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Abstract: Aquaculture ponds are one of the fastest-growing land use types in valuable and fertile coastal areas and have caused serious
environmental problems. Quantitative assessment of the extent, spatial distribution, and dynamics of aquaculture ponds is of utmost
importance for sustainable economic development and scientific management of land and water resources in the coastal area. An ob-
ject-oriented classification approach was applied to Landsat images acquired over three decades to investigate the long-term change of
aquaculture ponds in the coastal region of the Yellow River Delta. The results indicated that the aquaculture ponds in the study area un-
dergone a sharp expansion from 40.38 km? in 1983 to 1406.89 km?® in 2015, and the fast expansion occurred during the period of
2010-2015 and 1990-2000. Natural wetlands, especially mudflat, and cropland were main land use types contributing to the increase of
aquaculture ponds. The patches of aquaculture ponds were consequently prevalence in the north of the Yellow River Estuary and land-
scape metrics indicated an increase of the aquaculture ponds of the study area in the quantity and complexity. The expansion of aqua-
culture ponds inevitably had negative effects on the coastal environment, including loss of natural wetlands, water pollution and land
subsidence, efc. The results from this study provide baseline data and valuable information for efficiently planning and managing aqua-
culture practices and for effectively implementing adequate regulations and protection measures.
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1 Introduction

Intensive land reclamation from the sea occurs in many
coastal countries (Kennish, 2001; Alonso-Pérez et al.,
2003; Suzuki, 2003; Hoeksema, 2007; Ma et al., 2014).
It is an effective way to acquire land resources and ac-
commodate the increasing need for the development of
agriculture and aquaculture, industrialization and ur-
banization (Zhu et al., 2016). Aquaculture is a main way
of land reclamation in coastal regions. Aquaculture
ponds have rapidly expanded with the fast development
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of aquaculture and created enormous economic benefits;
however, it often results in serious environmental prob-
lems: immediate and severe damages to coastal wet-
lands ecosystems, the deterioration of marine environ-
mental quality and other consequences, such as water
pollution, biodiversity loss, landscape fragmentation
(Duan et al., 2016; Tian et al, 2016). A scientific
knowledge based space design for sea reclamation can
improve coastal environment and minimize destruction
and disturbance to marine environment (Daily, 1997).
Hence, there is an urgent need to identify and assess the
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spatial distribution of aquaculture at local, regional and
global scales. Such information is valuable to analyze
the increasing pressure on ecosystems and related envi-
ronmental impacts (Ottinger et al., 2016).

Remote sensing provides many advantages over field
surveys in monitoring inaccessible coastal ecosystems in
addition to being accurate, rapid, and cost effective
(Spalding et al., 1997; Jia et al., 2016). Previous studies
have used remote sensing to investigate and monitor
aquaculture ponds. Fuchs et al. (1998) used Landsat
Thermatic Mapper (TM), Satellite Pour 1’Observation
de la Terre (SPOT) and airborne hyper-spectral data to
perform a supervised classification of land cover in-
cluding aquaculture ponds. Virdis (2014) used a SPOT-5
image and WorldView-1 image to classify coastal aqua-
culture in Tam Giang-Cau Hai Lagoon. Zhang et al.
(2010) assessed an automatic object-based approach for
aquaculture mapping with TM imagery in the coastal
zone of East China Sea. Hazarika et al. (2000) estimated
the growth of shrimp farms in a coastal district of
Chanthaburi province in Thailand using the Landsat TM
and ADEOS-AVNIR (Advanced Visible and Near In-
frared Radiometer type) acquired in 1987 and 1997. The
dynamics of aquaculture ponds was investigated by use
of high or moderate resolution remote sensing imagery
in the Yellow River Delta, Pearl River Estuary, Hainan
Province, and Shandong Province of China (Chu et al.,
2006; Wu et al., 2006; Guan et al., 2009; Sun et al,
2010; Xu et al., 2014). Yao et al. (2016) mapped aqua-
culture ponds and analyzed the change using a series of
Landsat data of the whole coastal region of China. Nu-
merous effort have been devoted towards aerial estima-
tion and mapping of aquaculture activities around the
globe (Ottinger et al., 2016). All the above mentioned
studies prove that remote sensing is an effective tool for
providing timely and accurate information on aquacul-
ture ponds, which is very useful for scientists and public
authorities to elaborate a strategy for environmental
conservation and natural resource management.

