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ABSTRACT

Introduction: Large-scale disordered coastal aquaculture development causes severe environ-
mental problems. However, quantitative assessments of spatiotemporal dynamics and driving
factors for coastal aquaculture are essential and urgent for coastal aquaculture sustainability.
Outcomes:Using remote sensing products and geographic information science, we investi-
gated the long-term landscape changes due to coastal aquaculture, and explored its under-
lying driving factors in the Ningde coastal region, Southeastern China. Results show that
coastal aquaculture area increased from 90.65 km? in 2003 to 96.08 km? in 2016, and its
structure underwent tremendous changes. The area of artificial shrimp ponds increased by
496.15% and the area of farmland ponds decreased by 25.81% between 2003 and 2016. In
addition, we revealed that from 2003 to 2016, the change trends of the coastal aquaculture
area and the entire Ningde coastal region were consistent, and became more fragmented and
dispersive. Furthermore, regression results indicate that the growth and attenuation of coastal
aquaculture areas were significantly affected by the initial coastal aquaculture area in 2003.
Discussion and Conclusion:To sustainably manage the coastal ecosystems, we provide sev-
eral recommendations (e.g., a coupled human and natural systems approach to understanding
human-nature interactions, integrated assessment, and systematical spatial planning and
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monitoring) for future research and management.

Introduction

Coastal ecosystems provide many ecosystem services
for humans, such as fishery resources, marine disaster
prevention and mitigation, and ecotourism, etc (Shi
et al. 2015). Among them, aquaculture is the fastest-
growing animal food production sector in the world
over the last 30 years, and is becoming the main source
of human consumption of aquatic food (Allison 2011).
However, Large-scale disordered coastal aquaculture
can change coastal areas in a short period, causing
severe environmental problems, such as coastal wet-
land loss, seawater pollution (Cruz et al. 2012), and
biodiversity reduction (Asif et al. 2018). In addition,
the coastal aquaculture area changes are largely
dependent on and sensitive to various factors of the
natural environment and human activities. Scientific
management of coastal aquaculture can alleviate its
adverse impact on the marine environment (Ottinger,
Clauss, and Kuenzer 2016). Grasping the information
on the temporal and spatial changes of coastal aqua-
culture areas is an important basis for the research on
the environmental protection and rational utilization
of coastal wetlands (Meng et al. 2017). Furthermore,
coastal region is of great significance to socioeconomic
development. Taking China for example, coastal areas
account for 13% of the country’s territory, support

43.5% of the country’s population, and contribute to
60.8% of the gross domestic product (GDP) (Wang
et al. 2014). Since China’s coastal areas are among the
most densely populated areas in the world, reclaiming
land for coastal aquaculture from the sea has become
an effective way to solve land shortages and develop
coastal economies (Yao et al. 2016). Thus, there is an
urgent need to evaluate the spatiotemporal dynamics
of coastal aquaculture and identify the driving factors.

Remote sensing is an effective tool for detecting
coastal aquaculture area changes (Jia et al. 2016).
Previous studies have used remote sensing to explore
the changes of coastal aquaculture ponds, and most of
them focused on the shrimp ponds. (Fuchs, Martin, and
Populus 1998) used Landsat TM and SPOT to classify
land cover, including aquaculture ponds. Hazarika et al.
(2000) used Landsat TM and ADEOS-AVNIR obtained in
1987 and 1997 to estimate the growth of shrimp ponds
in coastal areas of Thailand’s Takaburi Province.
Muttitanon and Tripathi (2005) obtained Landsat TM
images to analyze land cover/use change in Wanlun
Bay, Thailand. Nguyen et al. (2013) collected Landsat
TM and SPOT images to monitor the area of man-
groves on the coast of Jian Giang Province, Vietnam.
In addition, research on coastal aquaculture area in
China has also developed rapidly. Yao et al. (2016)
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systematically analyzed the temporal and spatial varia-
tion characteristics of aquaculture ponds along the
coast of China from 1985 to 2010 based on Landsat
TM/ETM+ images. used Landsat images of the Yellow
River delta over the past 30 years to study the long-
term changes of the reservoirs. All the above-
mentioned studies proved that remote sensing is
a useful tool for coastal aquaculture monitoring and
evaluation.

