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Abstract: The impact of ponds by urbanization has been widely discussed on the landscape scale.
However, relatively few studies have explored the spatial differentiation of pond landscapes across
urban-rural gradients in rapidly urbanising areas. In this study, we applied the DeepLabv3+ network
to perform a semantic segmentation on Google Map images to extract ponds in the Pearl River
Delta (PRD) region, China; then we employed geographic information systems to analyse the ponds
changes in 665 towns along an urban-rural gradient in the PRD. Results indicate that there are clear
differences in landscapes between the urban core, urban, peri-urban, agricultural, and forested zone
in terms of pond area and size. In total, 57.84% and 31.33% of the ponds are distributed in the peri-
urban and agricultural zone, respectively; fewer ponds are present at either end of the urban-rural
gradient. Owing to the legacy effects of historical land use and river systems, urban and peri-urban
zone in the central and western parts of the PRD are still rich in ponds. We propose that management
measures should be implemented according to the characteristics of different pond landscapes.

Keywords: dike-pond; small wetland; DeepLabv3+; urban and rural differences; pond conservation

1. Introduction

Ponds are small wetlands that are widely distributed globally and have multiple
values and functions [1,2]. For example, ponds are the main sources of human aquatic
protein production [3] and are hot spots for carbon cycling and landscape-scale biochemical
processes [4–6]. Ponds are important freshwater habitats for a variety of organisms, such as
invertebrates and birds [7–12], and provide valuable ecosystem services such as agricultural
irrigation, flood alleviation, urban rainwater storage, and pollutant interception [13,14].
The importance of ponds has been widely recognised in recent years, with the development
of initiatives such as the European Pond Conservation Network (EPCN) project (launched
in 2004) to conserve ponds and their biodiversity in changing landscapes [15]. However, in
many parts of the world, pond conservation is still excluded from environmental policies
and legislation [2,16,17]. Of course, partly derived from the expansion of ponds, as the
main aquaculture water bodies, may cause negative environmental impacts. For example, a
study showed that shellfish ponds may lead to an increase in CO2 emissions in China [18].

Conservation and management of ponds in human-dominated landscapes is a key
challenge [2]. In the process of urbanisation, drastic changes in pond landscape can occur.
In the Asian coastal zone, aquaculture ponds have been developed as a way of utilising
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coastal tidal flats [19–22]. Mao et al. [23] showed that rapid urbanisation processes in China
from 1990 to 2010 resulted in considerable loss of wetlands, with losses of reservoir/pond
wetlands concentrated in the Bohai Rim Economic Circle and Pearl River Delta (PRD)
region. While in Europe and Asia, urbanisation has led to a substantial reduction in the
number of ponds [24–27]. Although the effects of urbanisation on pond landscapes have
been well studied, research has focused on the temporal dynamics of pond landscapes,
while the spatial differentiation of these landscapes across urban-rural gradients is not
fully understood. The research of Burgin et al. [28] on wetland landscapes (including
reservoirs/dams and swamps/wetlands) in northwestern Sydney, Australia, found that
the surface area, nearest neighbour distance, and morphological complexity of wetland
landscapes changed significantly during the transition from natural to agricultural and
urban landscapes. Is there a similar pattern for rapidly urbanizing regions?

Taking the PRD region as an example, we discuss the changing characteristics of pond
landscapes in rapidly urbanising areas, which gradually transition from core urban zone
with high human activity to less impacted forested zone. Ponds in the PRD region have a
long history, especially mulberry dike-pond and sugarcane dike-pond systems [29]. Over
the past 40 years, the PRD region has experienced the fastest urbanisation rate in China,
with large shifts in land use towards urban agglomerations. Large areas of agricultural and
forestland have been occupied by urban construction, and ecological land with conservation
value has been greatly reduced [30]. Ponds in the PRD have also been affected, and dynamic
changes in the landscape are obvious. Many researchers have used Landsat MSS/TM/OLI
multitemporal satellite data and Geographic Information Systems (GIS) to reveal the
dynamics of pond landscapes at different scales [31–35]. For example, Ye [33] showed that
from 1992 to 2006, a large amount of cultivated land in the western agricultural area of
the PRD was converted into ponds, while Shunde, Nanhai, Dongguan, and other areas
in Foshan City with rich pond landscapes saw significant shrinkage of ponds as a result
of urban expansion. Li et al. [31] analysed trends in landscape fragmentation in Shunde
District, Foshan City, by constructing an area-weighted base pond invasion index. They
revealed a gradual increase in fragmentation with urban expansion from 1978 to 2016.
These previous studies show that the pond landscape in the PRD has undergone dramatic
changes during the urbanisation process, with obvious temporal heterogeneity. However,
less attention has been paid to changes in the spatial patterns of ponds in the transition to
urban and agricultural zone from a macro perspective.

