mariculture area are predominantly impacted by annual mean sea surface temperature (SST),
annual average wind speed, social development level, and population density, etc. The larger the area of raft-
aquaculture, the wider the outbreak scale of the Enteromorpha prolifera disaster. Study results can provide
scientific references for the further development of mariculture in Haizhou Bay and marine environmental
protection.

1. Introduction

expense of the environment (Boyd et al., 2020; Chen and Chen, 2020b).
As aquaculture plays a significant role in the sustainable development of

In recent years, the demand for aquatic products in domestic and
foreign markets has increased sharply, and mariculture industry has also
thrived (Zou and Huang, 2015; Engle, 2016; Nadarajah and Flaaten,
2017). While mariculture creates substantial economic benefits for the
country and its people, it has also put more pressure on the coastal
ecosystem. The State Council of China issued central document No.1
"opinions on speeding up the green development of aquaculture” in 2020,
which states that all departments should promote advanced and appli-
cable green aquaculture technology. The green development of aqua-
culture should be accelerated while protecting the marine environment
(Agriculture Fisheries Bureau, 2019). Recently, marine water environ-
mental pollution has occurred frequently, and has resulted in the
frequent occurrence of water eutrophication and outbreak of green tide.
People have gradually realized that aquaculture development is at the
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the mariculture industry, it is important to effectively monitor the
mariculture area, master the spatiotemporal dynamic change informa-
tion and explore the influencing factors of the mariculture area change.

In recent years, extensive research attention has been focused on the
spatiotemporal dynamic change and influencing factors of coastal
ecosystem aquaculture areas. The dynamic monitoring of aquaculture
areas is mainly divided into traditional sea area investigation and
remote sensing monitoring. Traditional sea area survey is challenging to
realize real-time monitoring, which is time-consuming and laborious,
and the accuracy is relatively low. That goes against improving aqua-
culture output and preventing marine disasters (Kang et al., 2019; Wen
et al., 2021). Remote sensing technology has various advantages,
including a wide monitoring range, fast speed, low cost, and easy
long-term dynamic monitoring. It can realize large-scale, efficient, and
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continuous environmental dynamic monitoring (Blondeau-Patissier
et al., 2014; Chen et al., 2020). Lu et al. (2015) established the char-
acteristic spectral index for detecting offshore aquaculture areas using
Rapideye multispectral images. The high-precision automatic extraction
of offshore aquaculture areas was realized. Liu et al. (2020a) brought up
an extraction method for the mariculture area based on multi-source
feature fusion, including antinormalized difference water index
(nNDWI) and green/red (G/R) band ratio, which significantly improved
the classification accuracy. Moreover, the spatiotemporal evolution of
mariculture areas is affected by multiple driving factors. Chen (2021)
applied the random forest algorithm to the quantitative study of mul-
tiple influencing factors to analyze the driving mechanism of marine
land in Sansha Bay. Ying et al. (2020) studied the long-term landscape
changes caused by aquaculture in the coastal area of Ningde city and
then discussed its driving factors.

Many researchers use high-resolution images to extract small areas
with high precision (Fan et al., 2018; Proisy et al., 2018; B. Cui et al.,
2019a; Yan et al., 2021). However, when we conduct real-time moni-
toring over large areas for a long time, specific problems exist, such as
the high cost of high-resolution images and lack of data in some years. In
addition, the existing literature seldom attempts to systematically and
comprehensively analyze spatiotemporal dynamic changes and their
driving forces in coastal aquaculture areas. According to statistics, the
raft-aquaculture area in China’s coastal zone in 2018 was 194110 ha.
The province with the largest area of raft-aquaculture is Jiangsu, ac-
counting for 28.77% (Liu et al., 2020b). Lianyungang has a coastline of
more than 170 km, and the curved coastline forms the famous Haizhou
Bay. Many mariculture areas in Jiangsu Province are located in Haizhou
Bay, Lianyungang City, and Jiangsu Province, China (Zhang et al.,
2013). In the past 30 years, Lianyungang’s marine economy has
continuously transformed from a traditional marine industry to a newly
emerging one. The continuous promotion of the modern marine industry
has comprehensively accelerated the development of marine fisheries
(Journal of the history of Lianyungang network, 2022). However, ma-
rine fisheries’ rapid development has brought on severe marine
ecological problems. The frequency of marine disasters such as marine
garbage, red tide and storm surge increases yearly. Some scientific
research shows that Enteromorpha prolifera originated in the shoal of
Northern Jiangsu, which drifted to the Shandong coast from May to July
(Huo et al., 2013; Liu et al., 2013a, 2016). Hence, in the context of
ecological protection, it is significant to explore the governing and
driving factors of spatiotemporal dynamic changes in mariculture area
and analyze the correlation between mariculture and Enteromorpha
prolifera outbreaking. All of these can promote the development of
mariculture industry and marine environmental protection in Northern
Jiangsu.

Based on Landsat images, different classification methods are used to
extract the mariculture areas in Haizhou Bay and its adjacent waters in
2013. The extraction method of mariculture areas most suitable for the
study area, the object-oriented classification method, is determined.
Therefore, this study adopts the object-oriented classification to extract
the mariculture areas from 2001 to 2020. The spatiotemporal dynamics
of aquaculture areas from 2001 to 2020 are studied by landscape pattern
metrics. The driving factors, including nature, society and economy,
about spatiotemporal dynamics in mariculture areas are discussed by
principal component analysis. Then, we analyze the correlation between
mariculture and Enteromorpha prolifera outbreaking. This research
result can provide scientific references for the sustainable development
of mariculture in Haizhou Bay and its adjacent waters, and impart
theoretical support for Enteromorpha prolifera disaster prediction and
marine ecological protection.
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2. Material and methods
2.1. Study area

Haizhou Bay is located in the northeast of Lianyungang, Jiangsu
Province, and the south of Shandong Province (Fig. 1). It is a semi-
opened bay of the south Yellow Sea. The water area and coastline
length are about 876.3 km? and 170 km, respectively. It has a monsoon
climate of medium latitudes with sufficient light and high rainfall. The
water quality in the bay is fertile, and there are many types of sediment,
such as sandy, bedrock, and muddy (Cheng et al., 2009; Zheng et al.,
2021). All of these provide a suitable growth environment for
raft-aquaculture. The study area is Haizhou Bay and its adjacent waters
in the south of Haizhou Bay.