Remote sensing also facilitated the understanding
of driving factors of coastal land use and land cover
change (LULCC). Zhang and Zhao (2015) used logistic
regression to analyze the quantitative relationship
between LULCC and regional natural and socioeco-
nomic drivers, explored the impacts of regional plan-
ning on land use/cover change and validated the
impacts using the CLUE-S (the Conversion of Land
Use and its Effects at Small regional extent) model.
Their results showed that geographical factors such
as altitude, slope, distances to reservoir, town, river,
and major roads, as well as demographic and socio-
economic factors such as population density, regional
GDP, fiscal revenue, and industrial output, were all
closely related to LULCC. Han et al. (2010) analyzed
the spatiotemporal dynamic characteristics of land-
use in the American coastal region in the last century
through remote sensing images. Their results showed
that population migration, economic growth, and land
policy in World War Il were the main drivers of land-use
change in the coastal region of the United States. Xie
and Gao (2011) found that the socioeconomic driving
forces affecting LULCC in the Lianyungang coastal
region were mainly economic development, popula-
tion change, port cargo throughput change, and total
aquatic product output change. Compared with LULCC
of terrestrial ecosystems such as forests and grass-
lands, coastal aquaculture areas are less affected by
natural factors such as altitude, elevation, slope, and
wetness, and are more affected by socioeconomic fac-
tors, such as the land price, infrastructure construction,
and particularly great economic return to aquaculture
development (Bostock et al. 2016; Bouwman et al.
2013; Meng et al. 2017; Tantipisanuh, Gale, and
Round 2016).

Several studies evaluated the LULCC of the aqua-
culture in coastal region using satellite images and
some studies focused on the environmental damages
from aquaculture (e.g., antibiotics and wetland loss)
(Han et al. 2010; Xie and Gao 2011; Zhang and Zhao
2015; Zhang et al. 2013). However, relatively few stu-
dies have tracked the long-term landscape changes of
coastal aquaculture area via high-resolution satellite
images. Moreover, existing studies rarely attempted
to systematically and quantitatively analyzed the driv-
ing forces of changes in coastal aquaculture area,
which is essential to understand and manage the
coastal ecosystems sustainably (Bostock et al. 2016;

Meng et al. 2017; Ren et al. 2018; Tantipisanuh, Gale,
and Round 2016).

To improve the understanding of coastal aquacul-
ture area changes and associated driving factors in
China, we selected Ningde coastal region in southeast-
ern China as a demonstration area. Our objectives are:
(1) to detect the temporal and spatial dynamics of
coastal aquaculture area; (2) to display the landscape
pattern changes in the entire coast and coastal aqua-
culture region; and (3) to identify and quantify the
main driving forces of long-term changes in coastal
aquaculture area.

Materials and methods
Study area

Ningde is located between 118°32'~120°43'E and 26°
18'~27°40'N in Fujian Province, Southeast China. Its
coastline is 1046 km in length, ranking first in Fujian
Province and provides more than 600 aquatic species
for direct and indirect human consumption. Besides,
Ningde has a long history of coastal aquaculture pro-
duction. From 1990 to 2018, the fishery output value in
Ningde had grown dramatically from 347.71 million
yuan to 24,682.71 million yuan (46.88% of GDP in
2018). Ningde City is a well-known location for coastal
aquaculture and plays an important role in China’s
coastal aquaculture industry. Additionally, it is located
at the core area of China’s 21st-century maritime silk
road, which will inevitably change the structure and
spatial  configuration of coastal aquaculture
ecosystems.

Coastal region is a buffer zone centered on the
coastline and extended to a certain extent of land
and sea. There is no unified standard for the division
of coastal regions. Researchers can set a reasonable
scope according to research needs and local condi-
tions (Finkl 2004). To cover the coastal aquaculture
area in Ningde, we followed Liu (2011) and defined
a 2 km buffer zone along the coastline in 2003 toward
both the land and the sea (in total, a 4 km wide belt
along the coastline). Our study area includes the total
of four coastal counties of Ningde: Jiaocheng, Xiapu,
Fu'an, and Fuding, covering a total area of 2286.25 km?
(Figure 1). The aquaculture production of these four
cities accounted for 21%, 44.9%, 10%, and 21.5% of
Ningde’s total aquaculture production, respectively
(Ningde Statistic Bureau 2020).