Our preliminary field investigation found that ponds and urban and rural landscapes
form a complex interlaced mosaic in the PRD region (Figure 1), which poses great challenges
for the conservation and management of pond landscape. Owing to the scale of the area
and limited scope of existing field research, it was impossible to conduct a large-scale field
study of the urban-rural gradient. Deep learning has achieved very impressive success in
solving image processing problems [36–38]. Here DeepLabv3+ architecture is adopted to
mapping the ponds with the aim to analyze the landscape distribution characteristics of
ponds in the PRD region.

In this study, we aimed to explore the spatial differentiation in pond landscapes across
an urban-rural gradient in the PRD. The objectives of this study were as follows: (1) at the
urban agglomeration level, to analyse the overall landscape distribution across the urban-
rural gradient in the PRD, (2) to further analyse the spatial distribution characteristics of this
gradient for different cities and towns, based on field investigation, and (3) to determine
the factors influencing pond landscapes across the urban-rural gradient and understand
variation in landscape management requirements.
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Figure 1. An example of ponds in the Pearl River Delta (PRD) region, China: ponds of Leliu, Shunde 
District, Foshan City (photo taken using a drone in 16 July 2021: courtesy of Long Yang). 
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Figure 1. An example of ponds in the Pearl River Delta (PRD) region, China: ponds of Leliu, Shunde
District, Foshan City (photo taken using a drone in 16 July 2021: courtesy of Long Yang).

2. Materials and Methods
2.1. Study Area

The PRD region is in Southeast China (Figure 2) and includes nine cities, namely
Guangzhou, Shenzhen, Zhuhai, Foshan, Dongguan, Huizhou, Zhongshan, Jiangmen, and
Zhaoqing, with a total land area of 54,770 km2, a total resident population of 78.2354 million,
and a regional Gross Domestic Product (GDP) of 8952.393 billion yuan in 2020 [39]. The
PRD has seen some of the fastest urbanisation in China over the past 40 years. Since China’s
reform and opening-up, urban construction land has almost tripled [40]. The PRD plain has
a dense water network with many branches and eight inlets that flow into the South China
Sea. The delta is affected by both runoff and tidal currents. The PRD has one of the highest
river densities in the world (average density of 0.9 km/km2) and a water surface area
percentage of 20%. The periphery is a hilly/mesa landscape, while the central plain area is
flat, with a slope of 0.1–0.2% and elevation <20 m [41]. The area has a subtropical monsoon
climate, with average annual precipitation of approximately 2000 mm concentrated in the
warm season. Historically, the plain has experienced frequent floods and waterlogging as
a result of the low-lying terrain, staggered river networks, undulating flood peaks, and
reciprocating tides.

The use of ponds in PRD has a long history. After the Northern Song Dynasty
(A.D. 960–1127), the construction of dikes, waterlogging control, reclamation of coastal
sand fields, and social and economic development led to concentrated pond areas in the
central and western parts of the PRD [42]. Traditionally ponds are primarily used for
aquaculture and providing irrigation water to the surrounding dike crops in PRD. It is an
integrated land use that adapts to low-lying terrain and environmental changes [29,43].
Since the reform and opening-up, these integrated agriculture-aquaculture systems have
gradually declined, but the PRD still has one of the highest concentrations of aquaculture
ponds in China as well as the coastal zone of Asia [44].
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Figure 2. Elevation of the Pearl River Delta region (PRD).