2.2. Data source

Table 1 gives the data requirements of the study, including remote
sensing images, driving force analysis data and laver cultivation area
data. All of the data were downloaded from the website or provided by
other institutions.

In this study, the Landsat image data were downloaded from the
United States Geological Survey (USGS). The mariculture in Haizhou
Bay is mainly raft-aquaculture, and most of the cultivated crops are
laver. The cultivation time is roughly from September of each year to
April of the coming year. This study selects 6 Landsat images from
November to December in 2001, 2005, 2010, 2013, 2016, and 2020. The
data used in 2001, 2005, and 2010 were Landsat 5 TM images with a
spatial resolution of 30 m. Landsat 8 OLI images in 2013, 2016, and
2020 were used, including multispectral and panchromatic bands, with
spatial resolutions of 30 m and 15 m, respectively. The specific satellite
remote sensing data obtained are shown in Table 2. For the Landsat 5
TM image of 2001, 2005, and 2010, the multispectral bands were first
calibrated using the Radiometric Calibration tool in ENVI 5.3. Then, the
FLAASH Atmospheric Correction tool was used to eliminate the errors
caused by atmospheric scattering, absorption, and reflection. The
required multispectral image was obtained. For the Landsat 8 OLI image
of 2013, 2016, and 2020, radiation calibration and atmospheric
correction were also carried out for multispectral bands, and radio-
metric calibration was performed on the panchromatic band. The Gram-
Schmidt Pan Sharpening tool in ENVI 5.3 was used to fuse the multi-
spectral band and the panchromatic band processed in the previous step.
The required 15m high-resolution multispectral image was obtained
(Zhang et al., 2018b). According to the scope of the study area, the
preprocessed image was cropped to acquire the final experimental data.

2.3. Data type and source in this study

This paper analyzes the natural and socio-economic factors to
explore the driving force for spatiotemporal dynamic change in the
mariculture area. The natural factors include sea surface temperature
(SST), wind speed, and the affected area of agriculture, forestry, animal
husbandry, and fishery. The data of the affected area were selected from
Lianyungang Statistical Yearbook. SST and wind speed were down-
loaded from Observation data in Chinese oceanic stations of the National
Marine Data Center (The National Marine Data Center, 2022). The daily
scale data of Lianyungang station from 2000 to 2020 were used to
calculate the annual mean SST and wind speed. The socio-economic
factors, 13 indicators, such as urbanization level, regional GDP, popu-
lation, project investment in agriculture, forestry, animal husbandry,
and fishery, were selected from Jiangsu statistical yearbook and Lia-
nyungang statistical yearbook.

The experimental flow chart is shown in Fig. 2. The flow chart about
the raft-aquaculture area extraction and accuracy evaluation by multiple
classification methods is shown in Fig. 2a. Firstly, the raft-aquaculture
areas in Haizhou Bay and its adjacent waters in 2013 were extracted
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Fig. 1. Marine aquaculture area of Haizhou Bay in Jiangsu Province, China.

Table 1
Data type and source in this study.
Date Types Names Time Source
Remoting Sensing Image Landsat5 TM 2001,2005,2010. USGS (https://glovis.usgs.gov/)
Landsat8 OLI 2013,2016,2020.
Driving force Natural factors Sea Surface Temperature 2001-2020 National Marine Data Center (http://mds.
analysis data Wind Speed nmdis.org.cn/)
Surface Salinity
Affected Areas of agriculture, forestry, animal husbandry, and Lianyungang Statistical Yearbook (http://tjj.
fishery lyg.gov.cn/tjxxw/)
Fertilizer Application Rate
Sunshine Duration Daily Dataset of Surface Climatic Data in
China (V3.0)
Socio-economic Urbanization Level 2001,2005,2010,  Jiangsu Statistical Yearbook (https://www.

factors Investment in Lianyungang’s agriculture, forestry, animal
husbandry, and fishery

Total Output Value of agriculture, forestry, animal husbandry,
and fishery

Average Wage of Employees in agriculture, forestry, animal
husbandry, and fishery

Power Consumption of agriculture, forestry, animal husbandry,
fishery, and water conservancy

Affected Areas of agriculture, forestry, animal husbandry, and
fishery

Regional GDP

The proportion of Employees in Primary Industry

The proportion of Employees in the Secondary Industry

The proportion of Employees in the Tertiary Industry
Population Density

Population

Total Water Resources

Laver cultivation area in Jiangsu Province

2013,2016,2020.

