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Coastal estuarine wetlands are important transition zones between rivers and

oceans and are extremely rich in biodiversity. In recent years in China, large-

scale reclamation and development of coastal cities have imposed serious

pressures on coastal ecosystems. Thus, assessing the ecological quality of

estuarine wetlands is extremely important for sustainable development. Our

study focuses on four typical estuarine wetlands at the mouths of the Yangtze,

Yellow, Liaohe and PearRivers. Their ecological quality between 2000 and

2020 was assessed using a remote sensing ecological index (RSEI), which was

derived from several remote sensing indexes processed via the online Google

Earth Engine platform. From 2000 to 2020, the RSEIs of coastal wetland

increased from 0.42 to 0.63 in the Liao River estuary, 0.27 to 0.45 in the

Pearl River estuary and from 0.47 to 0.54 in the Yangtze River estuary, and

decreased from 0.56 to 0.49 in the Yellow River estuary. The spatial distribution

in ecological environmental quality was significantly clustered. High-high

clusters occurred mainly in areas of lush vegetation, while low-low clusters

were mostly found in built-up areas or coastal zones. Aquacultural and built-up

areas had negative impacts on the ecological environment, while vegetation

cover had a positive influence. The quality of the ecological environment within

these wetlands has gradually improved due to the environmental management

policies of national and local governments. This approach to evaluating the

ecological quality of estuarine wetlands using the RSEI and Google Earth

Engine provides critical information to inform sustainable development policy.

KEYWORDS

spatial-temporal variation, ecological environment quality, remote sensing ecological
index, coastal estuarine wetlands, Google Earth Engine
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Introduction

Wetlands are one of the world’s three main types of natural

ecosystems (Zedler and Kercher, 2005). As well as being crucial

to human health and well-being, they are essential in

maintaining the ecological balance of the planet and regional

ecological security (Jogo and Hassan, 2010). Estuarine wetlands

are characterized by their dual roles as both aquatic and

terrestrial ecosystems (Ma et al., 2014). As a result, they affect

many aspects of climate regulation, carbon storage, water storage

and shoal protection, wave prevention and shore fixation, water

purification and biodiversity preservation. (Cui et al., 2016). Due

to a changing climate and human activities, China’s rapidly

changing estuarine wetland ecosystems are at risk of serious

degradation (Chi et al., 2018). Understanding their long-term

evolution and the characteristics of estuarine wetland ecological

environmental quality are important parts of research on

wetland ecological restoration and the implementation of

wetland protection and restoration projects.

A large number of estuarine wetland systems occur in coastal

areas of China due to its numerous outflowing water systems and

long southeastern coastline (Jiang et al., 2015). Representative

areas include the estuarine wetlands of the Yangtze, Yellow, Liao

and Pearl Rivers (Wang X. et al., 2021). Estuarine wetlands have

an extremely rich biodiversity. They are not only important

habitats for waterbirds migrating between East Asia and

Australia but are also breeding rich fishery resources and

provide a natural ecological security barrier for the economically

developed coastal areas of China (Sun et al., 2015). As a result of

intensifying climate change and human activities in recent

decades, coastal wetland ecosystems have undergone substantial

changes, with more than 50% of China’s wetland area being lost

(Wang X. et al., 2021). The large-scale development and

exploitation of wetland resources have caused sharp declines in

wetland ecosystems and their functioning and biodiversity. This

has impacted ecological security and sustainable socio-economic

development in China’s coastal areas (Mao et al., 2022). However,

previous field surveys have had difficulty in assessing ecological

environmental quality at large regional scales (Hu et al., 2018).

Geospatial data on the eco-environmental quality of coastal

estuarine wetlands in China have not been fully studied over the

past 20 years.

Remote sensing technology provides a wide range of data for

ecosystem monitoring and has provided reliable ecological

indicators in recent years. Several remote sensing indices have

been developed to quantify ecological conditions (Pettorelli

et al., 2005; Jiang et al., 2021; Prăvălie et al., 2022). Among

them, the normalized difference vegetation index (NDVI) and

other vegetation indices are the single indexes most commonly

used in ecological studies (Stefanov and Netzband, 2005; Wang

et al., 2022). There are also several other single indicators that

perform well in eco-environmental assessment, such as the

permanent vegetation fraction (PVF; (Ivits et al., 2009), which
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has been used to assess the ecological status and dynamics of the

Andalusian riparian zone. However, it is insufficient to use a

single ecological index to assess the status of an ecosystem

because of the complexity and diversity of potential influences.

The integration of multiple ecological indices has advantages in

providing more fine-scaled monitoring of ecological conditions.

Many studies have integrated multiple indexes to generate new

indexes (Tiner, 2004; Wang et al., 2019). For example, Wang

et al. (2019) integrated the vegetation coverage index, biological

abundance index, land degradation index and water density

index to establish the eco-environmental quality index.