Data sources

We collected SPOT-5 and GF-1 satellite images with high
resolution of 2.5 m and 2 m to detect changes of coastal
aquaculture area in the Ningde coastal region. China’s
coastal areas continued to carry out large-scale coastal
reclamation after 2000, and this trend increased sharply
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Figure 1. Study area.

after 2005 (Tian et al. 2016). So we obtained five SPOT-5
images in 2003, five SPOT-5 images in 2010, and seven
GF-1 images in 2016 from China Center for Resources
Satellite Data and Application (see Appendix A). These
images have been geographically corrected and radio-
metrically calibrated. Meanwhile, we obtained the
Digital Elevation Model (DEM) data (30 m resolution) in
the Ningde coastal region from the U.S. Geological
Survey. We used ENVI (version 5.3, Exelis Visual
Information Solutions) for image geoprocessing.
Previous studies have shown that constructed land
and huge economic return to local governments may
be the direct driving factors of coastal aquaculture
(Bostock et al. 2016; Bouwman et al. 2013; Meng et al.
2017; Tantipisanuh, Gale, and Round 2016). To generate
geographical indicators as potential driving factors for
changes in aquaculture reclamiation, we calculated the
Euclidean distances from the centroid of each patch to
initial road in 2003, the newly-built road, initial coastline
in 2003, initial coastal aquaculture in 2003, newly-built
port, newly-built factory, and so forth in ArcGIS (version
10.2, Environmental Systems Research Institute) (Tian
et al. 2016).

Change detection of the Ningde coastal region

Object-oriented classification

We carried out the object-oriented classification of
coastal aquaculture area using Ecognition (version 9.0,
Definiens Imaging). The extraction process mainly con-
sists of three parts: image segmentation, rule establish-
ment, and vector output. First, we used all the bands of
the remote sensing image (red, green, blue, and infra-
red), as well as the Normalized Difference Water Index
(NDWI), Normalized Difference Vegetation Index (NDVI),
and Normalized Difference Soil Index (NDSI) as input
data sets. Second, we adopted the multi-scale segmen-
tation method (Zhang et al. 2013) to create image

119¢4000" 1 120°0'0"1 1209200018

objects. The results of multi-resolution segmentation
are mainly affected by scale parameters, shape, and
compactness. Through experiment and error analysis,
we set the segmentation scale, shape factor, and com-
pactness factor as 10, 0.2, and 0.8, respectively (Benz
et al. 2004; Flanders, Hallbeyer, and Pereverzoff 2003;
Incekara, Seker, and Bayram 2018). Then, on the basis of
field investigation and image training area analysis, we
constructed the decision tree rules (waterbody:NDWI >
0.45, woodland: NDVI > 0.20, constructed land: NDVI <
0, NDWI < 0.20, farmland: 0.20 > NDVI > 0, coastal
aquaculture: 045 > NDWI > 0.20, bare land: NDSI <
—0.05, Elevation > 50) (Incekara, Seker, and Bayram
2018). Furthermore, using ground survey data and
Google Earth photos as training samples, we adopted
the nearest neighbor classifier method to classify other
land cover types. Finally, we exported the classification
results into shapefiles. The extraction rule thresholds of
images with different acquisition dates are different,
and the classification parameters were optimized
according to the characteristics of the image manually.
We performed the accuracy assessment using 1000
points randomly generated in each of the year in
2003, 2010, and 2016, respectively. We finally classified
our study area into seven land-use types: coastal aqua-
culture (CA), constructed land (CL), bare land (BL), farm-
land (FL), waterbody (WB), woodland (WL), and other
land (OL) (Figure 2). We used ArcGIS (version 10.2,
Environmental Systems Research Institute) to display
the spatiotemporal pattern, and Fragstats (version 4.2,
Oregon State University) and Stata (version 14.0,
StataCorp, Texas) for further quantitative analyses.

Landscape changes

We used four common measures (i.e., regional change,
dynamic landscape degree, landscape change index,
and landscape type conversion matrix) (Cheng et al.
2019) to express the coastal landscape change. We
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Figure 2. Procedures of Ningde coastal region land use and land cover classification.

calculated the dynamics (K) to measure the regional

change rate of the landscape. K refers to the percen-

tage of the annual regional change of the ecosystem

compared with the initial ecosystem area (Krajewski,

Solecka, and Mastalska-Cetera 2017; Puyravaud 2003):
Ac 1

Aty —
Benn =R 100%
A. At

K= (M

K is the percentage of land-use change per year,
which indicates the dynamic degree of land use in
a particular landscape. A; and A, represents the
coastal landscape area at time t and t + 1, and At
represents the duration.