The Yellow River Delta is the youngest land in the
east of China, and has the broadest, youngest and the
most integrated wetland ecosystem (Li et al., 2006).
Meanwhile, as one of the most active regions of
land-ocean interaction among the large river deltas in
the world (Cui et al., 2009a; Li et al., 2009), the Yellow
River Delta has been undergoing an extensive and rapid
development of land reclamation over the recent dec-

ades (Zhang et al., 2011; Wang et al., 2012a). Shengli
Oil-field has more than twenty thousand wells spread all
over the Yellow River Delta since 1964 (Gong et al.,
2004). A large portion of wetland and wilderness has
been cultivated and wide foreshore areas have been ex-
ploited as extensive shrimp ponds and salt pans (Zhou et
al., 2007). These anthropogenic activities caused natural
wetlands to decline by 38.6% from 2566 km” in 1986
to1575 km? in 2008 (Wang et al., 2012b) and man-made
wetlands to increase by 42 116.90 ha during the period
of 19762008 (Chen et al., 2011). Studies have been
undertaken concerning changes of wetlands (Wang et
al., 2012c) and its impacts on soil nutrients (Yu et al.,
2012), agricultural reclamation (Han et al., 2014), the
ecosystem-service value (Valdez et al., 2014), plant
communities (Xiang et al., 2010), hydrology process (Li
et al., 2009), and wetlands restoration (Cui et al.,
2009b). However, to date, few studies have focused on
tracking the spatial distribution and changes of aquacul-
ture ponds for a long time period, which have important
implications for understanding coastal environment,
such as water pollution and resources overexploitation.
In this study, remote-sensing and geographic infor-
mation system technologies were used to analyze a se-
ries of Landsat data from 1983 to 2015 and to charac-
terize the spatial distribution and changes of aquaculture
ponds in the Yellow River Delta. The objective of this
study is to provide detailed information on the expan-
sion of aquaculture ponds since 1983 for effectively
managing land reclamation in the Yellow River Delta.

2 Materials and Methods

2.1 Study area

This study was carried out in the coastal zone of the Yel-
low River Delta (36°4822"N-38°24'14"N, 117°5920"E~
120°36'55"E), located to the north of Shandong Prov-
ince, including parts of Binzhou and Dongying cities,
with an area of 1.17 x 10* km® (Fig. 1). This region is
characterized by warm temperate continental monsoon
climate with distinctive seasons and rainy summer. The
annual average temperature is 12.1°C, the frost-free pe-
riod lasts for 196 d, and the annual average precipitation
and evaporation is approximately 551.6 and 1962 mm
(Cui et al., 2009b), respectively, with 70% of the total
precipitation occurring between May and September.
The elevation is generally below 10 m except for roads
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Fig.1 Location of study area and false color composite image of Landsat Operational Land Imager (OLI) in 2015

and dikes. Due to the flat terrain and high groundwater
table, this region is mainly covered by wet and saline
soil, deriving from the sediment and the parent materials
of loess soil (Huang et al., 2012). The natural vegetation
in this area consists of salt tolerant herbs, grasses, and
shrubs (Han et al., 2014). The main economic activities
are agriculture, mariculture, petroleum and salt industry.

2.2 Data and preprocessing

Time series of Landsat images with a moderate resolu-
tion of 30 m/80 m were used to detect change of aqua-
culture ponds in the coastal region of the Yellow River
Delta. Ten cloud-free scenes for years 1983, 1990, 2000,
2010 and 2015 were downloaded from the USGS Center
for Earth Resources Observation and Science (http://
glovis.usgs.gov/). The information on Landsat data used
in this study is shown in Table 1. These images were of
the highest available quality and have been precisely
geo-rectified and radiometrically calibrated. For a single
period, the entire region of the study area was covered
using two Landsat scenes. Although the Landsat images
were geo-rectified, a direct comparison among the im-
ages could not be made because the spatial resolutions
and coordinate reference systems used in the images
were inconsistent (Jia et al., 2016). Thus, MSS images
were resampled to a pixel size of 30 m x 30 m, which is
the spatial resolution of Landsat TM images. All the

Landsat images were warped to the Albers projection
with two standard lines. In this study, the ENVI soft-
ware (ENVI, 2010) was employed to perform the
re-projection, mosaic and resampling on the Landsat
images.