However, although these multi-factor indexes can reflect the

eco-environmental quality of a region, their weights need to be

determined by repeated experimentation, which may be greatly

affected by artificial interference or subjective influences,

resulting in different weights being used in different fields. In

addition, floristic quality indices (FQI; (Bourdaghs et al., 2006),

the index of biotic integrity (IBI; (YangW. et al., 2018), indicator

species (Siddig et al., 2016), hydrological and geomorphological

indexes (Beuel et al., 2016), landscape patterns (Gu et al., 2006)

and other indicators have been applied to wetland ecological

environmental assessment. However, it can be difficult to obtain

these indicators, many of which cannot reflect spatial variation.

The remote sensing ecological index (RSEI) integrates a variety

of indicators and does not need weights to be determined

manually. It can provide objective, rapid, and efficient

information on the ecological environment of a region (Xu

et al., 2019). The RSEI method is widely used for rapid

monitoring and evaluation in regional ecological environments

(Jing et al., 2020; Xiong et al., 2021). While it has been applied to

wetland areas (Wang J. et al., 2021), these applications are

relatively scarce and have not been used in China’s coastal

estuarine wetlands. Accordingly, the present paper applies the

RSEI to the study of four typical estuarine wetlands to explore its

applicability to coastal wetland research.

While the RSEI can be applied to a wide range of topics, the

large volumes of data involved and the complexity of their

processing present challenges. The Google Earth Engine (GEE)

platform not only contains a large archive of remote sensing data

but is also a cloud-based service that offers data processing by

high-performance parallel computing. Using the Application

Programming Interface and the web-based interactive

development environment of the GEE, researchers can access,

operate and visualize massive amounts of data on the cloud

(Gorelick et al., 2017).

Coastal wetland refers to waters with a depth of less than 6 m

at low tide and associated saturated coastal areas, including

intertidal zones and coastal lowlands. In this study, RSEI data

were used with the GEE to investigate the relationships between

four typical estuarine wetlands without permanent water and to

monitor and evaluate their ecological and environmental quality

from 2000 to 2020. The aim was to study the ecological

environmental quality in this region and accurately estimate
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its status and spatio-temporal dynamics. The results provide

scientific support and technical assistance for the formulation of

environmental protection policies and for the evaluation of

ecological engineering projects in this region, which will

promote sustainable development of the local economy,

society and environment.
Data and methods

Study area

The study area (Figure 1) covered four major estuarine deltas

in China (Liao River, Yellow River, Yangtze River and

Pearl River).

The Liao River Estuary (LRE; 40° 40’–41° 25’ N, 121° 25’–

123° 55’ E) is located in the southern Liaohe Plain and to the
Frontiers in Marine Science 03
north of Liaodong Bay in the Bohai Sea. It is the largest warm-

temperate coastal wetland in Asia and has an average annual

temperature of 8.4°C and average annual precipitation of 623

mm (Li et al., 2021).

The Yellow River Estuary (YRE; 37° 59’–37° 91’ N, 119° 09’–

119° 39’ E) is located at the junction of the Bohai Sea and

Laizhou Bay. The wetland here is the best preserved, most typical

and youngest wetland ecosystem in this warm temperate region.

It has an average annual temperature of 12.1°C and average

annual precipitation of 552 mm (Cui et al., 2009).

The Yangtze River Estuary (YTRE; 30° 42’–31° 56’ N, 121°

36’–122° 12’ E) is mainly located in Shanghai and Nantong,

Jiangsu Province. It has an average annual temperature of 15.3°

C and average annual precipitation of 1022 mm (Zhao

et al., 2009).

The Pearl River Estuary (PRE; 21° 52’–22° 46’ N, 112° 58’–

114° 3’ E) contains waters near Lingdingyang Bay, Huangmao
A

B

D C

FIGURE 1

Map of the study areas (top left) with satellite images of the (A) LRE, (B) YRE, (C) YTRE and (D) PRE with wetland areas highlighted.
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Sea, Hengqin Island and Nanshui Island. The surrounding land,

from east to west, features the cities of Hong Kong, Shenzhen,

Dongguan, Zhongshan, Zhuhai and Macao. Since the 1980s,

China began to implement a policy of reform and opening-up,

giving priority to the development of coastal areas. Gradually, a

coastal economic belt centred on the PRE was formed. It has an

average annual temperature of 21.9°C and average precipitation

of 1647 mm (Lu et al., 2020).
Data source and data processing

Landsat 5 surface reflectance datasets for 2000, 2005, 2010

and Landsat 8 surface reflectance datasets for 2013, 2015, 2018

and 2020 were obtained via the GEE platform. These datasets

contained Landsat data with radiometric and atmospheric

corrections. Pixel values in the visible, near-infrared and short-

wave infrared bands are corrected surface reflectance, and pixel

values in the thermal infrared band are corrected temperature

values at the sensor. To avoid cloud cover degrading the data

quality, we selected images with< 20% cloud cover in a year;

except in the PRE (a subtropical monsoon climate zone with

more cloud cover), for which the threshold was< 50%. Then,

based on pixel quality assessment (QA) band data provided by

GEE, the clouds and shadows in the original data were removed.