2004-2005,
2007,2011,
2014-2020.

cnki.net);
Lianyungang Statistical Yearbook (http://tjj.
lyg.gov.cn/tjxxw/)

Jiangsu Statistical Yearbook (https://www.
cnki.net)

by object-oriented classification, supervised classification, and band
analysis extraction method based on Landsat image. Then, the confusion
matrix was calculated by comparing the different extraction results with
the results of artificial vectorization. Various indicators were used to
verify the classification accuracy of different methods. Fig. 2b shows the

extraction and subsequent analysis of the raft-aquaculture area from
2001 to 2020. Firstly, the raft-aquaculture areas in 2001, 2005, 2010,
2013, 2016, and 2020 were classified by object-oriented classification.
Then, we conducted the landscape pattern evolution analysis, driving
force analysis, and correlation analysis in the follow-up research.


https://glovis.usgs.gov/
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http://mds.nmdis.org.cn/
http://tjj.lyg.gov.cn/tjxxw/
http://tjj.lyg.gov.cn/tjxxw/
https://www.cnki.net
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Table 2
Detailed information of satellite remote sensing images.
Image Imaging Time Spatial Resolution Coordinate System Number of Scenes
Landsat 5 TM 20011130 30 m WGS_1984_UTM_Zone_50N 1
20051125 30 m WGS_1984_UTM_Zone_S50N 1
20101209 30 m WGS_1984_UTM_Zone_50N 1
Landsat 8 OLL_TIRS 20131201 15m WGS_1984_UTM_Zone_50N 1
20161209 15m WGS_1984_UTM_Zone_S50N 1
20201204 15m WGS_1984_UTM_Zone_50N 1

Landsat Images of
the Study Area in
2013

A 4

. . Supervised .
Object-Oriented Classification Band Analysis

Classification (SVM/CNN) Extraction(B3/B4)

Y

Respl.ts. of Raft-aquaculture Area
Artificial .
L Extraction Results
Vectorization
Confusion
Matrix
mloU ACC Kappa Fl-measure

(a) Extraction with different methods and accuracy evaluation

Landsat Image Landsat Image Landsat Image Landsat Image Landsat Image Landsat Image
in 2001 in 2005 in 2010 in 2013 in 2016 in 2020

v v v v ) ¥
v

Object-Oriented
Classification

!

Raft-aquaculture Area
Extraction Results

. r .

Correlation Analysis between
Laver Aquaculture and
Entermorpha prolifera Outbreak

Landscape Pattern Driving Force
Evolution Analysis Analysis

(b) Object-oriented classification method for raft-aquaculture area extraction from 2001 to 2020
and subsequent analysis

Fig. 2. The experimental flow chart.
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2.4. Image classification method

2.4.1. Object-oriented classification

The object-based Image Classification (OBIC) method does not take
pixels but the objects generated by image segmentation as the primary
classification unit (Li et al., 2020; Luo et al., 2021). This classification
method classifies different objects in high-resolution remote sensing
images based on spectral features, texture features, geometric shapes,
and other information of the images, with high classification accuracy
(Huang et al., 2021). Image segmentation is required before
object-based image classification. Multi-scale segmentation is a standard
segmentation method in object-oriented image interpretation. Consid-
ering that surface information has different manifestations at different
scales in an image, segmentation is carried out according to different
scales of ground objects (Sun et al., 2013; Zhang et al., 2021). The
multi-scale segmentation algorithm is based on region-merging tech-
nology, starting from merging any pixel until forming an object (image
region). In this study, eCognition 9.0.1 is used to classify remote sensing
images by object-oriented classification method.

2.4.2. Supervised classification

Supervised classification, also known as training classification, is a
process whereby a user identifies pixels of other unknown categories by
using pixels of the confirmed category (Zhao, 2003; Xiao et al., 2020).
Before classification, positions and sample types of several sample re-
gions are manually selected for the image. Then different classifiers or
algorithms are selected to classify other regions into different samples
(Lietal., 2017). Supervised classification can be divided into three steps:
selecting training samples, extracting statistical information, and
choosing the appropriate classification algorithm. In this study, the
software ENVI 5.3 was used to realize the supervised classification of
remote sensing images. We selected two kinds of classifiers: Convolu-
tional Neural Network (CNN) Classification and Support Vector Ma-
chines (SVM) Classification.

2.4.3. Band analysis extraction method

Landsat images in the study area are analyzed. It was found that the
brightness of the aquaculture area is lower, and the DN value is smaller,
while the brightness of pure water is higher and the DN value is slightly
larger. Affected by the spatial distribution pattern of suspended sedi-
ment on the nearshore, DN values of pure water bodies and aquaculture
raft racks at different locations significantly differ in B2 and B3 bands. In
this study, Liu (2013b) research method is referenced to design the
image classification.

Each pixel in the study area was statistically analyzed by the
neighborhood analysis tool in ArcGIS 10.7. The mean value of all pixels
in a rectangular window was taken with the pixel as the center and the
side length of 105m. Then, subtracting the newly generated image from
the original image of the study band (B2, B3), the result was multiplied
by ten thousand and rounded. The positive value represents the water
body in the obtained image, and the negative value represents the
mariculture region.

2.5. Accuracy evaluation metrics

Confusion Matrix is a standard method for accuracy evaluation.
Assuming that the remote sensing images are divided into two

Table 3
Confusion matrix.
Predict
Positive Negative
True Positive TP FN
Negative FP TN
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categories, the main form of confusion matrix is shown in Table 3.
Where TP, FP, TN, and FN represent the number of true positives, false
positives, true negatives, and false negatives, respectively.

In the experiment, mIoU, ACC, Kappa, and F1-measure are used to
verify the accuracy of different classification methods. The four pa-
rameters are defined as follows:

TP

JoU=—— 1
MOV = FP+ FN + TP) )
TP + TN
ACC=—— BV )
TP+ TN + FP+ FN

2 X precision X recall

F1 — measure = — 3
precision + recall
TP TP
Precision :m Recall = TP+—FN (4)
N_Exii - _Z(Xi+x+i)
Kappa = % (5)

i=

N2 — Zl(x[+x+[)

The Kappa coefficient assumes that remote sensing images are
divided into N categories, and N is the total sample number of ground
truth. We consider the classification results of raw remote sensing im-
ages to be ground truth. x; is the number of correctly classified pixels.
X;, is the sum of the i — th row, and x,; is the sum of the i — th column
about the confusion matrix.