In this study, ground surveys were conducted along
coastal region of the Yellow River Delta during May
and June 2015. The location of each sampling point was
documented using global positioning system (GPS)
units, with errors less than 10 m. These surveys resulted
in 112 aquaculture pond points and 324 points of other
land cover types. Out of those sampling points, 68

Table 1 General characteristic of employed Landsat images

Year Path/Row  Acquisition date Sensor  Spatial resolution (m)

120/34 13 May, 1983 MSS 80
1983

121/34 7 July, 1983 MSS 80

120/34 24 May, 1990 ™ 30
1990

121/34 16 June, 1990 ™ 30

120/34 8 September, 2000 ™ 30
2000

121/34 17 October, 2000 ™ 30

120/34 6 October, 2010 ™ 30
2010

121/34 6 May, 2010 ™ 30

120/34 13 May, 2015 OLI 30
2015

121/34 4 May, 2015 OLI 30

Notes: MSS: Multi-spectral Scanner; TM: Thermatic Mapper; OLI: Opera-
tional Land Imager
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aquaculture ponds points and 190 other land cover points
(with a minimum of 10 points per land cover type) were
selected as training samples during the classification. The
remaining 44 aquaculture ponds points and 134 other
land cover points were used to validate the classification
results for the Landsat data of the same period. The land
resource map, topographic map, photos from Google
earth and the historic investigation points from local ex-
perts were used to assess the classification results for the
other years. The spatial distribution of field investigation
points in 2015 is shown as green dots in Fig. 1.

2.3 Methods

2.3.1 Object-oriented classification

The eCognition Developer 8.64 (Definiens, 2011) was
chosen to perform the object-oriented image classifica-
tion for the extraction of aquaculture ponds. The work-
flow of extracting aquaculture ponds consisted of seg-
menting images, rule-building and exporting vectors.
First, all bands of OLI, TM or MSS as well as the cor-
responding Normalized Difference Water Index (NDWI)
were stacked as the input dataset for classification. Sec-
ond, a multi-scale segmentation method was applied for
creating image objects. Parameters for image segmenta-
tion include scale, shape, and compactness. After a ‘trial
and error’ process for testing the segmentation parame-
ters, the scale of first level was set at 50 for discrimi-
nating water and non-water, and the second level was
set at 10 for extracting aquaculture ponds. The shape
factor and compactness factor was set at 0.1 and 0.5,
respectively. Third, decision tree rule-building was de-

Fig. 2 Interpretation symbols of aquaculture ponds and field photos

veloped primarily based on statistical analysis of the
training areas resulting from the field surveys and im-
ages (Fig. 2). Parameters such as NDWI, object based
spectral attributes, rectangular fit, area and shape index
were selected as key factors for rule-building. To obtain
the best classification, the extraction of aquaculture
ponds was confirmed by visual interpretation. Other
land cover types were identified using a Nearest
Neighbor classifier with training samples created from
the ground survey data and images. Fourth, the extracted
aquaculture ponds and other land cover types were ex-
ported as shapefiles. Aquaculture ponds were extracted
for each image acquired on different acquisition dates.
The threshold of each rule varied and was optimized for
the best classification based on the image dates.

2.3.2 Accuracy assessment of classification

To assess the accuracy of extracting aquaculture ponds,
a confusion matrix was adopted to measure the agree-
ment between the classification result and the validation
samples. The user’s accuracy, producer’s accuracy,
overall accuracy, and Kappa coefficient were calculated.
The overall accuracy shows the percentage of the points
correctly identified (Rodrigues and Souza-Filho, 2011).
The user’s accuracy represents the likelihood that a
classified object matches the ground situation. The pro-
ducer’s accuracy shows the proportion of object types
that were correctly classified. The Kappa coefficient
indicates how much the classification is apart from a
random classification (Conchedda et al., 2008). The
performance of the accuracy assessment was carried out
with ArcGIS 10.0 (ESRI, 2010).
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2.3.3 Quantification of changes