Finally, the mean values of these data were used to synthesize

good-quality surface reflectance data, which was prepared for

the calculation of ecological parameters. The technical process is

shown in Figure 2 and the specific methods are introduced in

Section 2.3.

Land-use/cover data for 2000–2020 (Yang and Huang, 2021)

were used to analyse the relationship between land cover and the
Frontiers in Marine Science 04
RSEI. Land cover was divided into nine categories: cropland,

forest, shrub land, grassland, water, snow and ice, barren land,

impervious land, and wetland. The overall accuracy of the original

data in China reached 79.31%. Based on the characteristics of the

research area and Landsat and Google Earth images, we

reclassified the data into forest, barren land, built-up land,

grassland, cropland, natural waterbodies, reservoirs and ponds.

There were some errors in the original data, which were manually

revised using visual interpretation. In addition, estuarine wetland

data (Mao et al., 2020) were downloaded from National Earth

System Science Data Center (http://www.geodata.cn/data/

datadetails.html?dataguid=267682210636266&docId=10). The

overall accuracy of the original data for China reached 95.1%.

In order to ensure the accuracy of these data, we also modified the

wetland data by combining Landsat and Google Earth images with

visual interpretation.
Methods

Generation of RESI based on the GEE
In terms of remote sensing data, NDVI, wetness (WET),

land surface temperature (LST) and the normalized difference

bare soil index (NDBSI) were used to represent greenness,

wetness, heat and dryness, respectively. These four metrics

were built in the GEE. The RSEI data were obtained by

principal component transformation of greenness, humidity,

heat and dryness (Xu, 2013). Four remote sensing indicators

were calculated as follows:

(1) NDVI

NDVI = (rnir − rred)=(rnir + rred) (1)
FIGURE 2

Flowchart of the data processing method.
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In Formula (1), rnir and rred are the surface reflectances in
the near-infrared and red bands of remote sensing

images, respectively.

(2) WET

Wet = C1rblue + C2rgreen + C3rred + C4rnir + C5rswir1

+ C6rswir2 (2)

Here, rblue, rgreen, rswir1 and rswir2 are the surface

reflectances in the blue, green, shortwave infrared 1 and

shortwave infrared 2 bands of the remote sensing images,

respectively. For Landsat 5 images, the values of C1, C2, C3,

C4, C5 and C6 are 0.0315, 0.2021, 0.3102, 0.1594, −0.6806 and

−0.6109, respectively (Crist, 1985). For Landsat 8 images, they

are 0.1511, 0.1973, 0.3283, 0.3407, −0.7117 and −0.4559,

respectively (Baig et al., 2014).

(3) LST

In this study, the formula for calculating LST is:

LST = T=½1 + (lT=r)lnϵ� (3)

Where l is the central wavelength of the thermal infrared

band (r = 1.438 × 10-2 m·K), e is the surface emissivity estimated

from the NDVI (Sobrino et al., 2004) and T is the brightness

temperature obtained from the Landsat surface reflectance

dataset in GEE. Landsat 8 has two thermal infrared bands; we

selected the 10th band for calculation.

(4) NDBSI

The NDBSI is a composite of the soil index (SI) and index-

based built-up index (IBI). The formulas are (4-6):

NDBSI =
SI + IBI

2
(4)

SI =
(rswir1 + rred) − (rnir + rblue)
(rswir1 + rred) + (rnir + rblue)

(5)

IBI =
2rswir1=(rswir1 + rnir) − ½rnir=(rnir + rred) + rgreen=(rgreen + rswir1)�
2rswir1=(rswir1 + rnir) + ½rnir=(rnir + rred) + rgreen=(rgreen + rswir1)�

(6)

Dimensional disunity among these four indexes will lead to a

weight imbalance between them. Therefore, after they were

estimated, we carried out dimensionless processing of the

original indexes and unified their values to [0,1]. In order to

avoid the influence of large areas of water on the results, we

masked water information by obtaining water boundaries

through visual interpretation using Landsat and Google Earth

images. Then, we carried out principal component analysis of

the four regularized indexes to obtain the first principal

component (PC1). As the larger PC1 is, the worse the

ecological environment it represents is. In order to make the

RSEI values reflect the ecological environment quality, the initial

remote sensing ecological index (RSEI0) was calculated as:

RSEI0 = 1 = PC1½f (NDVI,Wet, LST ,NDBSI)�f g (7)
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To facilitate index measurement and comparison, for the

RSEI0 dimensionless processing of remote sensing, the

computation formula is as follows:

RSEI = (RSEI0 − RSEI0min)=(RSEI0max − RSEI0min) (8)

In Formula (8), the RSEI value range from [0,1], with higher

values indicating better eco-environmental quality.