2.2. Data Sources and Processing
2.2.1. Google Imagery

For large-scale pond mapping, the Google satellite imagery was first downloaded
via link (https://mt1.google.com, accessed on 10 January 2022), and then reconstructed
into large-scale images of each PRD county. The zoom level was set to 16 and the spatial
resolution of the images was about 2.4 m. The images covering the entire PRD region
occupy approximately 205 × 142 k pixels.

2.2.2. Ponds Labels

In this study, the pond labels we adopted cover the whole city of Guangzhou. These
labels were manually delineated according to high-resolution optical images of Google
Maps and Bing Maps from 2017 to 2019. According to ponds labels, there were 74,188 ponds
in Guangzhou city.

2.3. Ponds Extraction Method and Evaluation Metrics
2.3.1. Ponds Extraction Method

To combine a deep model for semantic segmentation with OBIA, this study adopts
the DeepLabv3+ network architecture (Chen et al., 2018). It uses a spatial pyramid pooling
module and an encoder-decoder structure for image semantic segmentation, where the
former captures multi-scale contextual information by pooling features at different resolu-
tions, while the latter captures sharper object boundaries (Figure 2). DeepLabv3+ extends
DeepLabv3 and uses the spatial pyramid pooling (SPP) module on the encoder-decoder
structure. The encoder extracts rich semantic information, and the decoder recovers fine ob-
ject edges. The encoder allows atrous convolution to be employed at arbitrary resolutions.

The ponds extraction adopted the DeepLabV3+ architecture. In the input data prepa-
ration stage. The images for each county were clipped into image tiles of 512 × 512 pixels.
Among them, there was 128 pixel-wide redundancy between each of the two tiles, for both
training and testing sets. At the same time, the label tiles corresponding to the image tiles
also use the same settings. During the model training stage. We performed the semantic
segmentation based on the DeepLabv3+ with ResNet50 backbone and cross entropy loss

https://mt1.google.com
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function. The default parameters are used. The learning rate is set to 0.002, the batch size is
set to 8, and the number of iterations is 40,000.

2.3.2. Evaluation Metrics

The ponds extraction results were evaluated by 4 general standard metrics including
Accuracy (Acc), mean Accuracy (mAcc), Intersection over Union (IoU) and mean Inter-
section over Union (mIoU). The definitions and formulas of these indicators are listed
in Table 1.

Table 1. Evaluation metrics of ponds extraction accuracy.

Evaluation
Metrics Definition Formula

Acc Accuracy of ponds or background Acc = TP+TN
TP+TN+FP+FN × 100%

mAcc Average accuracy of both classes (ponds and background)
OA = 1

k+1

k
∑

i=0

TP+TN
TP+TN+FP+FN × 100%

IoU The ratio of the intersection and the union of ponds or background IoU = TP
TP+FP+FN × 100%

mIoU The average IoU for both classes (ponds and background) mIoU = 1
k+1

k
∑

i=0

TP
TP+FP+FN × 100%

Where TP, TN, FN, and FP represent the numbers of pixels of true ponds, true background, false background, and
false ponds, respectively.

2.4. Urban-Rural Gradient Classification Method

The town was used as the unit of analysis of classification of pond landscapes across
an urban-rural gradient. The classification was based on land use and landscape patterns,
which have recently been proposed for urban-rural gradient classification based on town-
level units in metropolitan areas [45]; this method is conducive to resource management
and conservation policy analysis [45,46].

Referring to Kaminski et al. [45,46], urban-rural gradient classification was carried out
for 665 towns in the PRD. The process included three steps:

1. Indicator selection, including three land use cover indicators and four landscape
model variable indicators: construction land (X1), construction land core area (X2),
construction land islet (X3), woodland (X4), woodland core area (X5), woodland islet
(X6), and cultivated land (X7). The landscape model variable indicators (X2, X3, X5 and
X6) were analysed using the GuidosToolbox (GTB3.0) software [47]. The proportion
(%) of the total land area of the town represented by each land use was used for
analysis. The above data were based on interpretation of the 2020 Remote Sensing
Monitoring Data Set of China Multi-Period Land Use/Cover Change Data Set, with a
spatial resolution of 30 m.