The Landscape Change Index (LCI) is an useful indi-
cator of overall landscape change. LCl is defined as the
absolute value of changes in landscape types and has
the greatest impact on landscape formation (Krajewski,
Solecka, and Mastalska-Cetera 2017):

1 n
LCly| = 5 > el
i

LCl; represents the landscape change index for each
studied period; |CA;| indicates the area of each land-
scape type relative to the total analysis area. The abso-
lute value of the proportional change is calculated by:

(2)

Sti /s,

A 3)

CA =

where CA,; represents the ratio of the changing area

of a certain landscape type to the total area of the

study area (%), S; and S, represent the area of

a certain landscape type at the beginning and end of

the interval (km?); TA represents the total area of the
study area (km?).

Landscape metrics

As an indicator of the socioeconomic process, land-
scape change can effectively reflect the past changes
in coastal areas (Seto and Fragkias 2005). Landscape
change can be analyzed using landscape metrics.
There are a variety of indicators for landscape change
assessments (Forman and Godron 1981). According to
the characteristics of our study area, we used seven
metrics, including number of patches (NP), patch den-
sity (PD), division (DIVISION), largest patch index (LPI),
shannon'’s diversity index (SHDI), perimeter area fractal
dimension (PAFRAC), and contagion index (CONTAG).
We selected these metrics to illustrate the overall land-
scape conditions and the coastal aquaculture pattern
changes in Ningde coastal area from 2003 to 2016
(Table 1). We performed the calculation in Fragstats
(version 4.2, Oregon State University) (McGarigal and
Marks 1995).

Driving force analysis

We constructed regression models for driving force
analysis. The formula can be expressed as follows:

y= B:X+ B,T+e¢ (4)
where y is the dependent variable vector of n X 1; n is
the number of small coastal aquaculture patches; X is
the matrix of driving factors and intercepts of n x k; k is
equal to the number of driving factors plus 1 (1 refers
to the dimension of the intercept); T is a vector con-
sisting of discrete variables of coastal aquaculture

types; B; and (3, are coefficient vectors of k x 1; € is
an error term vector of n x 1.
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Table 1. Description of landscape metrics.

Landscape
index Formula
NP NP = n;; n-Number of patch
PD PD = N/A; N-Number of patch; A-Total area
LPI LPI = Max (ay, ... a,)/A X 100; a;-patch area i; A-Total area
CONTAG N
w5 [ () [ ()
CONTAG = |1+ kz’;n('km) i % 100; p-The percentage of the area occupied by the type of patch; gix
-The number of type | patch adjacent to class k plaques; m-Total number of patch types in the landscape
PAFRAC y

nj " (i i—Inag ) | — " i " 3
PAFRAC = { 2o l>] KZM pl) (sz J)} ; ay-patch area; Py-patch perimeter; n-patch number.
<n‘ ZL In pi) — (ZL In pu)
DIVISION n 5
DIVISION = |1 — 4\ 1+ a;-Patch area; A-Total area
A j

j=1
m
SHDI SHDI = — %" (p;Inp;); Pi-Proportion of land occupied by patch type i; m-Number of patch types present in the landscape

Driving factors for coastal aquaculture area changes were more intense than those in 2010-2016
may vary at different scales. Here we selected the 2003 (Table 2).
coastline as baseline because it is the earliest available From 2003 to 2016, the growth of coastal aquacul-
SPOT image we could access in our study area. We  ture area in the Ningde coastal region accelerated, and
then generated grids along the 2003 coastline. We its structure changed significantly. The area of coastal
tried different grid width, such as 100 m, 300 m, and aquaculture increased by 5.99% from 90.65 km? in
500 m, to perform our driving force analysis. We con- 2003 (3.97% of the total area) to 96.08 km? in 2016
structed models for both the growth and attenuation (4.20% of the total area). Coastal aquaculture
of coastal aquaculture separately. Finally, based on expanded to the sea along the coastline, mainly in