Taking the Landsat8 OLI remote sensing image of Haizhou Bay in
2013 as the base map, the polygon shapefile was created using arc-
gis10.7, on which the visual interpretation of the raft-aquaculture area
was performed to obtain the artificial vectorized results. In order to
verify the classification results, artificial vectorized data of raft-
aquaculture areas are used as true values to calculate the confusion
matrix with different classification results. The aquaculture area is a
positive sample in the actual image, and the sea is a negative sample. In
the experiment, the four parameters, mloU, ACC, Kappa, and F1-
Measure, are used to verify the accuracy of different classification
methods.

2.6. Landscape pattern indices

The landscape pattern indices are a typical method to quantitatively
describe landscape patterns and measure landscape spatial attributes. It
can explain the landscape distribution level of a region and reflect the
changes in landscape structural characteristics and spatial patterns
(Nadoushan and Alebrahim, 2017; Song et al., 2017). The landscape
pattern indices incorporate patch level index, patch class index, and
landscape-level index. The patch level index represents the structural
characteristics of individual patches in the landscape. Patch class index
can express the structural characteristics of different patch types in the
landscape. The landscape-level index can reflect the structural charac-
teristics of the entire landscape.

In this study, the software Fragstats 4.2 is adopted to calculate the
landscape pattern indices during the six years from 2001 to 2020. Ac-
cording to the status quo and spatial structure characteristics of the
study area, six indices, including Total Area (TA), Number of Patches
(NP), Patch Density (PD), Landscape Shape Index (LSI), Splitting Index
(SPLIT) and Aggregation Index (AI), were selected to analyze the land-
scape pattern evolution of raft-aquaculture area in Haizhou Bay
(Table 4).

2.7. Principal component analysis

Principal Component Analysis (PCA) is a relatively common method
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Table 4
The description of landscape pattern indices.
Name Description
TA Total Area It is the sum of all patch areas in a patch type, which

is the basic area indicator.

NP Number of It is the total number of patches of a certain patch
Patches type, which has a good positive correlation with
landscape fragmentation.
LSI Landscape Shape It reflects the changing rule of patch shape in the

Index landscape. The larger the value, the more irregular

the patch’s shape in the landscape will increase.

The number of certain patches per 100 ha.

It indicates the overall fragmentation degree of the

landscape. The higher the value, the greater the

impact of human activities on the landscape.

AL Aggregation The aggregation degree of a patch type in the
Index landscape. The larger the value, the more compact

the aggregation degree.

PD Patch Density
SPILT  Splitting Index

of multivariate analysis. The data are first transformed into a new co-
ordinate system using a linear transformation; then dimensionality
reduction is used so that the first major variance of any data projection is
in the first coordinate (called the first principal component), and the
second major variance is in the second coordinate (the second principal
component) (Liu et al., 2020). Dimensionality reduction can reduce the
dataset’s dimensionality and maintain the dataset’s characteristics that
contribute most to the variance. The goal is to extract the most impor-
tant information from the data and compress the size of the dataset by

Marine Environmental Research 183 (2023) 105825

keeping the important information.

Thirteen socio-economic indicators were selected by reviewing the
Lianyungang City Statistical Yearbook from 2001 to 2020. The factor
variables were constructed by PCA using IBM SPSS Statistics 26 soft-
ware. The specific steps are as follows.

Firstly, create a sample matrix of socio-economic indicators and
standardize the indicator data in the sample matrix to obtain a stan-
dardized data matrix. Secondly, create a covariance matrix based on the
standardized data matrix. Thirdly, calculate the eigenvalues, contribu-
tion rates and cumulative contribution rates based on the covariance
matrix, and rank the corresponding eigenvalues according to their sizes,
with the largest eigenvalue being the first principal component, the
second largest eigenvalue being the second principal component, and so
on, from which the first three principal components are extracted in this
paper. The cumulative variance contribution rate has reached 85%,
which can explain the change pattern of the Haizhou Bay aquaculture
area. Fourthly, the principal component loadings matrix and principal
component loadings rotation matrix are calculated to determine the key
indicators. Finally, the scores of each principal component are
calculated.

3. Results
3.1. Experiment and accuracy evaluation

In order to find the most suitable method for extracting aquaculture

Fig. 3. Extraction results of aquaculture areas by different classification methods. (a)True value, (b) Object-Oriented classification, (c)SVM, (d)CNN, (e)B2, (f)B3.
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areas, methods, including CNN, SVM, object-oriented classification and
feature variable extraction, were used to extract raft-aquaculture areas
in the images of 2013. Corresponding classification results were ob-
tained (Fig. 3). Fig. 3a shows the true results of aquaculture areas ob-
tained by artificial vectorization. Fig. 3b—f shows the results extracted by
the above classification method. From the comparative analysis of
Fig. 3b—fand Fig. 3a, it can be seen that the classification effect of Fig. 3b
is the most similar to that of Fig. 3a on the whole. The misclassification
and omission are also relatively less. In Fig. 3c—f, the misclassification
phenomenon is relatively evident, concentrated in the northwest of the
experimental area. The models mostly misidentify the aquaculture raft
racks as the sea. At the same time, due to the color difference of the sea,
many shallow raft racks seen by naked eyes in the image cannot be
correctly identified by the model, resulting in the omission of
classification.

Four parameters, including mIoU, ACC, Kappa, and F1-Measure,
which is used to verify the accuracy of different classification methods
are shown in Table 5. It shows that the mIoU, ACC, Kappa, and F1-
measure of object-oriented classification method are the highest
among the five classification methods. It can be seen that this method
has the highest accuracy, which is suitable for the extraction of mari-
culture rafts in Haizhou Bay. Hence, in this study, we select the object-
oriented classification method to extract the raft-aquaculture area in
Haizhou Bay and its adjacent waters from 2001 to 2020.