2. Principal component analysis (PCA): SPSS software (IBM, Armonk, NY, USA) was
used to conduct a PCA on the above seven indicators, and take the index whose initial
eigenvector is larger than 1 as the principal component.

3. Grouping and clustering: based on the results of the PCA, the Spatial Analyst exten-
sion module of ArcGIS 10.2 (ESRI, Redlands, CA, USA) was applied for grouping
and clustering (using grouping rules that are not constrained by space), and the
665 towns were divided into five types alone the urban-rural gradient. According to
the urbanisation characteristics of the PRD, these were urban core, urban, peri-urban,
agricultural, and forest zone. The gradual transition from the urban core to the forest
represents a gradual reduction in the influence of human activities on the landscape.

2.5. Quantification of Spatial Differentiation

The landscape index is the principal means for quantitative analysis of landscape
spatial patterns, and reflects the composition and spatial configuration characteristics of
landscape structure [48]. With reference to relevant studies on the pond landscape [49,50]
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and data accuracy, three landscape indices were selected: total area of patch type (CA),
number of patches (NP) and mean patch area (MPS), which reflect the area and size of the
pond. Quantification of the indicators was achieved and the results were visualized using
ArcGIS 10.2 (ESRI, Redlands, CA, USA).

3. Results
3.1. Assessment of Ponds Mapping Result

The final ponds mapping results using DeeplabV3+ were shown in Figure 3 (shown
by local spot). From a visual inspection of the results, most of the ponds were identified
successfully. Although the shapes, colours, and locations of ponds vary widely, the extrac-
tion method can achieve good identification results for different ponds. We also noticed
that some partially separated ponds were identified as one pond due to the small spacing.
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To quantitatively assess the ponds mapping results, we used a testing dataset with
2000 randomly selected patches for accuracy assessment.

It can be seen in Tables 2 and 3 that DeeplabV3+ methods exhibited significant results
in each metric. The IoU of ponds reached 89.02%, which shows that it is feasible to use the
data to analyze the pond’s landscape pattern. Since there are only two categories of pond
and background, and the area of background is much larger than that of ponds, the results
of mAcc and mIoU are relatively high.

Table 2. Evaluation of single class extraction result.

Class Acc (%) IoU (%)

Ponds 92.64 89.02
Background 99.57 92.64

Table 3. Evaluation of averaged class extraction result.

mAcc (%) mIoU (%)

96.11 93.92
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3.2. Urban-Rural Gradient Division of PRD with Towns as Units and Overall Characteristics of
the Pond Landscape

According to GIS cluster analysis, the 665 towns in the PRD along the urban-rural
gradient from the core area to the periphery are divided into the urban core, urban, peri-
urban, agricultural, and forest zone (Figure 4). There are 100 towns in the urban core
area (15.04%), 118 towns in the urban zone (17.74%), 156 towns in the peri-urban zone
(23.46%), 144 towns in the agricultural zone 21.65%), and 147 towns in forest zone (22.11%).
In terms of the spatial distribution, the built-up areas of cities in the PRD include the
Guangzhou–Foshan–Zhongshan–Jiangmen and Shenzhen–Dongguan contiguous areas.
The urban zone of Zhaoqing, Huizhou, and Zhuhai are relatively independent and small in
scale. Except for some towns in Jiangmen and Zhaoqing, the peri-urban area connects the
two major metropolitans to form a large-scale metropolitan.
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There were 426,909 ponds landscape patches in the PRD, with a total area of 2304.86 km2

and an average patch area of 0.54 hm2. Figure 5 show that from the urban core to the
forest area at the outermost edge, the pond landscape in the PRD changes significantly. The
peri-urban and agricultural zone in the PRD overall had the most ponds, and the urban core
and forest zone at either end of the urban-rural gradient had the fewest ponds. The CA for
ponds in the peri-urban and agricultural zones are 1333.15 km2 and 722.13 km2, accounting
for 57.84% and 31.33% of the total area of delta pond patches, respectively (Figure 5a).