model fitness, coefficient significance, and theoretical Xiatang, Lilan, Jimuyan, and Shatangli (Figure 3).
analysis, we found 300 m is the best patch width to  Between 2003-2010 and 2010-2016, the area of
explain the driving forces for coastal aquaculture. coastal aquaculture increased by 1.70 km? (1.88%)

and 3.73 km? (4.04%), with dynamic degrees (K) of

+0.29% and +0.66%, respectively.
Results Meanwhile, there were three types of coastal aqua-
culture, namely razor clam pond, farmland pond, and
artificial shrimp pond (Figure 4). The areas of razor
clam pond and artificial shrimp pond increased, while
Figure 3 shows the LULCC from 2003 to 2016 in the  the area of farmland pond decreased. Among the
Ningde coastal region (see details in Appendix B). three, the growth rate of artificial shrimp pond was
The overall accuracy of classification for the years of  the fastest, followed by razor clam pond. From 2003
2003, 2010, and 2016 were 95.60%, 96.70%, and to 2016, the area of artificial shrimp pond and razor
97.60%, respectively (Appendices C-E). Waterbody,  clam pond increased by 496.15% (from 0.52 km? to
woodland, constructed land, coastal aquaculture, 3.10 km?) and 12.15% (from 68.78 km? to 77.14 km?),
and farmland were the main land-use types, which respectively. Meanwhile, the area of farmland pond
accounted for 45.16% (1032.51 km?), 37.35%  decreased by 25.81%, from 21.35 km? to 15.84 km?.
(854.01 km?), 8.08% (184.65 km?), 4.20%
(96.08 km?), and 3.68% (84.04 km?) of the total area
in 2016. The landscape indices from 2003 to 2016 in
the Ningde coastal region show an expansion of  The changes in coastal aquaculture area included

Spatiotemporal dynamics of the coastal
aquaculture

Land conversion in the coastal aquaculture region

coastal aquaculture, constructed land, and wood-  growth and reduction, and each mainly has two
land, and a shrinkage of waterbody, farmland, and  types: change toward the sea and change toward the
bare land areas. From 2003 to 2010, the dynamics (K)  inland (Figure 3). The growth of coastal aquaculture

of constructed land was +6.43%, followed by bare area mainly included expansion to the ocean repre-
land (-5.89%) and farmland (—4.03%). From 2010 to  sented by razor clam aquaculture ponds (Figure 3(a)),
2016, the dynamics (K) of bare land was —4.74%,  and expansion toward the inland represented by farm-
followed by constructed land (+4.00%) and farmland land ponds and artificial shrimp ponds (Figure 3(b)).
(—=1.64%). The index of land-use change in 2003-2010 The decline of coastal aquaculture area mainly includes
was 1.53, higher than 1.21 in the 2010-2016 period,  areas being submerged by sea water and being uti-
indicating that landscape |changes in 2003-2010 lized by artificial construction (Figure 3(c)).
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Figure 3. Land use/cover of the Ningde coastal region in 2003 (left), 2010 (middle), and 2016 (right).

Table 2. Dynamics of landscape changes during 2003-2010 and 2010-2016.
Ecosystem Types

Time Interval Indicator CA CL BL FL WB WL oL
2003-2010 K/% 0.29 6.43 —5.89 -4.03 0.02 0.36 3.17
CA/% 0.08 2.02 -1.46 -1.60 0.07 0.89 0.00
LCl 1.53
2010-2016 K/% 0.66 4.00 —4.74 -1.64 —-0.52 0.31 1.52
CA/% 0.16 1.56 -0.59 —-0.40 -1.46 0.68 0.00
LCl 1.21

and; BL: bare land; FL: farmland; WB: waterbody; WL: woodland; OL: other land.
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(b)Farmland pond
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(c)Artificial shrimp pond

Figure 4. Types of coastal aquaculture in Ningde coastal region between 2003 and 2016. Razor clam: in blue color; farmland pond:

in green color, and artificial shrimp pond: in red color.