Spatial autocorrelation analysis
Spatial autocorrelation analysis can determine whether the

spatial distribution of things is autocorrelated. High

autocorrelation represents the existence of spatial aggregation

(Sokal and Oden, 1978). In our study, Moran’s I (global spatial

autocorrelation) and the local spatial correlation index (LISA) were

used to analyse the spatial correlation in eco-environmental quality.

Moran’s I is a widely used global indicator of spatial

autocorrelation and is calculated as:

Moran 0 s I =
n�on

i=1on
j=1wij(xi − �x)(xj − �x)

on
i=1on

j=1wij �oi(xi − �x)2
(9)

where xi and xj are the grid attribute data values at positions i

and j, respectively, �x is the average of all grid attribute data values

and n is the number of grid values in the study area. Wij is the

weight of each grid cell; if grid j is directly adjacent grid i, then

Wij = 1; otherwise,Wij = 0. A Moran’s I value close to 1 indicates

a stronger spatial autocorrelation among grid cells. Moran’s I

values above 0 indicate a positive correlation, whereas values

below 0 indicate a negative correlation (Moran, 1948).

LISA reflects local autocorrelation and spatial aggregation.

Even if Moran’s I = 0, there may be local autocorrelation and

spatial aggregation. Therefore, LISA analysis was also carried out

using Formula (10) (Anselin, 1995):

LISA =
(xi − �x)�on

j=1wij(xj − �x)

oi(xi − �x)2
(10)

Where the variables are the same as in Formula (9).

Degree of land-use dynamics
An indicator of regional land-use change is the degree of

land-use dynamics, which indicates how much land changed

over the study period (Huang et al., 2018). This study used single

and comprehensive land-use dynamic degrees to reveal land-use

changes. The single land-use dynamic degree (SLUDD)

expresses the area of a land-use type that changed in the study

period. Its formula is:

SLUDD =
U2 − U1

U1
� 1

T
� 100% (11)

where U2 and U1 represent the initial and final areas of a specific

land-use type; and T represents the study period (Hu

et al., 2019).
frontiersin.org

https://doi.org/10.3389/fmars.2022.981139
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2022.981139
The comprehensive land-use dynamic degree (CLUDD)

indicates the rate of change of various land-use types over

time, and is calculated as:

CLUDD = o
n
i=1DLUij

2on
i=1LUi

� 1
T
� 100% (12)

where DLUij is the area of class i land transferred to class j land

during the study period, and LUi is the initial area of type i land.

In this study, i is built-up land, j is other land-use types, and n is

the number of land use types (Huang et al., 2018).
Results

Spatial and temporal characteristics of
eco-environmental quality

Figure 3 shows the RSEI values in the four estuaries from 2000

to 2020. To further explore the temporal and spatial variations in

RSEI, it was divided into five grades: 0.0–0.2, 0.2–0.4, 0.4–0.6, 0.6–

0.8 and 0.8–1 (for the classification criteria, refer to Yao et al.,

2022). If the RSEI grade of a certain pixel did not change, it was

marked as 0; if it increased by 1, 2, 3 or 4 grades, it was marked as

1, 2, 3 or 4, respectively, and if it decreased by 1, 2, 3 or 4 grades, it

was marked as −1, −2, −3 or −4. In our results (Figure 4), there are

no pixels that changed by 4 grades, so the results range from −3 to

3. Through Figures 3, 4, we can obtain the following results:
Fron
1. The average RSEI of the LRE increased from 0.43 in

2000 to 0.64 in 2020. The eco-environmental quality of

most areas in the LRE improved, especially the banks of

the Liaohe River to the west side of Panjin. However, the

eco-environmental quality of the LRE coastal zone is

poor. The RSEI of the west coast zone decreased from

0.52 in 2000 to 0.31 in 2020, while that of the east coast

zone decreased from 0.49 to 0.38, and that of islet island

decreased from 0.39 to 0.26. In addition, the eco-

environmental quality of the Houyaotan aquaculture

area decreased significantly (RSEI decrease from 0.52 in

2000 to 0.41 in 2020).

2. The average RSEI of the YRE decreased from 0.69 in 2000

to 0.57 in 2020. Although the eco-environmental quality

of most areas in the middle of the YRE remained

unchanged (most of these areas are cropland), the eco-

environmental quality of the coastal zone decreased

greatly (47%) during 2000-2020. In particular, the

deterioration in eco-environmental quality was most

significant in aquaculture areas. The eco-environmental

quality of the sand spit of the new river mouth formed

after the latest diversion of the Yellow River (1996 to

present) increased most significantly (105%) during

2000–2020. The eco-environmental quality of the sand
tiers in Marine Science 06
spit of the old mouth formed before the diversion (1976–

1996) generally decreased (26%) by one grade.