NP and MPS reflect the fragmentation patterns of landscape patches [48]. These values
were combined with the CA index to assess the degree of fragmentation of pond patches.
Figure 5b,c show that the peri-urban area has the largest mean patch area (0.61 hm2) and
NP (219,732). The number of ponds in the forest zone is more than that in the urban core
and urban zone, and the MPS is smaller, indicating that the ponds in the forest zone are
more fragmented.
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Figure 5. (a) Total area of pond landscape patches (CA); (b) number of patches (NP) and (c) mean
patch area (MPS) along an urban-rural gradient in the PRD.

3.3. Spatial Differentiation of Pond Landscapes across the Urban-Rural Gradient in the PRD with
Towns as Units

To further reveal the spatial differentiation of the pond landscape in the PRD, the
pond patch landscape indices of CA, NP and MPS were calculated for 665 towns in 9 cities.
The ArcGIS 10.2 natural breakpoint method divided each calculation result into five levels.
Thus, the change in the pond landscape index along the urban-rural gradient in each town
could be clearly depicted.

Table 4 and Figure 6 show that towns with the highest CA grade (>2399 hm2) are all
located in the peri-urban zone, which is mainly located along the main and tributaries
of Xijiang and Beijiang in the central and western parts of the PRD. Towns with CA of
1412–2399 hm2 are also mainly located in the peri-urban zone (71.43%), followed by the
agricultural zone (28.57%), most of them located in the coastal zone of Jiangmen, Zhuhai,
and Guangzhou. In general, the CA of ponds in towns in the central and western parts of
the PRD is higher than that in the eastern part of the PRD. Ponds in the eastern part of the
PRD are mainly located in towns in the southwestern part of Huizhou.

Table 4. Number of towns in the Pearl River Delta classified by pond total area (CA).

CA (hm2) Number of Towns in
Urban Core Zone

Number of Towns in
Urban Zone

Number of Towns in
Peri-Urban Zone

Number of Towns in
Agricultural Zone

Number of Towns in
Forest Zone

2399–4177 0 0 11 0 0
1412–2399 0 0 25 10 0
736–1412 0 2 27 26 1
240–736 0 15 46 52 10

<240 100 101 47 56 136
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forest) in the PRD.

According to the CA for ponds, the urban-rural gradient characteristics of the pond
landscape in the nine cities of the PRD can be roughly divided into the following three
types: (1) the peri-urban zones have the largest area of ponds, such as Foshan, Guangzhou,
Zhongshan, Zhuhai, (2) the peri-urban zones and agricultural zones have more ponds, such
as Huizhou, Jiangmen, Zhaoqing, (3) there are fewer ponds in general, among which the
urban zones have more ponds, such as Shenzhen and Dongguan (Figure 7).

The NP index results show that towns with the largest number of pond patches (>4010)
are mainly distributed in the urban and peri-urban zone of Foshan City (Figure 8a). The
next highest numbers (2348 < NP < 4010) are mainly distributed in towns in the western
part of Jiangmen City, west of Zhuhai City, south of Zhaoqing City, and east of Huizhou
City. The MPS index showed that the average patch area in the peri-urban and agricultural
zone in the central and western coastal zone was the largest (MPS > 1.79 hm2) (Figure 8b).
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Figure 7. Total area of pond landscape patches (CA) along an urban-rural gradient of nine cities in
the PRD.
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4. Discussion
4.1. Influence of Natural Environment and Human Activities on Spatial Differentiation in Pond
Landscapes across an Urban-Rural Gradient

Our results show that moving from urban core to forest, the pond landscape in the
PRD reflects a significant urban-rural gradient. This landscape pattern is influenced by
both human activities and natural conditions (Figure 9).
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Figure 9. Influence of human activities and natural conditions on the spatial heterogeneity of the
pond landscape across an urban-rural gradient in the PRD.