3.2. Spatial information extraction and landscape pattern evolution
analysis

Fig. 4 shows the extraction results about aquaculture raft racks in
Haizhou Bay and its adjacent areas in 2001, 2003, 2010, 2013, 2016,
and 2020 through object-oriented classification method. It can be
roughly seen from Fig. 4a—f that the number of aquaculture raft racks
increased from 2001 to 2020. With the increasing amount of aquacul-
ture raft racks, the raft-aquaculture area is also expanding from the
coastal waters of the mainland to the ocean’s interior. The expansion
speed is very rapid.

The calculation results of landscape pattern indices, including Total
Area (TA), Number of Patches (NP), Patch Density (PD), Aggregation
Index (AI), Splitting Index (SPLIT) and Landscape Shape Index (LSI), are
illustrated in Table 6. It is shown from Fig. 5 that the TA increased
quickly from 2001 to 2016 but then decreased slowly from 2016 to
2020. From 2001 to 2010, TA increased gradually from 141.9 ha to
2212.3 ha, with an annual increase of 230 ha. From 2010 to 2016, TA
increased rapidly from 2212.3 ha to 15766.4 ha, with an average annual
increase of 2259.1 ha. From 2016 to 2020, it fell slightly from 15766.4
ha to 13672.1 ha.

NP shows an increasing trend (Fig. 5b), with the growth rate from
slow to fast. It increased from 119 to 6387 from 2001 to 2020, with 53.7
times and an annual increase of 330 PD is the number of patches per 100
ha. It shows the characteristics of fluctuation from increase to decrease
and then to increase. From 83.8 patches per 100 ha in 2001 to 46.7
patches per 100 ha in 2020, the overall reduction is 37 patches per 100
ha. Al decreased gradually and then increased, and the overall degree of
aggregation is high. From 2001 to 2020, LSI gradually increased from
12.2 to 95.4, indicating that the patch shape irregularity also increased,
and the patch shape became more complex and irregular. SPLIT shows

Table 5
Accuracy evaluation of classification results in 2013.
Method mloU ACC Kappa F1
Object-oriented Classification 0.82 0.90 0.79 0.80
Supervised Classification CNN 0.71 0.58 0.61 0.62
SVM 0.73 0.67 0.64 0.66
Band Analysis Classification B2 0.74 0.56 0.67 0.68
B3 0.76 0.60 0.69 0.70
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the fluctuation characteristics of first increasing, then decreasing, and
finally increasing. Overall, SPLIT increased from 67.6 to 1177.1. The
overall landscape fragmentation is severe and scattered, the aquaculture
area gradually expands to the interior of the sea, and its spatial distri-
bution is growing complicated, demonstrating that the interference in-
tensity of human activities with the mariculture gradually increases.

In general, NP, PD, LSI, and SPLIT are increasing, indicating that
aquaculture zones’ heterogeneity and fragmentation degree in Haizhou
Bay and its adjacent waters are increasing. Patch shapes of aquaculture
raft racks are becoming more complex. The aquaculture raft racks in
Haizhou Bay are expanding in spatial distribution, and the center of
mass about the aquaculture area shifts from southwest to northeast. The
aquaculture industry lacks planning, and tends to develop in disorder.
With the rapid development of the mariculture industry in recent years,
the development and utilization of ocean have increased. Therefore, the
human management of the landscape should be gradually strengthened
in Haizhou Bay, the mariculture structure should continue to improve,
and the scale and intensification degree of the breeding industry should
also be gradually improved.

4. Discussion
4.1. Driving force analysis of raft-aquaculture areas changes

4.1.1. Natural factors

From 2001 to 2020, the mariculture industry in Haizhou Bay and its
adjacent waters developed rapidly. The patch area increased from
141.93 ha in 2000 to 13,672.08 ha in 2020, which is closely related to
natural factors. According to the statistical data, laver can grow at an
optimum temperature of 0.5-18 °C. Laver leaves will quickly rot when
the seawater temperature exceeds 20 °C (Kim, 2013). The average SST
from 2000 to 2020 is maintained at 15-17 °C, always providing a suit-
able temperature for laver aquaculture. Meantime, the optimum salinity
for the growth of laver seedlings is in the range of 20.3-40.6, within
which the higher the salinity, the higher the percentage of developing
into normal seedlings (Yan and Wang, 1993). From 2001 to 2020, the
surface salinity of seawater in the Haizhou Bay region is maintained
between 25 and 29, which is moderate salinity and can maintain the
suitable growth of laver. It’s well known that nutrients (N and P) and
sunlight are key factors for biomass growth. According to statistics, the
suitable daily sunshine duration for the growth of laver is 7-8 h, and the
sunshine duration from 2001 to 2020 is between 1950 h and 2300 h,
which can promote the healthy growth of laver. Fertilization methods
for laver mainly include the spraying method and soaking method, etc.
The amount of fertilizer application for agricultural use in Lianyungang
City showed an increase from 2001 to 2014 and a slight decrease from
2015 to 2020. This is related to the Ministry of Agriculture issued "Zero
Growth Action Plan for Fertilizer Use by 2020” in 2015, which requires
the adjustment of fertilizer structure, the replacement of chemical fer-
tilizers with organic fertilizers, and the reduction of precise fertilizer
application (The Ministry of Agriculture of the People’s Republic of
China, 2020). Proper fertilization can promote the photosynthesis of
laver and improve the yield.