Quantification of changes included three-steps: 1) the
area, trend and spatial characteristics of aquaculture
ponds change were obtained by analysis of the classified
results using GIS, and the changes were evaluated in the
following four time periods: period 1 (1983—-1990), pe-
riod 2 (1990-2000), period 3 (2000-2010), and period 4
(2010-2015). 2) A detailed change analysis matrix helps
identify the process of change within the landscape
(Zewdie and Csaplovics, 2016). Thus, the transition ma-
trix (Zhu and Li, 2003) was employed to interpret cate-
gorical change information, which included conversions
from aquaculture ponds (earlier date) to other classes
(later date) and conversions to aquaculture ponds (later
date) from other classes (earlier date). The transition
matrix was derived from cross tabulations of classified
pairs for each period by use of TABULATE command in
ArcGIS (version 10.0). 3) The landscape indices are
constantly adopted in the landscape ecology to show the
pattern and process of the landscape change in a quanti-
tative way (Turner and Gardner, 1991). To further inves-
tigate the change pattern of aquaculture ponds, four
landscape metrics at the class level and landscape level
were examined: the number of patches (NP), patch den-
sity (PD), largest patch index (LPI), and areal weighted
fractal dimension (FRAC_AM). The definitions of these

Table 2 Definitions of landscape metrics

metrics are listed in Table 2. Based on the grid data from
GIS, these indices were calculated utilizing the most
commonly used landscape pattern analysis software
FRAGSTATS 4.0 (UMass Landscape Ecology Lab,
2015).

3 Results

3.1 Spatial and temporal dynamics of aquaculture
ponds
The confusion matrix is presented in Table 3, including
user’s accuracy, producer’s accuracy, overall accuracy
and the Kappa coefficient of the classification results.
Overall classification accuracy for years 1983, 1990,
2000, 2010 and 2015 was 85% or higher, and kappa co-
efficients were 0.80 or higher. Classification errors were
observed because aquaculture ponds and salt field had
similar regular shape and spectral characteristics and
hard to separate. The accuracy assessment for mapping
aquaculture ponds indicated that aquaculture ponds had
a relatively high producer’s and user’s accuracy and our
mapping results are consistent with those obtained from
field investigation sites.

Results from the image classification in the study area
from 1983 to 2015 are shown in Fig. 3. The main land
cover types in 1983 were cropland and natural wetlands,

Index Symbol Definition Formula
Number of Patches NP Number of patches divided by area NP =m
u u v
P Y n; = number of patches in the landscape of patch type (class) i
PD =ni/A
Patch i PD  Density of patches divi !
atch density ensity of patches divided by area A = total landscape arca (m’)
Max(a,,...,a,

Largest Patch Index LI The percentage of total landscape that is madeup ~ LPI = % %100

by the largest patch

Mean patch fractal dimension with the addition of

Area weighted fractal dimension
patch

AMFD individual patch area weighting applied to each

a; = area of patch i (m?)
n | (2In(0.25P;) n
AMFD = — L/ .
JZI:H Ina; ][av JZ:;% H

a; = area of patch ij (m?)
pi; = perimeter (m) of patch ij

Table 3 Accuracy of land cover classification results

Aquaculture ponds

Type
1983 1990 2000 2010 2015
PA (%) 88.2 87.5 90.3 96.7 96.1
UA (%) 83.5 88.0 85.0 93.5 98.0
Overall accuracy (%) 85.0 87.0 86.0 90.0 92.0
Kappa coefficient 0.80 0.82 0.83 0.88 0.93

Notse: PA represents producer’s accuracy; UA represents user’s accuracy
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accounting for 52% and 32% of the whole study area,
respectively. In 1983, the coastal region of this study

area was generally covered by natural wetlands, mainly
including salt marsh, freshwater marsh and mudflat in
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this study (Fig. 3A). The expansion of aquaculture
ponds occurred initially from the south bank of Laizhou
Bay (Fig. 3B). During the period of 2000-2015, nu-
merous patches of aquaculture ponds expanded to the
north of the Yellow River Estuary (Figs. 3C—3F).

Land cover of the study area has experienced signifi-
cant changes related to human influences during the past
32 years. In brief, the area of cropland and natural wet-
lands greatly decreased and the area of aquaculture
ponds, settlement and salt field increased. The area of
aquaculture ponds within the study area increased con-
tinuously over the 32 years, from 40.38 km” in 1983
(0.4% of the total area) to 1406.89 km? in 2015 (16% of
the total area) (Fig. 4). The net increase of aquaculture
ponds was 1366.51 km® during the 32-year period. In
the four periods of this study, the growing rate of aqua-
culture ponds varied with a particularly rapid increase
occurring between 2010 and 2015, from 11% to 16% of
the total area and being 93.5 km® per year.