Figure 5 shows the converted areas between different
land use types in the coastal aquaculture region from
2003 to 2010 and from 2010 to 2016 (see details in
Appendices F and G). Specifically, from 2003 to 2010,
the top three main growth sources of coastal aquaculture
area were waterbody, farmland, and constructed land,
which were 13.96 km?, 9.15 km?, and 1.60 km?, respec-
tively. The attenuation of coastal aquaculture area was
mainly converted to waterbody, constructed land, and
farmland, which were 11.57 km? 8.00 km?, and 3.43 km?,
respectively. From 2010 to 2016, the top three sources of
growth were waterbody, farmland, and constructed land,
which were 23.11 km?, 5.49 km?, and 2.06 km?, respec-
tively. The reduced aquaculture areas were mainly
replaced by constructed land (14.81 km?), waterbody
(6.63 km?), and farmland (4.57 km?), respectively.

Landscape pattern change of coastal aquaculture
area

Table 3 shows the landscape changes of coastal aqua-
culture area and the entire Ningde coastal region. Our

1064.14  Waterbody_2003

ol Ll zyl_dsl

1065.64 Waterbody_2010

results revealed that from 2003 to 2016, the change
trends of the coastal aquaculture area and the entire
Ningde coastal region were consistent, and became
more fragmented and dispersive. At the coastal aquacul-
ture area scale, on the one hand, the NP and the PD of
coastal aquaculture area patches increased from 2269 to
3390 and from 0.99 to 1.62, respectively, indicating that
the landscape became more fragmented. On the other
hand, the PAFRAC of coastal aquaculture area patches
increased from 1.31 to 1.46, reflecting its shape complex-
ity was enhanced. Moreover, the LPI did not change
obviously, suggesting that the dominant coastal aqua-
culture patches was unchanged. At the regional scale, the
NP, the PD, and the DIVISION of the overall landscape
pattern increased from 31,903 to 80,692, from 13.75 to
35.47, and from 0.80 to 0.89, respectively, showing that
the entire landscape became more fragmented. Besides,
the PAFRAC increased from 1.23 to 1.31, indicating the
shape complexity of entire landscape increased.
Moreover, the CONTAG and SHDI did not change
obvious, suggesting that the connectivity of the original
superiority patches was basically unchanged.

Waterbody_2016 1031.96

types between 2003-2010 and 2010-2016. See details in Appendices F and G.
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Table 3. Landscape pattern metrics of the coastal aquaculture area and the entire Ningde coastal region.

Place Indicator 2003 2010 2016
Coastal aquaculture area NP 2269 3369 3690
PD 0.99 1.48 1.62
LPI 0.08 0.04 0.05
PAFRAC 1.31 1.22 1.46
Ningde coastal region NP 31,403 63,801 80,692
PD 13.75 27.93 3547
DIVISION 0.80 0.81 0.89
SHDI 1.27 1.24 1.25
PAFRAC 1.23 1.30 1.31
CONTAG 65.15 65.15 64.94

Driving forces for changes in coastal aquaculture
area

Table 4 shows the descriptive statistics of variables
used in our coastal aquaculture area growth and
attenuation models. Our growth model reveals that
the initial coastal aquaculture area in 2003, the dis-
tance to initial road in 2003, the distance to initial
coastal aquaculture area in 2003, the distance to
newly-built port and the distance to initial coastline
in 2003 were positively correlated with the expansion
of coastal aquaculture area (Table 5). Among them, the
most significant driving factor was the initial coastal
aquaculture area in 2003, followed by the distance to
initial aquaculture, and the distance to initial road in
2003. With all other relevant factors controlled at their
mean values, an increase of the initial coastal aquacul-
ture area in 2003 by 1 km?, the increase of the coastal
aquaculture area was 0.29 km?. In addition, an increase
of the distance to initial road in 2003 by 1 km, the
distance to initial coastal aquaculture area in 2003, the
distance to newly-built port, the distance to initial
coastline in 2003, the increase of the coastal aquacul-
ture areas were 3.84 km?2 5.18 km?, 2.58 km? and
1.49 km?, respectively.

Our attenuation model shows that the initial coastal
aquaculture patch area and the distance to initial road
in 2003 showed a positive correlation with the attenua-
tion of coastal aquaculture area (Table 5). Among
them, the most significant factor to drive its attenua-
tion was the initial coastal aquaculture area in 2003,

followed by the distance to newly-built factory, and
the distance to newly-built road. With all other relevant
factors controlled at their mean values, an increase of
the initial coastal aquaculture area in 2003 by 1 km?
and the distance to initial road in 2003 by 1 km would
lead to the attenuation of the coastal aquaculture
areas by 0.36 km? and 3.87 km?, respectively. The dis-
tance to newly-built factory and the distance to newly-
built road showed a negative correlation with the
attenuation of coastal aquaculture area (Table 5).
Again, controlling all other relevant variables at their
mean values, a decrease of the distance to newly-built
factory and the distance to newly-built road by 1 km
would lead to the attenuation of the coastal aquacul-
ture areas by 5.34 km? and 3.66 km?, respectively.