The annual average wind speed and the affected area of agriculture,
forestry, animal husbandry, and fishery are statistically analyzed. As
shown in Fig. 6a, the annual average wind speed fluctuates between 4.5
m/s and 5.5 m/s, and tends to decrease year by year. When the wind
speed is too high, the raft racks of laver aquaculture will be overturned
and pulled up. When the wind speed decreases, the damage degree of
raft racks will be reduced, promoting the cultivation of the laver to a
certain extent.

The affected area of agriculture, forestry, animal husbandry, and
fishery in the vicinity of the study area shows an overall downward trend
from 2001 to 2020 (Fig. 6b). From 2001 to 2003, natural disasters
frequently occurred in the study area, with an average annual affected
area of more than 2,200,000 ha (Table 7). The affected areas exceeded
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Fig. 4. The extraction results of mariculture areas from 2001 to 2020 (a) 2005, (c) 2010, (d) 2013, (e) 2016, (f) 2020.

Table 6

Calculation results of different landscape metrics.
Year TA NP PD LSI SPLIT Al
2001 141.9 119 83.8 12.2 67.6 70.9
2005 457.8 499 109.0 27.6 240.3 62.2
2010 2212.3 1868 84.44 53.6 950.1 66.2
2013 5595.1 1958 34.99 67.6 23.9 73.2
2016 15766.4 4929 31.26 95.4 161.6 77.4
2020 13672.1 6387 46.72 95.9 1177.1 75.6

1,000,000 ha in 2005, 2006, 2007, 2010, 2011, and 2012. Natural di-
sasters not only have a great negative effect on the stability of the
ecosystem in the study area but also seriously affect regional industrial
and agricultural development and fishery production. From 2013 to
2020, the affected area decreased from 487,360 ha to 131,000 ha. The
reduction of natural disasters stabilized the environment of laver culti-
vation, promoting the development of cultivation industry. It is also one
of the main causes why the patch area of aquaculture area has increased
rapidly since 2013.

4.1.2. Socio-economic factors
The status quo of Haizhou Bay and its adjacent waters is discussed,
the research results of prominent scholars are used for reference, and the

availability of data is considered (Cui et al., 2019¢; Luo et al., 2019). The
principal component analysis (PCA) is used to analyze the correlation
between each index and landscape pattern evolution is analyzed, and
the statistical data used in PCA are shown in Table 8.

The eigenvalue and Principal component contribution rate are
shown in Table 9. It shows that cumulative contribution rate of the first
principal component and the second principal component has reached
86.99%, and the eigenvalues are greater than 1, which can meet the
analysis requirements. Loads of the first two principal components on
each variable after rotation are shown in Table 10. It can be seen that the
first principal component has a heavy load on investment and average
employee wage of the primary industry, the city’s GDP, and other in-
dicators, which can be summarized as a comprehensive factor of the
economy. The second principal component has a heavy load on popu-
lation, people density, the proportion of employees in each industry, and
other indicators, summarized as social and demographic factors.
Therefore, the driving factors of landscape pattern evolution in the study
area can be roughly divided into economic and social demographic
factors.

In terms of economic factors, the GDP of Lianyungang City increased
from 24.907 billion Chinese Yuan (CNY) to 327.707 billion Chinese
Yuan (CNY) from 2001 to 2020, an increase of more than 13 times.
Among them, the total output value of agriculture, forestry, animal
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husbandry, and fishery increased from 14.905 billion Chinese Yuan
(CNY) to 70.248 billion Chinese Yuan (CNY), which increased by 4.7
times. The average wage of employees engaged in agriculture, forestry,
animal husbandry, and fishery in cities has also increased from 4447
Chinese Yuan (CNY) to 62917 Chinese Yuan (CNY). The level of ur-
banization is constantly improving. Lianyungang has an excellent
geographical location, convenient transportation, and shipping condi-
tions. Integrating the advantages of geography, location, and policy, it
has become another free trade pilot zone in China, which currently is
provided with the conditions for deep opening up to the outside world.
In recent years, the government increased investment in fishery-related
projects, and the import and export trade in Lianyungang is thriving. In
the meantime, the people’s living standards improve constantly. Hence,
the demand for fishery products has risen rapidly. The development of
mariculture in Lianyungang has been promoted to a certain extent. It is
one of the fundamental reasons for the increasing mariculture area in
Haizhou Bay and its adjacent waters from 2001 to 2020.

From the perspective of social and demographic factors, from 2001
to 2020, the total population of Lianyungang City increased from 4.5699
million to 4.601 million. Moreover, the population density also
increased gradually. The increase in population promotes the social

demand for natural resources. In recent years, the international market
demand for laver products has been increasing, and the domestic market
demand for seaweed products is also growing at a rate of 10-15% per
year. Therefore, in addition to meeting the needs of the people of Lia-
nyungang, in order to meet the needs of the international and domestic
markets, it requires more agricultural and fishery products to meet the
needs of people’s survival. Technologies related to fisheries, such as
mariculture and mechanized fisheries production, tend to mature.
Human and material resources have been poured into the industry.
Mariculture is gradually developing towards standardization, mecha-
nization, and internationalization. The crop yield significantly increases.
The seafood produced in this region has great core competitiveness in
the market. At the same time, the industrial transformation of Lia-
nyungang City has led to a continuous reduction in the proportion of
employees in the primary industry. With the continuous adjustment of
industrial and employment structure, the employees continuously
transfer from the primary industry to the secondary and tertiary in-
dustries (Li, 2016). In recent years, the mechanized production system of
aquaculture has been established. The aquaculture industry is trans-
formed and upgraded to green and efficient. The effect of the
labor-intensive model on mariculture is gradually decreasing.
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Statistical data of annual mean SST, wind speed, affected area, annual average surface salinity, fertilizer application rate and annual sunshine duration in Haizhou Bay
from 2001 to 2020.