3.2 Land conversions contributed to expansion of
aquaculture ponds

Based on the transition matrix of the four different pe-
riods, land conversions contributed to the expansion of
aquaculture ponds were identified and characterized in
Fig. 5. From 1983 to 2015, natural wetlands were the
largest cover type that was changed to the aquaculture
ponds, and accounted for 55% of the gain area of aqua-
culture ponds. Especially in period 1 and period 2,
natural wetlands accounted for 72% and 71% of the gain
area of aquaculture ponds, respectively. Natural wet-
lands converted to aquaculture ponds in period 1, period
2, period 3 and period 4 were 251.1, 364.2, 305.3 and
195.8 km?, respectively. In period 3, the percentage of

5000+ —* Aquaculture ponds --Natural wetlands -« Cropland

4500
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25001
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1000 4

500+
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Fig. 4 Area changes of aquaculture ponds, natural wetlands and
cropland from 1983 to 2015

natural wetlands occupying the gain area of aquaculture
ponds dropped but the area of natural wetlands changed
to aquaculture ponds was still large. In period 4, crop-
land was the largest source for the expansion of aqua-
culture ponds. The area of cropland changed to aqua-
culture ponds was 251.5 km®, accounting for 37% of the
increased aquaculture ponds in this period.

Besides natural wetlands, cropland was another main
source for the expansion aquaculture ponds from 1983
to 2015. An increasingly large amount of cropland was
transformed into aquaculture ponds. The percentage of
cropland changed to aquaculture ponds accounted for
9%, 17%, 11% and 37% of the gain area of aquaculture
ponds in period 1, period 2, period 3 and period 4, re-
spectively. The transition matrix for the period of 1983
to 2015 also reveals the dynamics of the gain area of
aquaculture ponds and the total percentage of natural
wetlands and cropland contributed to the increase of
aquaculture ponds (Fig. 6). It can be observed that the
combined percentage of natural wetlands and cropland
converted to aquaculture ponds has declined from 88%
in period 2 to 67% in period 4. The total area of other
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Fig. 5 Contributions of different land covers to the expansion of
aquaculture ponds.
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Fig. 6 Gain area of aquaculture ponds and the percentage con-
tribution of natural wetlands and cropland
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land cover types contributed to the increase of aquacul-
ture ponds increased from 1983 to 2015.

3.3 Landscape pattern change of aquaculture
ponds

The variation of the four landscape pattern indices for
aquaculture ponds in the study area is illustrated in Ta-
ble 4, and the evolution process of landscape pattern
was analyzed chronologically.

The number of patches (NP) for aquaculture ponds in
the coastal region of the Yellow River Delta has an ob-
viously rising trend since 1983, ranging from 56 to 268
and suggesting an increased area and landscape hetero-
geneity. The patch density (PD) for aquaculture ponds
has a slightly rising change during the study period. The
largest aquaculture pond patch of the total landscape
area (LPI) continuously increased over time, particularly
in the last 15 years (2000-2015), implying that larger
and combined patches occurred in the study area. Frac-
tal analysis mainly emphasizes the autocorrelation of
patches and a larger value indicates a more complicated
shape (Ren, 2008). The overall area weighted fractal
dimension (AMFD) of aquaculture ponds in the study
area is relatively low. This means the aquaculture pond
patch is not complicated in shape. The AMFD series
have slightly increased in the past 32 years, which indi-
cates the landscape pattern for the aquaculture pond
patches has turned to be more and more complicated.