Urbanisation, including urban expansion and industrial development, is the leading
cause of wetland loss [24–27]. The area of ponds in the urban core and urban zone of the
PRD is 1130 and 11,932 hm2, representing only 0.85% and 8.95% of that in the peri-urban
zone, respectively. Some urban zone in the river network area of the PRD Plain historically
had abundant pond landscapes, but currently, only a few are left, such as Tianhe District,
Panyu District of Guangzhou City, Dongguan City, Xiaolan Town, Dongfeng Town in the
north of Zhongshan City, Foshan City, Daliang Street, Ronggui Street, Shunde District,
Nanzhuang Town, and Chancheng District. Although the area of ponds in the urban area of
the PRD was smaller than that in the more peri-urban zone, it was still slightly larger than
that in the forest zone. The characteristics of this urban-rural gradient is roughly the same
as the distribution of wetland landscapes in northwestern Sydney, Australia [28]. Under
the influence of urbanisation, the fragmentation of agricultural landscapes also exhibits
urban-rural variation [51]. We found that ponds in the urban core area and forest zone are
more fragmentation than in other zones.

Previous studies on the dynamic changes in pond landscapes in the PRD have shown
that although many ponds have disappeared in the process of urbanisation, farmland and
garden with low economic benefits have been transformed into aquaculture ponds with
high economic benefits [31,33–35]. This study reveals that 57.84% of the ponds in the PRD
are in the peri-urban zone, forming a peak area in the urban-rural gradient. This peak
may be partly attributable to the shift in agricultural structure in these areas. The PRD is
currently breeding high-value fish, such as California perch, yellow catfish, and eels. The
economic returns are substantially greater for aquaculture than for some agricultural lands,
such as arable. The increase in land rent in the peri-urban zone may also have accelerated
the transformation of agricultural land into aquaculture.
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The influence of historical land use on current and future uses, i.e., the legacy effect,
can be seen in coupled human and natural systems [52,53] and is an important factor in
landscape structure [48]. The use of ponds in the PRD can be traced back to the mid-Tang
dynasty (776–835). Over the past thousand years, the people of the PRD have created a
variety of integrated agriculture–aquaculture systems such as mulberry dike–, fruit dike–,
and sugarcane dike-pond systems, which are well-adapted to low-lying terrain and natural
disasters [29]. In the middle and late Ming Dynasty (A.D. 1436–1644), in the central and
western parts of the PRD, a concentrated dike-pond system existed in Shunde, Nanhai,
and Zhongshan, Foshan City [42]. Over time, these areas have gradually become more
urbanised but retain more ponds than some other urban. In Shunde and Nanhai in Foshan,
local farmers have mastered freshwater aquaculture techniques, which have been passed
down from generation to generation. Farmers have been actively developing aquaculture
in the surrounding areas since the 1990s, under the pressure of sharp reductions in local
agricultural land availability and rising rents [54]. These factors may partly explain the
wide distribution of pond landscapes in Taishan City, Sanshui District, Nansha District,
and Sihui in the central and western parts of the PRD.

Additionally, pond distribution is closely associated with river systems and coastal
zone. The urban and rural pond landscapes are generally more abundant in areas with rich
water resources and flat open coastal zone, such as the confluence of the Xijiang, Beijiang,
and Suijiang rivers and along the main stream of the Xijiang River, as well as the central
and western coastal plains.