3. The average RSEI of the YTRE decreased from 0.64 in

2000 to 0.56 in 2020. These low RSEI values were mainly

distributed in the coastal zone of Changxing Island and

the built-up areas of Shanghai, Qidong, Haimen and

Taicang. The RSEI of the built-up areas of Shanghai,

Qidong, Haimen and Taicang decreased from 2000 to

2020. Among them, large areas of Shanghai and Taicang

had declines in eco-environmental quality. The eco-

environmental quality in some coastal zones also

declined. However, the RSEI of the coastal zone of

Changxing Island increased from 0.65 in 2000 to 0.53

in 2020.

4. The average RSEI of the PRE decreased from 0.61 in

2000 to 0.57 in 2020. Low RSEI values were mainly

distributed in built-up areas (0.31–0.43) and coastal

zones (0.46–0.55), while high RSEI values were mainly

distributed in areas with lush vegetation (e.g. forest;

0.63–0.85). From 2000 to 2020, the eco-environment

quality of the coastal zone showed a trend of

improvement. The eco-environmental quality of

Shenzhen improved, while those of Hong Kong and

Macao were relatively stable. However, the eco-
A

B

D

E

F

G

H

C

FIGURE 3

RSEI values of four typical estuaries in 2000 and 2020. (A) LRE in
2000; (B) YRE in 2000; (C) YTRE in 2000; (D) PRE in 2000; (E)
LRE in 2020; (F) YRE in 2020; (G) YTRE in 2020; (H) PRE in 2020.
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Fron
environment quality of Guangzhou, Zhongshan, Zhuhai

and Dongguan deteriorated, mainly due to urban

expansion.
In summary, the regions with deterioration in eco-

environmental quality in the LRE and YRE were mainly

distributed in the coastal zone, while deterioration in the

YTRE and PRE mainly occurred in urban expansion areas.

Figure 5 shows the RSEIs of the four estuarine wetland

regions from 2000 to 2020. The results show that:
1. The eco-environmental quality of the LRE’s coastal

wetland improved greatly (50%) from 2000 (0.42) to

2020 (0.63), especially in the first decade. The eco-

environmental quality of coastal wetlands was better

than those of inland and human-made wetlands. The

trends in the ecological environmental quality of the

three wetlands were basically consistent.

2. The eco-environmental quality of the coastal wetland in

the YRE first decreased (−20%) from 2000 (0.55) to 2010

(0.44) and then increased (10%) from 2010 to 2020

(0.49). The ecological environmental quality of inland

wetlands decreased by 24% and that of human-made

wetland decreased the most (−46%) during 2000–2020.

Inland and human-made wetlands were relatively stable

over the past five years.

3. The eco-environmental quality of the YTRE’s coastal

wetland increased by 15% from 2000 (0.47) to 2010

(0.54) but was relatively stable in the past decade. The

eco-environmental quality of inland and human-
tiers in Marine Science 07
made wetlands decreased by 16% and 15%,

respectively.

4. The eco-environmental quality of the wetland in the

PRE was poor. Generally, the eco-environmental quality

of coastal wetland has improved (68%) over the past 20

years (from 0.27 in 2000 to 0.45 in 2020), while those of

inland and human-made wetland were slightly

decreased (−8% and −14%).
Spatial autocorrelation

To analyse spatial autocorrelation, we used 1 km × 1 km grid

resampled data and analysed four typical estuaries using

Moran’s I and LISA. An RSEI vs Moran’s I scatter diagram is

shown in Figure 6. The points are mainly distributed in

quadrants 1 and 3, indicating that ecological environmental

quality in the study area was positively correlated with its

spatial distribution. The Moran’s I values of the four regions

in 7 years are shown in Table 1, which all show positive

correlated and aggregation distribution characteristics. From

2000 to 2020, the Moran’s I values of the YRE and PRE

remained stable, while those of the LRE and the YTRE showed

downward trends. The areas with deteriorating eco-

environmental quality in the YRE were distributed in patches

(mainly in aquaculture areas), while the eco-environmental

quality in the PRE was relatively stable, so the Moran’s I

values in these two estuaries were relatively stable. The eco-

environmental quality of the LRE increased significantly but
A B

DC

FIGURE 4

Change in RSEI, 2000–2020, in the (A) LRE, (B) YRE, (C) YTRE and (D) PRE.
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decreased in some regions, so the spatial aggregation decreased.

The eco-environmental quality of the YTRE decreased and the

patches of change were scattered (Figure 4C), and the spatial

aggregation decreased significantly.