Landscape pattern indices at landscape level for the
whole study region and at class level for natural wetlands

Table 4 Spatial pattern indices and their processes for aquacul-

ture ponds
Year NP PD LPI AMFD
1983 56 0.0047 0.06 1.05
1990 99 0.0082 0.35 1.06
2000 100 0.0083 0.46 1.08
2010 159 0.0094 1.52 1.10
2015 268 0.0222 1.73 1.11

Notes: NP-Patch number; PD-Patch density; LPI-Largest Patch index;
AMFD-Area weighted fractal dimension

Table 5 Spatial pattern indices for the whole region and natural

wetlands
Type Year NP PD LPI AMFD
Landscape 1983 2371 0.197 19.2 1.156
2015 3421 0.284 13.7 1.147
Natural wetlands 1983 192 0.0053 1.69 1.116
2015 170 0.0047 1.06 1.117

were calculated and listed in Table 5. For the whole re-
gion, NP and PD increased as well as LPI and AMFD
declined, which indicates the landscape pattern for the
whole region has turned to be more fragmented and the
impacts of human activities on the landscape pattern
were stronger than before. Natural wetlands showed an
opposite trend of NP, PD and LPI compared with aqua-
culture ponds. For natural wetlands, NP, PD and LPI
decreased and AMFD have slightly increased in the past
32 years. The change trend of landscape indices reflects
the loss, fragmented and complicated shape of natural
wetlands patches.

4 Discussion

4.1 Expansion of aquaculture ponds in coastal
region of the Yellow River Delta

China has a long history of coastal reclamation in river
delta areas in relation to the coastal defense and has
continuously reclaimed coastal wetlands at a large scale
for conversion to agricultural, urban, and industrial uses
since the 1950s (Temmerman et al., 2013; Wang et al.,
2014). The coastal reclamation had been changed from
mainly agricultural land to the aquaculture pond and
then to unused water surface in the coastal region of
China from 1980 to 2010 (Gao et al., 2014). In the Yel-
low River Delta, the main types of reclamation include
construction of reservoirs and harbors, aquaculture, salt
field and agriculture. From 19762015, man-made wet-
lands increased by 2891 km?, which were primarily as-
cribed to the expansion of aquaculture ponds and salt
field (Chen et al., 2017). Ma et al. (2015) reported that
the area of aquaculture ponds was the largest among all
the coastal land reclamation in the Yellow River Delta
during 1990-2008. In this study, the classification re-
sults show that aquaculture ponds in the coastal region
of the Yellow River Delta kept rising from 1983 to 2015
with an average speed of 42.70 km® per year. The fastest
expansion of aquaculture ponds occurred in the period
of 20102015, and the area increased by 467.52 km’
with a rate of 93.5 km? per year. If not considering the
period of 2010-2015, the increased area of aquaculture
ponds from 1990-2000 was the largest. Xu et al. (2014)
revealed that the coastal aquaculture area of Shandong
Province had increased from the late 1980s to 2010 and
the increased area of aquaculture ponds in the same pe-
riod was the largest, which is consistent with our results.
In addition, the increase rate of aquaculture ponds in the
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coastal region of Yellow River Delta also has the same
change trend as that of the whole coastal region of
Shandong Province, which slowed down after year
2000.

The study area occupied more than 10 counties of
Binzhou and Dongying cities, Shandong Province, but
the change of aquaculture ponds in those counties was
obviously different. The area of aquaculture ponds in
Zhanhua County, Laizhou City, Kenli County and
Dongying City kept rising from 19832015, except that
the trend for Laizhou City had a turning point in 2010
but its overall changing trend is still increasing (Fig. 7).
In fact, Zhanhua County, Kenli County and Dongying
City were located in the north of the Yellow River Estu-
ary, south bank of Bohai Bay. Combined with Fig. 3F, it
can be seen that the increased aquaculture ponds were
mostly distributed in the north of the Yellow River Es-
tuary after 2000. Meanwhile, Weifang City, Shouguang
City, Guangrao County, and Changyi City also showed
an identical changing trend of aquaculture ponds (Fig.
8). The area of aquaculture ponds of those cities in-
creased from 1983 and had a turning point in 2000 or
2010. Finally, the area of aquaculture ponds in 2015 was
still larger than that of 1990 in each county with the ex-
ception of Weifang City. From Fig. 3F, the increased
aquaculture ponds after 2000 could be ignored in the
south of the Yellow River Estuary. Generally speaking,
the distribution of aquaculture ponds of the study area
shifted toward to the north-west of this coastal region,
which is also consistent with a previous study for the
coastal region of Shandong Province (Xu et al., 2014).
The reason for this spatial change was the expansion of
salt field in the south bank of Laizhou Bay. ‘Salt field of
Laizhou’” was an important export base for solar salt.
Large stocks for salt production were found in Laizhou
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City in 2005. Much area in the south bank of Laizhou
Bay were turned into salt field according to the spatial
analysis between land cover data of 2010 and 2015 in
this study.