Discussion

Changes of coastal aquaculture area in Ningde
coastal region

China’s coastal aquaculture area has a long history.
Since 1980, reclamation in China’s coastal areas mainly
shifted from agricultural land to aquaculture ponds
(Gao et al. 2014). In Ningde coastal region, coastal
aquaculture mainly came from the waterbody and
farmland. Such process is consistent with what hap-
pened in the Yellow River Delta where aquaculture
ponds in the coastal areas from 1983 to 2015 mainly
came from coastal wetlands and farmland (Ren et al.
2018). Meanwhile, from 2003 to 2016, we found that

Table 4. Descriptive statistics of variables used in the regression model.

Growth

model Attenuation model
Independent variable Mean (S.D.) Mean (S.D.)
Initial coastal aquaculture area in 2003 (ha) 6.832(16.195) 10.724(19.573)

Distance to initial road in 2003 (m)

Distance to initial coastal aquaculture area in 2003 (m)
Distance to newly-built port (m)

Distance to initial coastline in 2003 (m)

Distance to newly-built factory (m)

Distance to newly-built road (m)

5.027(1.125) 4.984(1.042)
5.221(1.146) -
7.490(0.983) -
—2.533(4.475) -
- 7.660(1.222)
- 6.595(1.904)

Notes: The distance variables used in the models are in the natural log form. For the distance to the coastal line in 2003, negative values indicated the
direction.to.the land,.and. positive values.indicated.the direction to the sea.
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Table 5. Coefficients of factors that are associated with coastal aquaculture area changes.

Growth model

Attenuation model

Unstandardized coef-

Unstandardized coef-

ficient Standardized coeffi- ficient Standardized coeffi-
Variable (SE) cient (SE) (SE) cient (SE)
Initial coastal aquaculture area in 2003 0.290* (0.115) 0.570%** (0.027) 0.364*** (0.072) 0.677*** (0.134)
Distance to initial road in 2003 (log) 10,431.690%* 0.142%** (0.028) 10,529.580%** 0.104*** (0.022)
(2998.761) (2251.809)
Distance to initial coastal aquaculture in 14,068*** (3585.648) 0.194*** (0.027) - -
2003 (log)
Distance to newly-built port (log) 7023.016*** (1628.327) 0.083** (0.026) - -
Distance to initial coastline in 2003 (log) 4044.739%** (579.363) 0.218%*** (0.029) - -
Distance to newly-built factory (log) - - —14,529.370*** —0.169*** (0.030)
(2615.052)
Distance to newly-built road (log) - - —7225.955%** —0.131*** (0.035)
(1940.229)
Intercept 146,004.400%** 3.790E-9 (0.026) 112,921.500%** 1.620E-9 (0.026)
(20,106.330) (31,230.640)

Notes: *p < 0.05, **p < 0.01, ***p < 0.001. The growth model: N = 829, R? = 0.449. The attenuation model: N = 582, R? = 0.596. Variance inflation factors

were tested to be < 5 in all models (see Appendices H and I).

the razor clam pond has increased the most, mainly
due to its characteristics of the larger area occupancy.
At the same time, the artificial shrimp pond had the
fastest growth rate, mainly due to its small initial quan-
tity and higher economic return. In addition, the
decrease of farmland pond was mainly caused by the
sprawl of construction.