4.2. Influence of Urban-Rural Gradient Landscape Heterogeneity on Pond Conservation
and Management

Compared with a single pond, pond conservation at the landscape level has higher
protection significance, for example, promoting the connectivity of the pond and other large
habitat networks, etc. [2,17,55]. Along the urban-rural gradient, the landscape of ponds in
the PRD has undergone significant changes, and correspondingly, different requirements
have been proposed for the conservation and management of ponds. Previous studies have
suggested that it is difficult to establish large-scale natural wetlands, forests, and other tradi-
tional conserved areas in urban and coastal plains. Ponds are a key component of regional
ecological networks and biodiversity hotspots while also providing local people with a
variety of ecological services [56]. For example, the multifunctional role of ponds in urban
has been highlighted in Taiwan’s Taoyuan area and in Sydney, Australia [28,57]. Our results
show that the pond landscapes in Shunde, Nanhai, and Zhongshan, Foshan City have
certain advantages and should be considered an important element of urban landscapes
and ecological security [58]. Although China has not yet proposed a conservation plan
for pond landscapes in urban at the national level, local governments have recognised the
important role of ponds. For example, in 2019, the Foshan Municipal Government had
announced that it planned to build 16 ‘WanMu’ parks (area > 666.67 hm2) and 18 ‘QianMu’
parks (area > 66.67 hm2), of which 13 and 7 ponds will be reconstructed and restored,
respectively, mainly relying on pond landscapes.

In the PRD urban agglomeration, ponds are mainly distributed in the peri-urban and
agricultural zone in the suburbs of cities. Villages and towns in the PRD, such as Shunde,
Nanhai, and Zhongshan, have developed manufacturing industries. The industrial areas
and ponds are intertwined. Certain industries, such as the metal production industry,
may affect pond water quality. In addition, the PRD and the Hong Kong and Macau
Special Administrative Regions are accelerating the construction of world-class Bay Area
urban agglomerations, and the current peri-urban and agricultural areas may gradually be
incorporated into urban areas. For example, Leping Town, Sanshui District, Foshan City,
located in a peri-urban zone, has the highest area of ponds and is currently planning to
build a 100 billion RMB industrial development area. Such towns need to coordinate urban
development and pond landscape conservation.
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The potential value of ponds as biodiversity hotspots in agricultural landscapes has
been highlighted in a recent study of pond belts in the North-eastern United States [59]. Our
research shows that the proportion of ponds in the agricultural zone of the PRD is 31.33%,
second only to that in the peri-urban zone (57.84%). Although ponds in the agricultural
zone of the PRD are mainly used for aquaculture and supplying irrigation water, they may
be key biodiversity areas.

4.3. Mapping of Ponds in the PRD and Future Directions

Recent studies mapping aquaculture ponds in coastal areas of Asia showed that most
of the aquaculture ponds are located within 15 km of the coastline [60], with obvious
natural gradient characteristics. This study used DeepLabv3+ architecture to extract ponds
and analyse the urban-rural gradient characteristics of the pond landscape and found that
57.84% of the ponds are distributed in the peri-urban zone in the PRD.

The landscape across the urban-rural gradient is dynamic [54], and its shape, structure,
and function will change with time [27]. In the future, additional time-series data should be
used to study dynamic changes in pond landscapes. Our investigation has revealed that the
PRD has a rich and diverse pond landscape. In addition to aquaculture ponds, vegetable-
based fishponds, ‘fengshui ponds’, and landscape ponds are found around urban and rural
settlements. A more detailed description of the diverse pond landscape structure in the
PRD was beyond the scope of this study. In general, the spatial form and configuration of a
landscape are important factors affecting landscape function and ecological processes [4,61].
In the future, detailed research on the physical and chemical properties of pond landscapes
in the PRD will be necessary [2].

5. Conclusions

Using DeepLabv3+ architecture to analyse the landscape distribution in the PRD, this
study showed that from the urban core to the peripheral forest area, the pond landscape in
the PRD shows clear spatial differentiation across the urban-rural gradient. The peak area
of pond patches appeared in the peri-urban zone, accounting for 57.84%, and the proportion
of pond patches in the agricultural zone was 31.33%, second only to that in the peri-urban
zone. In general, there were fewer ponds at either end of the urban-rural gradient, with
higher patch fragmentation. Owing to the historical land use and natural conditions, the
central and western regions of the PRD and coastal zone had more ponds than other areas.
Human activities, such as urbanisation, agricultural structure adjustment, and historical
land use, as well as natural conditions, such as river system and coastline distribution,
influence the spatial patterns of pond landscapes. Ponds occupy the largest area in the
peri-urban zone; however, the peri-urban zone is the most vulnerable to urbanisation and
is the most difficult to conserve and manage.
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