With the rapid economic development of coastal re-
gions, the demand for land has become stronger and
wetland reclamation has become a common phenome-
non. In the coastal region of the Yellow River Delta,
about 1116.4 km’ natural wetlands (including salt
marsh, freshwater marsh and mudflat) have been trans-
formed into aquaculture ponds since 1983. Liu et al.
(2008) found that mudflat decreased and a large propor-
tion of it was turned into aquaculture ponds in the Yel-
low River Delta from 1990s. Sun et al. (2011) and Li et
al. (2011) concluded that the expansion of aquaculture
ponds was significantly correlated with the decrease of
natural wetlands. In this study, natural wetlands, espe-
cially mudflat, were main sources of increased aquacul-
ture ponds. Similar to the development modes of aqua-
culture in the Pearl River Estuary (Sun et al., 2010),
there are two modes for the expansion of aquaculture
ponds in the Yellow River Delta: ‘mudflat to aquacul-
ture ponds’ and ‘arable land to aquaculture ponds’. In
the period of 2010-2015, cropland contributed to 37%
of the increase of aquaculture ponds and was the largest
source of the expansion of aquaculture ponds. Since
1980s, aquaculture reclamation activities experienced
rapid development, mostly depending on abundant
mudflats in the coastal region of the Yellow River Delta.
Driven by rapid economic development, population, and
urbanization, harbors and built up areas (including air-
ports, oil industry and infrastructure) grew rapidly after
2000. The built up in the coastal region is mostly trans-
formed from aquaculture ponds and mudflat areas.
Meanwhile, consumers’ demand for mariculture prod-
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ucts is not only a high quality requirement, but also a
shift from seasonal demand to perennial demand, which
is significantly higher than the economic benefits of
cropland (Yao et al., 2016). Therefore, reclamation areas
for aquaculture ponds were changed from coastal mud-
flats to cropland inland.

4.2 Environmental impacts of aquaculture ponds
expanding

From a human health point of view, future aquaculture
will be of utmost importance in terms of global protein
supply, economic trade, and food security (Beveridge et
al., 2013). However, the rapid expansion of aquaculture
has transformed large areas of valuable coastal envi-
ronments (Pattanaik and Narendra Prasad, 2011) and
inevitably produces negative effects on the coastal en-
vironment.

Rising heterogeneity and fragmentation of landscape
features occurred in the coastal region of Yellow River
Delta with growing aquaculture ponds areas. The tem-
poral trends of certain landscape indices, such as stead-
ily rising NP and PD clearly indicate landscape shifting
and fragmentation of landscape pattern (Sui et al,
2015). The conversion of natural wetlands to more prof-
itable aquaculture ponds and its seaward expansion has
caused loss and fragmentation of wetland habitats. The
degradation of coastal wetlands alters the natural tidal
system, decreases sedimentation rates and affects fish-
eries (Kuenzer et al., 2011).

Water pollution has arisen with the development of
aquaculture industry causing negative ecological im-
pacts on the surrounding environmental (Ottinger et al.,
2016). Untreated wastewater discharged into adjacent
coastal water is a key environmental concern in aqua-
culture (Cao et al., 2007) and that could cause subse-
quent release of high loads of nutrients (nitrogen and
phosphorus) and suspended solids into nearby estuaries
and coastal waters (Islam et al., 2004).

Chen and Qiu (2014) has demonstrated that aquacul-
ture activities considerably contribute to land subsidence
which is a major threat to low lying coastal areas
(Kuenzer and Renaud, 2012; Renaud et al., 2013). Hig-
gins et al. (2013) analyzed interferometric ALOS-Palsar
and Envisat-ASAR data of the coastal area of the Yellow
River Delta in China and showed that this region has
undergone tremendous land subsidence with a sinking
rate of 250 mm per year which is mainly attributed to

increased groundwater pumping as a result of rising
freshwater demands by aquaculture (Ottinger et al.,
2013).