The large-scale development of coastal aquaculture
ponds has been closely related to the rapid growth of
economy, escalating demand of seafood, and expan-
sion of infrastructure construction (Bostock et al. 2016;
Bouwman et al. 2013; Tantipisanuh, Gale, and Round
2016). Our study showed that human activities (e.g.,
road and factory construction) were the main driving
factors for changes in coastal aquaculture area. For the
growth of coastal aquaculture area, the larger initial
coastal aquaculture area meant the higher financial
capital and stronger ability to construct more aquacul-
ture infrastructure. Besides, the further away from
roads, the less human impacts on aquaculture, and
thus the easier for coastal aquaculture area.
Furthermore, far away from the initial coastal aquacul-
ture area can effectively alleviated the negative
impacts (e.g., water quality) caused by high aquacul-
ture density (Wang et al. 2019). In addition, the further
away from the coastline, the larger seascape is avail-
able to be reclaimed. For the attenuation of coastal
aquaculture area, the area with larger initial reclama-
tion area was easier to decay. It is because the larger
initial area not only means more attenuation potential,
but also indicates higher investment, maintenance
costs, and risks (e.g., typhoon, fish diseases, and market
fluctuation) (Barnard et al. 2015). In addition, the
further away from roads, the more inconvenient to
maintain the coastal aquaculture areas, and thus the
easier to be abandoned. Finally, the construction of
new roads and factories often directly occupies coastal
aquaculture areas, causing immediate decline.

Environmental impacts of coastal aquaculture

The large-scale development of coastal aquaculture
also led to severe environmental impacts, ranging
from rapid decline and degradation of coastal wet-
lands to water pollution and wildlife habitat loss. In
the 1950s and 1980s, the upsurge of coastal aquacul-
ture in China halved the total area of natural coastal
wetlands, causing the sharp decline of fish, shrimp,
crab, and shellfish population (Tian et al. 2016). Many
rare and endangered wild animals and plants even
faced extinction. Furthermore, the expansion of coastal
aquaculture, agriculture, and constructed land led to
a large amount of mangrove losses, which was essen-
tial to coastal ecosystems for food provision, wave
mitigation, and wildlife habitat (Hossain, Uddin, and
Fakhruddin 2013; Vo et al. 2013). For instance, Seto and
Fragkias (2007) calculated the conversion rate between
mangrove area and aquaculture development in the
Red River Delta (Vietnam) using land satellite images
from 1975 to 2002 and found a strong correlation
between the increase in aquaculture areas and the
decrease in mangrove areas. Coastal aquaculture also
gradually destroys the wildlife habitat and threats the
species diversity. As an important index of ecosystem
quality, the waterfowl population such as the over-
wintering population of red-crowned crane suffered
from a 54.55% decline from over 1100 to less than
500 birds over the last 30 years, and there has been
an alarming decline of 50-150 birds per year in recent
years (Su and Zou 2012). The growth of the coastal
aquaculture area in the coastal region directly turned
the coastal bird habitat into aquaculture land and
reduced food provision to migratory waterbirds (Yan
et al. 2017).

Suggestions for future research and management

To reduce the negative impacts of coastal aquaculture
area and sustainably manage the coastal ecosystems,

www.manaraa.com



10 &) Z YINGETAL

we provide the following recommendations for future
research and management. First, it is necessary to take
a coupled human and natural systems approach to
understanding human-nature interactions within and
beyond coastal ecosystems. On one hand, human
activities (e.g., coastal aquaculture, infrastructure con-
struction) negatively affect coastal wetlands but
enhance socioeconomic benefits. On the other hand,
the degradation and decline of coastal wetlands lar-
gely reduce the provision of many key ecosystem ser-
(e.g, wave and flood mitigation,
purification, waterbird habitat) and threaten human

vices water
well-being (Halpern et al. 2012). Second, it is important
to conduct an integrated assessment of environmental
and socioeconomic impacts of coastal and marine
aquaculture (Wang and Yang 2019). Although there
are scattered studies on environmental and socioeco-
nomic impacts of coastal and marine aquaculture, the
systematical understanding is still largely missing in
existing literature. Particularly, existing studies often
focus on local impacts and ignore spillover effects in
the regional, national, and even global scales (Liu et al.
2015; Liu, Yang, and Li 2016). However, coastal and
marine aquaculture involves many telecoupled pro-
cesses (e.g., feed import, seafood export, and worker
migration) whose impacts are so influential and cannot
be neglected (Marin et al. 2019). Finally, systematical
spatial planning and monitoring of coastal and marine
land use is urgently needed. Previous development of
coastal and marine aquaculture in China is mostly
unregulated and disordered. It is not only difficult for
standardized aquaculture operations to ensure food
quality and security, but also generates massive water
pollution and increases the risks of fish diseases and
algae blooming (Stentiford et al. 2012; Sun et al. 2020;
Townhill et al. 2018).
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