Annual mean

Annual average wind

The affected area (One

Annual average surface

Fertilizer application rate (One

Annual sunshine

SST (°C) speed (m/s) thousand ha) salinity (g/kg water) million tons) duration (h)
2001  15.66 5.09 2283.24 28.64 31.58- 2167.42
2002 - 5.17 2288.46 - - 2124.28
2003  16.88 4.92 3305.00 27.89 - 2209.92
2004 - - 836.58 28.35 - 1950.50
2005 16.21 - 2139.50 27.69 32.06 2286.89
2006 - 5.16 1324.07 28.13 - 2231.38
2007 - - 1642.00 27.26 32.20 2001.21
2008 - - 483.70 26.25 - 2018.30
2009 - - 1001.63 28.43 34.93 1992.12
2010 16.75 5.23 1070.93 - 33.82 1992.84
2011 - 4.72 1810.60 28.69 33.73 2125.29
2012 15.31 4.93 1406.45 27.00 33.77 2055.37
2013 14.60 4.94 487.36 27.89 34.23 2050.07
2014 15.11 4.77 407.69 - 34.58 2240.92
2015 - 4.78 615.46 28.16 34.55 2055.05
2016 - 4.90 332.10 27.41 34.57 2012.42
2017 16.37 4.85 62.29 26.54 33.26 2059.46
2018  16.54 5.10 353.73 25.85 32.43 2321.15
2019 16.24 4.59 210.81 27.29 32.02 2197.75
2020 16.15 4.75 131.00 26.40 31.29 2056.46
Table 8
Statistical data used in PCA.
2001 2005 2010 2013 2016 2020
Urbanization Level (%) 28.02 37.18 51.75 54.82 57.80 61.52
Investment in agriculture, forestry, animal husbandry, and fishery (Ten thousand CNY ) 4561 42563 98416 176104 475414 511454
The total output value of agriculture, forestry, animal husbandry, and fishery (One hundred million CNY) 149.05 174.02 322.80 474.24 589.42 702.48
Average Wage of Employees in agriculture, forestry, animal husbandry, and fishery (CNY) 4447 6725 19296 30147 46697 62917
Power Consumption of agriculture, forestry, animal husbandry, fishery, and water conservancy (one Million ~ 43.53 29.12 28.36 43.40 61.87 53.76
kilowatt-hours)
Affected Areas of agriculture, forestry, animal husbandry, and fishery (one thousand ha) 2283.24  2139.50 1070.93  487.36 332.10 131.00
Regional GDP (One hundred million CNY) 249.07 455.97 1201.79  1829.04  2536.49  3277.07
The proportion of Employees in Primary Industry (%) 58.10 43.80 30.50 32.70 31.40 27.70
The proportion of Employees in the Secondary Industry (%) 20.30 26.10 31.70 31.30 32.20 30.60
The proportion of Employees in the Tertiary Industry (%) 21.60 30.10 37.80 36.00 36.40 41.10
Population Density (Person/kmz) 702.20 743.40 759.00 818.50 739.40 749.30
Population (10,000 people) 456.99 454.40 439.71 445.98 453.93 460.10
Total Water Resources (One hundred million m®) 30.43 53.69 26.21 27.87 20.90 40.70

(Note: The primary industry is agriculture, forestry, animal husbandry, and fishery, the secondary industry is the processing and manufacturing industry, and the
tertiary industry is other industries other than the primary and secondary industries. CNY: Chinese Yuan).

Table 9 Table 10
Eigenvalue and Principal component contribution rate. Rotated component matrix.
Principal Eigenvalue  Contribution Cumulative contribution Indicators Principal Principal
component rate/% rate/% component 1 component 2
1 6.864 52.799 52.799 Investment in agriculture, forestry, animal 0.984 0.128
2 4.301 34.187 86.986 husbandry, and fishery
Average Wage of Employees in agriculture, 0.961 0.258
forestry, animal husbandry, and fishery
4.2. Relationship between laver aquaculture and entermorpha prolifera Regional GDP 0.941 0.328
outbreak The total output value of agriculture, 0.932 0.343
forestry, animal husbandry, and fishery
. . X X Power Consumption of agriculture, forestry,  0.869 —0.296
Globally, green tides, caused by the explosive proliferation of large- animal husbandry, fishery, and water
scale marine green algae, have become the universal marine ecological conservancy
phenomena. As a type of green algae, Enteromorpha prolifera has Affected Areas of agriculture, forestry, —0.806 —0.541
become one of the significant marine disasters in China in the past U:::;l:;t?s;zfi;y’ and fishery 0.746 0.657
decade, resulting in a series of ecological and environmental problems Population Density 0.045 0.838
and economic losses (Jiang and Zhao, 2018). The disaster of Enter- The proportion of Employees in Primary 0.500 0.826
omorpha prolifera in China is mainly concentrated in the Yellow Sea Industry
area. From April to May every year, the green tide drifts northward from Thse prog"”“;n;’f Emp]oyees in the -0.588 ~0.794
. . econda naust
the South Yellow Sea under the action of ocean currents and wind, and 1y Y . )
o X The proportion of Employees in the Tertiary  0.616 0.765
makes landfall in cities along the coast of Shandong. Green tide accu- Industry
mulates on the coast on a large scale after landing. It not only endangers Population 0.497 —0.751
Total Water Resources —0.178 —0.130

the ecological environment and people’s health but also impacts local
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tourism (Zhang et al., 2018a, 2020; Cui et al., 2019b). In 2021, the scale
of the Enteromorpha prolifera disaster in the Yellow Sea reached the
largest in history. After investigation and verification, it is roughly
confirmed that the floating green tide originated from the laver aqua-
culture area of outer sand in southern Jiangsu province. This is closely
related to the local unique marine environment and laver culture
methods. Therefore, the correlation between laver aquaculture and
Enteromorpha prolifera outbreak should be studied, which is crucial to
grasp the outbreak time node and prevent and subsequently control such
a disaster.