4.3 Uncertainties in mapping aquaculture ponds
The spatial resolution of Landsat data clearly is a limit-
ing factor for the identification of single aquaculture
ponds which have generally quite small, simple geomet-
ric forms (Ottinger et al., 2016). Landsat images such as
MSS (80 m), TM (30 m) and OLI (30 m) at different
spatial resolution were used in this study and the differ-
ent spatial resolutions could be the initial error source
for the classification. Although MSS data (80 m x 80 m)
acquired in the year of 1983 were resampled to a pixel
size of 30 m x 30 m, it cannot be truly resampled to this
smaller spatial resolution. As a result, patches in the
classification map of 1983 are relatively coarser than
other maps. Small patches of aquaculture ponds in 1983
have been either neglected or recognized as large ones,
which also causes errors of landscape indices. Mean-
while, with a Landsat image at 30 m resolution a pond
with a spatial extent of 50 m x 50 m would be covered
by approximately four pixels. Small aquaculture ponds
would be either neglected or identified as other types
since a coarser resolution pixel may be a mixture of dif-
ferent surface features.

Furthermore, the accuracy assessment of historical
data has always been a difficulty for remote sensing
mapping since the historical data for validation is hardly
obtained quantitatively (Janssen and Vanderwe, 1994).
In this study, field surveys were carried out in 2015 to
collect ground truth points for classification and valida-
tion. Ground truth points from Google Earth high-
resolution images were used for the accuracy assess-
ment of year 2010. For years 1983, 1990 and 2000, the
historical data for validation were collected from pub-
lished papers or local residents and experts, some of
them may not be highly accurate. Therefore, uncertain-
ties caused by different sources of validation data are
expected in mapping aquaculture ponds for a long time
series.

Another uncertainty stems from the inconsistency of
acquisition time for remote sensing data. Landsat im-
agery has been widely used to map land use/land cover.
However, frequent cloud cover and the long re-visit time
(16 days) of Landsat make it difficult to obtain cloud-
free images in the same season or same tidal level pe-
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riod, especially near the sea area. Aquaculture ponds
mapping results derived from different acquisition date
of images would lead to errors when comparison was
carried out for different years. During low tides and high
tides, the extent of mudflat is different because the in-
undated area is influenced by tidal water. Aquaculture
ponds are mostly converted from natural wetlands, es-
pecially mudflat being located in the intertidal zone. The
extraction of aquaculture ponds are inevitably affected
by the condition of tidal water. Our study was aimed at
measuring aquaculture ponds that were visible in the
Landsat images, but submerged aquaculture ponds at
high tides may not be accurately mapped.

5 Conclusions

An object-oriented classification method was applied to
Landsat MSS/TM/OLI data for mapping aquaculture
ponds and conducting the change analysis of the aqua-
culture ponds area over the three decades (1983-2015).
The overall accuracy of mapping aquaculture ponds is
higher than 85%, which is sufficient for analyzing land-
scape spatial pattern on the scale of 1:100 000. Areal
dynamics, land conversions contributed to the expansion
of aquaculture ponds, and changes in the landscape met-
rics were examined in this study.

From the period of 1983-2015, the areal extent of the
aquaculture ponds in the coastal region of Yellow River
Delta showed a significant increasing trend, the net
change and the rate of increase was 1366.51 and 42.70
km® per year, respectively. The largely growing aqua-
culture ponds in the study area could be linked to coastal
reclamation politics and rapid economic development
since 1980s. The fast increase occurred during the pe-
riod of 2010-2015 and 1990-2000. The prevalent land
conversion occurred in natural wetlands, especially
mudflat, and cropland which were turned into aquacul-
ture ponds. The spatial analysis indicated that the
patches of aquaculture ponds primarily expanded from
the south bank of Laizhou Bay to the north of the Yel-
low River Estuary during 2000-2015. The landscape
metrics analysis showed an increase in the quantity and
complexity of aquaculture ponds patches from 1983—
2015. The study area has undergone a sharp expansion
of aquaculture ponds, which led to the loss of large areas
of valuable coastal and inland environments. Uncon-
trolled and uncoordinated development of aquaculture

has caused serious environmental degradation of coastal
regions, such as habitat loss and fragmentation, water
pollution and land subsidence, efc. There is urgent need
to maintain a sustainable coastal environment. The re-
sults from this study provide baseline data and valuable
information for efficiently planning and managing
aquaculture practices and for effectively implementing
adequate regulations and protection measures.
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