To explore the spatial characteristics of the RSEI, we

generated LISA clustering maps (Figure 7). The RSEI showed

a low-low aggregation in coastal zones and urban construction

zones, and high-high aggregation in forests, grassland and other

areas with relatively lush vegetation. High-low and low-high

clustering were rare and sporadic in the four study areas,

indicating that none had extreme environmental quality. We

further analysed the LISA clustering changes and obtained the

following results:
Fron
1. In the coastal zone west of the LRE, the range of low-low

clustering was expanding, while the range of high-high

clustering was decreasing. Figure 4 also shows that the

ecological environmental quality of the coastal zone

west of the LRE was declining. The range of high-high

and low-low clustering in the east of the LRE was

decreasing. Although the eco-environmental quality in

the east of the LRE showed a significant upward trend
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overall, the ecological environments in some regions still

need to be improved.

2. Low-low clustering was concentrated in the coastal

zone, while high-high clustering was concentrated in

the inland cropland in the middle of the study area. The

ranges of high-high and low-low clustering in the YRE

were expanding. This shows that the ecological

environmental quality of the coastal zone of the YRE

was declining and urgently needs improved protection.

3. The low-low clustering range of the YTRE was also

concentrated in coastal and built-up areas, while the

low-low clustering range of the coastal area was

shrinking. The expansion of urban and built-up areas

leads to a reduction in the high-high clustering range

and expansion of the low-low clustering range. In

addition, low clustering in the Shanghai urban area

was fragmented and the value of the Moran index,

which reflects the global autocorrelation, also

decreased significantly.

4. The cluster of eco-environmental quality in the PRE was

also stable. The high-high values in the west bank of the

PRE were more concentrated, and the high-high
A B

DC

FIGURE 5

Temporal variations in RSEI in coastal, inland and man-made wetlands from 2000 to 2020 in the four estuaries: (A) LRE, (B) YRE, (C) YTRE and
(D) PRE. Error bars represent standard deviations.
frontiersin.org

https://doi.org/10.3389/fmars.2022.981139
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2022.981139

Fron
clustering in the Islands District in Hong Kong became

very fragmented.
Relationship between land cover
and RSEI

Comparing the distribution maps of RSEI and land cover

(Figure 8), it can be found that the RSEI was lower in barren, urban

and built-up regions and higher in cropland, grasslands and forest.
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1. From 2000 to 2020, the expansion of urban and built-up

regions in the LRE coastal area was not significant so,

with the support of environmental protection policies,

the overall RSEI presented an upward trend. However,

the aquaculture area in the coastal zone of the western

LRE increased (for example, a1-a5 in Figure 9 show an

increase in the aquaculture area while the RSEI

decreases significantly), which led to a deterioration in

eco-environmental quality.

2. Urban and built-up regions in the YRE are significantly

expanding, so the RSEI showed an overall downward
A B

DC

FIGURE 6

Global Moran’s I scatterplot of RSEIs in 2020 in the (A) Liao River Estuary, (B) Yellow River Estuary, (C) Yangtze River Estuary and (D) Pearl
River Estuary.
TABLE 1 Annual Moran’s I values for each region in six years from 2000 to 2020.

Region 2000 2005 2010 2013 2018 2020

Liao River Estuary 0.718 0.793 0.762 0.660 0.597 0.600

Yellow River Estuary 0.783 0.756 0.770 0.726 0.746 0.729

Yangtze River Estuary 0.672 0.582 0.457 0.469 0.511 0.360

Pearl River Estuary 0.542 0.540 0.563 0.521 0.556 0.594
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trend. In addition, the aquaculture areas in the YRE

were also greatly increasing, resulting in a significant

decline in RSEI (for example, b1-b5 in Figure 9 show an

increase in the aquaculture area while the RSEI

decreases significantly).

3. Urban and built-up regions in the YTRE significantly

expanded, while their RSEIs decreased (for example,

c1-c5 in Figure 9 show an increase in urban

and built-up regions while the RSEI decreases

significantly).

4. Urban and built-up regions in the PRE also expanded

significantly. However, there were more forests in this

region, and the RSEI of the PRE was relatively stable in

general (for example, d1-d5 in Figure 9 show an

increase in forest area while the RSEI decreases

significantly).
Discussion

Validation of the applicability of the RSEI

All raster data were resampled to 1 km × 1 km, then the

NDVI, WET and RSEI were projected into a three-dimensional
tiers in Marine Science 10
space together (Figure 10A), as were LST, NDBSI and RSEI

(Figure 10B). Figure 10 shows that the RSEI increased with

NDVI and WET, so RSEI is positively related to greenness and

humidity, which is consistent with our own observations and

other studies (Xiong et al., 2021). The RSEI decreased as LST and

NDBSI increased, indicating that RSEI is negatively correlated

with heat and dryness, which is also consistent with the actual

situation and the results of Yao et al. (2022).

RESI is developed under the conceptual framework of

pressure-state-response (PSR), which is one of the most

commonly used environmental conceptual frameworks.

(Niemeijer and de Groot, 2008). Within the framework of

PSR, eco-environmental problems can be expressed as three

different but interrelated index types: anthropogenic pressure

(P), eco-environmental state (S) and climate response (R).