Many studies have found that the scale of the green tide outbreak in
the Yellow Sea is directly related to the initial biomass of green algae.
However, the initial biomass of green algae is closely related to the laver
cultivation area (Li et al., 2014). Jiangsu shoal mainly adopts
semi-floating raft-aquaculture as China’s most extensive laver cultiva-
tion base. Green algae such as Enteromorpha prolifera, as the attached
organisms on the raft racks, appear at the beginning of the annual laver
aquaculture. Only a few Enteromorpha prolifera individuals fall off and
float in the process of production. In the early stage of laver cultivation,
it is not easy to form a large scale of Enteromorpha prolifera. In the
latter, in recycling the rope after the laver is harvested, the green tide
algae are usually scraped off to reduce the rope’s weight. This causes
green algae to detach from their attachment and drift into the ocean,
which provides the initial biomass for the formation of green tides
(Wang et al., 2015).

In recent years, the continuous expansion of laver cultivation area
has increased the amount of nutrients entering the ocean and the initial
biomass of green tide. Studies have shown that the unique biological
characteristics of Enteromorpha prolifera, suitable environment, and
climate factors in the northern Jiangsu sea area are the crucial reasons
why the disaster of green tide frequently occurs (Quillien et al., 2015;
Hao et al., 2021). According to the statistical yearbook of Jiangsu
Province (Table 11), the laver cultivation type in Jiangsu province is
mainly Porphyra yezoensis. From 2004 to 2020, the laver cultivation
area increased from 8466 ha to 46,667 ha. The cultivation area in 2020
was more than 5 times that in 2004. Due to the small cultivation area in
the past, the aquaculture was mainly concentrated in the inner sand near
the shore. With the increasing aquaculture area in recent years, the
aquaculture range extends from inshore inner sand to outer sand, from
intertidal zone beach to subtidal zone shallow water area. Nowadays,
the aquaculture area of outer sand has exceeded the inner sand. The
cultivation area of the laver in outer sand increased significantly in
2007, nearly doubling that in 2005. The biomass of green algae in the
raft racks has increased significantly, so the green tide in the Yellow Sea
began to break out in 2007. Since 2007, the cultivation area of the laver
in Jiangsu Province has continued to rise, which provides sufficient
initial biomass for the outbreak of green tide. Therefore, the green tide in
the Yellow Sea will arrive as scheduled every year, and the coverage area
of Enteromorpha prolifera has an increasing trend year by year. The
disease of Porphyra yezoensis in Jiangsu Province was serious from late

Table 11
Laver cultivation area in Jiangsu Province from 2001 to
2020.
Year Cultivation area of laver/ha
2004 8466
2005 10866
2007 21600
2011 21133
2014 39024
2015 29618
2016 41066
2017 47255
2018 43111
2019 41666
2020 46667
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December to mid-December 2011. The phenomenon of rotten vegetables
occurred in a large area, and the proportion of rotten vegetables in the
area of laver aquaculture reached about 70%. The area of no harvest
exceeded 30% in 2011, and the aquaculture net curtain, raft racks, and
other equipment, which had no harvest, were brought ashore in advance
(JiangsuLaver Association, 2012). It was observed that in 2012, the
occurrence time of the green tide disaster was significantly earlier, and
the coverage area of the green tide was correspondingly reduced. It
again verifies the correlation between laver aquaculture and the
outbreak of green tide.

5. Conclusion

Based on Landsat remote sensing images, this paper extracts the
mariculture area by using object-oriented classification method. The
spatio-temporal distribution, area and landscape pattern of mariculture
areas in Haizhou Bay from 2001 to 2020 were studied. Meanwhile, the
driving forces from natural, social and economic aspects of the mari-
culture areas evolution were discussed by using PCA and other methods.
The correlation between mariculture and Enteromorpha prolifera
outbreak was evaluated. The conclusions are as follows:

1. From 2001 to 2020, aquaculture in Haizhou Bay and its adjacent
waters changed significantly. The cultivation area showed a trend of
increasing first and then slowing down. After reaching its peak in
2016, it decreased. Nevertheless, it shows an overall increasing trend
over these years. The aquaculture zone spreads from the coast of
Lianyungang city to the ocean’s interior.

2. According to the landscape pattern evolution analysis, the NP, PD,
LSI, and SPLIT of Haizhou Bay and its adjacent sea waters are
increasing yearly. The heterogeneity and fragmentation of aquacul-
ture areas are increasing, and the patch shape is becoming more and
more complex. The impact of human beings on the landscape is also
gradually strengthening.

3. The increasing of aquaculture area, heterogeneity and fragmentation
in Haizhou Bay and its adjacent waters are related to many factors.
The main influencing factors are natural factors and socio-economic
factors. The factors, including suitable sea temperature, low wind
speed, small disaster area of the fishery, high-speed economic
development, and social progress, could positively impact the
development of marine aquaculture.

4. The outbreak of Enteromorpha prolifera in the Yellow Sea has a
specific correlation with laver cultivation in Jiangsu coastal areas.
Mariculture can provide the initial biomass source for the formation
of green tide. The larger the area of laver cultivation, the larger the
scale of the green tide outbreak in the Yellow Sea.

5. In this study, the remote sensing method is used to monitor the
mariculture area, which can save manpower and material resources.
It provides a scientific reference for marine environment protection,
prevention, and control of green tide disasters. At the same time,
there are also problems, such as low image spatial resolution, which
can be improved in subsequent experiments.
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