Among the four indicators comprising the RSEI, NDBSI is

used to represent the pressure caused by human activities on

an ecosystem, NDVI measures the ecological state of land

before and after human-induced land surface changes, and

LST and WET reflect the response of the ecosystem to the

climate (Xu et al., 2019). Therefore, the RSEI has a clear

physical meaning.

The RSEI is a combination of four indicators and may be

difficult to use to quantify actual values on the ground. Hence,
A

B

D

E

F

G

H

C

FIGURE 7

LISA clustering map of RSEIs in the (A) LRE in 2000; (B) YRE in
2000; (C) YTRE in 2000; (D) PRE in 2000; (E) LRE in 2020; (F)
YRE in 2020; (G) YTRE in 2020; (H) PRE in 2020.
A B

D

E F

G H

C

FIGURE 8

Land cover distribution maps of the (A) LRE in 2000; (B) YRE in
2000; (C) YTRE in 2000; (D) PRE in 2000; (E) LRE in 2020; (F)
YRE in 2020; (G) YTRE in 2020; (H) PRE in 2020.
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it is difficult to conduct a quantitative verification of the RSEI

and only qualitative evaluations can be made. According to

Figure 9, the changes in RSEI values are relatively consistent

with changes in land cover. Pixels converted from other types

of land cover to built-up areas, for instance, may have a clearly

defined boundary showing the extent of the change. However,

the border of the resulting eco-environmental change may not

perfectly follow the border of land cover changes. Land cover

changes may also influence the ecological conditions of

adjacent pixels, which could result in changes to hot and wet

surface conditions (Xu et al., 2019).
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Causes of change in wetland
eco-environmental quality

Many previous studies (Murray et al., 2014; Yim et al., 2018;

Chen et al., 2019; Ma T. et al., 2019) have investigated how

natural and human factors affect the temporal and spatial

dynamics of coastal wetlands. Studies have shown that the

ecological quality of coastal wetlands is affected by complex

natural and human dynamic factors. Natural factors include

runoff, temperature, precipitation, waves, and tidal currents,

which affect the area and type of coastal wetlands and
FIGURE 9

RSEI and land cover in different sample areas. Rows a, b, c and d represent different sample areas. Columns indicate 1) sample area locations
(red boxes), 2) RSEIs of the sample areas in 2000 and 3) 2020, 4) true-colour composite Landsat 5 image in 2000 and 5) true-colour composite
Landsat 8 image in 2020.
A B

FIGURE 10

(A) Three-dimensional plot of NDVI, WET and RSEI, and (B) its of LST, NDBSI and RSEI.
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indirectly affect the biological composition of coastal wetlands

(Shi et al., 2020; Zang et al., 2020). Human factors include beach

reclamation, port development and water conservancy projects

(Wang et al., 2014; Jiang et al., 2015). The purpose of

reclamation is to transform cropland and develop salt farms

and aquaculture. The large amount of tidal flat reclamation

causes a decrease in the tidal flats area and changes the coastline

length, intensifying the effect of tidal water on the coastal

environment. It also reduces the habitat of intertidal

organisms, directly leading to ecological deterioration (Sun

et al., 2017). Port construction will straighten the coastline so

that its resistance to marine dynamic action is weakened (Liu

et al., 2018). Port construction leads to the expansion of coastal

towns and the destruction of coastal wetlands (Wu et al., 2022).

Water conservancy projects are used to intercept sediment,

which directly reduces the total amount of sediment entering

the river section downstream of the reservoir. It also directly

reduces incoming water and sand in the coastal basin, which

have great impacts on the coast, especially plain coast (Liu et al.,

2013). Dam construction damages the plant habitat of coastal

wetlands (Newton et al., 2020).

This study analysed the impacts of runoff, sediment

discharge, and the CLUDD and SLUDD of built-up land on

the ecological quality of four estuarine wetlands. Runoff and

sediment discharge in the LRE increased significantly from 2000

to 2010 and remained stable from 2015 to 2020 (Figure 11),
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which is consistent with the RSEI trend. This indicates that both

runoff and sediment discharge improved the eco-environmental

quality of the LRE. Although YRE runoff was relatively stable

from 2003 to 2010, sediment discharge had a downward trend,

which is one of the reasons for the deteriorating eco-

environmental quality during the study period. Due to a lack

of adequate sediment supply, the development of the continental

body in the delta was inhibited; eventually, fewer new wetlands

were formed, the flora became further away from the sea and the

ecological quality decreased (Yang, 2005). The runoff and

sediment discharge of the YTRE and PRE were much higher

than those of the LRE and YRE. The runoff of the two rivers

remained stable and the sediment discharge decreased and then

became stable, and the impact on eco-environmental quality was

not as significant as that of the LRE and YRE.

CLUDD represents the rate of land-use change, while the

SLUDD of built-up land reflects the rate of built-up land change.

These two indicators reflect the degree of human activities such

as land reclamation and port construction. Both CLUDD and

SLUDD were low in the LRE and were relatively stable from

2000 to 2020 (Figure 12), indicating that activities such as

reclamation and port construction had little impact on eco-

environmental quality. Under natural conditions, such as the

increases in runoff and sediment discharge, the eco-

environmental quality improved during this period. CLUDD

and SLUDD increased first and then decreased in the YRE from
A B

DC

FIGURE 11

The annual runoff and sediment discharge from 2000 to 2020 in the four estuaries: (A) LRE, (B) YRE, (C) YTRE and (D) PRE.
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2000 to 2020, which is consistent with the RSEI trend, indicating

that human activities had a great impact on the eco-

environmental quality of the YRE, which was most severe

during 2000-2010. According to Figures 8B, F, 9B, reclamation

activities in the YRE related to aquaculture increased

significantly. Wang X. et al. (2021) also reported that land

reclamation and coastal zone development (conversion to

aquaculture ponds) were the main causes of wetland loss in

the YRE. Both CLUDD and SLUDD in the YTRE and the PRE

had significant downward trends from 2000 to 2020, which

demonstrates relatively stable eco-environmental quality in

these regions. It must be noted that urbanization is still the

main driver of the retreat of YTRE and PRE wetlands (Wang X.

et al., 2021), but its influence is gradually decreasing. Due to the

restriction of human disturbance and the expansion of Spartina

alterniflora saltmarshes, the eco-environmental quality of coastal

wetlands in Changxing Island and Jiuduansha Island gradually

improved (Yang M. et al., 2018). Governmental conservation

and restoration projects increased the area of mangroves, which

also contributed to improvements in the eco-environmental

quality of the PRE (Ma C. et al., 2019).

Overall, the ecological and environmental quality of coastal

wetlands in China has increased in the past decade. Wang X. et al.

(2021) also showed that a significant reduction in human activities

since 2012 led to an increase in coastal wetland area. It is worth

noting that in 2012, “ecological civilization construction” was

incorporated into the national strategy, and the State Council of

China approved the National Marine Function Zone (2011–2020)

to improve the management of reclamation projects and rationally

control their scale (Liu et al., 2018). Reduced human disturbance

and greater government protection have contributed to the

restoration of coastal wetlands in China since 2012 (Wang X.

et al., 2021).
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Strengths and limitations

In our study, the RSEI was obtained by batch processing of

data on the GEE platform to achieve rapid assessment of wetland

eco-environmental quality based on Landsat images acquired

during 2000–2020. The results are objective and easy to analyse,

which facilitates large-scale ecological quality assessment

of wetlands.

However, there are some deficiencies in our research. Firstly,

the ecological environment is complex, so using only four RSEI

indicators can only approximate its true status. We suggest that

future studies use more diverse spatial data, such as net primary

productivity (NPP) and aerosols. Secondly, the RSEI is primarily

used in land areas and is not suitable for large bodies of water

(e.g., oceans). Through the tasseled cap transformation, the

water components are primarily related to vegetation and soil

water. If there were more water in the study area, and the

calculated moisture component will not accurately reflect the

moisture contents of vegetation and soil. The water in this case

has to be masked off. Therefore, this study cannot consider the

large-scale ecological status of aquatic environments. In future

studies, we suggest that water quality inversion results based on

remote sensing, marine NPP and RSEI data should be integrated

to evaluate the eco-environmental quality of coastal wetlands.
Conclusions

In this study, the GEE platform was used to rapidly generate

seasonal cloud-free images. The RSEI was calculated to analyse the

spatial and temporal changes in ecological environmental quality

in four typical estuarine wetlands in China’s Liao, Yellow, Yangtze

and Pearl Rivers during 2000–2020. The results show that the eco-
A B

FIGURE 12

The CLUDD (A) and SLUDD (B) of built-up land from 2000 to 2020 in the four estuaries.
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environmental quality of coastal wetlands in the LRE and PRE

improved significantly, that of the YRE decreased first and then

slowly improved, while that of the YTRE improved slowly. A

positive correlation was found between the spatial distributions of

ecological environmental quality in the four study areas. The

spatial distributions tended to be clustered rather than random.

In lush vegetation areas, high-high clusters were mostly found,

while in built-up and coastal areas, low-low clusters were most

common. The aquaculture industry negatively affected the quality

of the ecological environment, particularly in the LRE and YRE.

Urbanization had a negative impact on eco-environmental quality,

especially in the YRE. The increase in vegetation cover had a

positive impact on eco-environmental quality, especially in the

PRE. Under the environmental protection policies of Chinese

national and local governments, the eco-environmental quality of

the coastal wetlands in these four estuaries has been gradually

improving in recent years.
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