
Landscape ecological risk
assessment and driving
mechanism of coastal estuarine
tidal flats—A case study of the
liaohe estuary wetlands

Haifu Li1,2, Fangli Su1,2*, Chengjiu Guo1,2, Linlin Dong3,
Fei Song1,2, Chao Wei1,2 and Yunlong Zheng1,2

1College of Water Conservancy, Shenyang Agricultural University/Liaoning Panjin Wetland Ecosystem
National Observation and Research Station, Shenyang, Liaoning, China, 2Liaoning Shuangtai Estuary
Wetland Ecosystem Research Station, Panjin, Liaoning, China, 3Yellow River Engineering Consulting
Co., Ltd., Zhengzhou, Henan, China

Estuarine tidal flats are located in the land-sea crisscross-sensitive zone. The

degraded and shrinking state of major tidal flat landscapes weakens their

ecological role in maintaining the safety of coastal wetlands in the world.

However, little attention has been paid to tidal flat landscape evolution and

ecological risks due to the tidal flats being located in the periphery of estuarine

wetlands. This study was conducted in the tidal flats of the Liaohe estuary

wetlands. The GIS spatial analysis and a transition matrix were combined to

explore the tidal flat landscape evolution characteristics. The ecological risk

faced by the tidal flats was evaluated by a landscape ecological risk model

constructed by landscape indexes. The key driving factors and threshold values

that affect the ecological risks were clarified using geographical detectors and

regression analysis methods. The results showed that the tidal flats mainly

evolved into a natural wetland before 2000 and rapidly changed into an artificial

landscape between 2000 and 2010; the proportion of artificial landscapes then

began to decline after 2010. Over the past 30 years, the landscape ecological

risk in this area has generally been at a medium risk level. The ecological risk

index showed a decreasing trend with the increases in landscape diversity. The

low-risk artificial plaques have gradually replaced high-risk and medium-risk

plaques of exposed tidal flats and natural wetlands. The study showed that

human development activities were the key factors affecting the landscape

ecological risks of the tidal flats. River sediment discharge was the key natural

factor in maintaining the landscape ecological risk at a stable level. Therefore,

the human development activities should be controlled within an appropriate

limit, and the material supply of the upstream basin should be guaranteed to

maintain the stability of the tidal flat landscape form in the protection and

utilization of estuarine tidal flats in the future.
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1 Introduction

Estuary tidal flats are important land–sea material exchange

belts, and are located at the outermost periphery of coastal

estuarine wetlands (Yao, 2013; Li et al., 2021a). Tidal flats

play an important ecological role in the security of estuarine

wetland ecosystems, shoreline stability, reserving coastal land,

and conserving biodiversity (Kim and Ryu, 2020; Bao and Gao,

2021; Costanza et al., 2021; Jackson et al., 2021). However, 16% of

the world’s tidal flats were lost between 1984 and 2016 due to

natural and human factors such as watershed climates, water

conservancy construction, and industrial and agricultural

production weakening the buffering capacity of tidal flats as a

defense against coastal erosion (Murray et al., 2019; Liu et al.,

2020). This phenomenon leads to the structural degradation of

coastal wetland ecosystems and the reduction of ecological

functions (Sun et al., 2017; Cui et al., 2021), which is not

conducive to the sustainable development of coastal cities (Ma

et al., 2014). Thus, of importance to maintaining the stability of

estuarine wetland shorelines and wetland ecological security is

exploring the spatial evolution of, and ecological risks to, tidal

flats.

The temporal and spatial evolution of wetlands has been the

result of changes in regional landscape patterns (Jiang et al., 2017;

Murray et al., 2019). Landscape patterns reflect a combination of

different ecological processes, climate, land-use changes, and

biodiversity changes (Zhan et al., 2019; Zhang et al., 2021).

Studies have shown that wetland landscape patterns depend

on the geographical distribution and composition of wetland

resources, and are closely related to the robustness to

disturbance, resilience, stability, and biodiversity of wetland

ecosystems (Fu, 1995). External disturbance is an important

ecological and landscape-scale process, and a key driving force

affecting landscape structure and spatial organization (Li et al.,

2021b; Duan et al., 2022). Nearly three-quarters of the global

ecological landscape has been altered by human disturbance over

the past millennium (Dadashpoor et al., 2019; Grafius et al., 2020;

Winkler et al., 2021). For example, the transfer rate of the tidal

flats landscape around the Nile Estuary to the ocean waters

reaches 30 m/a (Zucker et al., 2021), and other tidal flats

landscapes such as the Mississippi, Ebro, and Colorado have

been showing a trend in shifting to marine waters due to the

intensification of external disturbances (Walling, 2006; Xu et al.,

2019). In the coastal areas of China, almost 53% of the tidal flats

along the coast were lost due to land reclamation (Zhou et al.,

2020). In particular from 2000 to 2010, the area of coastal tidal

flats transformed into such artificial landscapes as construction

land and cultivated land reached 320,000 hm2 (Yu and Zhang,

2020), and the area of tidal flats was reduced by 25.2% (Ma et al.,

2019). Changes in natural factors, such as river conditions,

estuary size, and estuary hydrodynamic environments have

also had an important impact on the evolution of coastal tidal

flats landscapes (Paul et al., 2002; Strayer et al., 2003). For

example, 5.2 km2 of the coastal tidal flats landscape in South

Korea transformed into marine waters due to the reduction of

river sediment input from 2013 to 2018 (Kim et al., 2021). The

tidal flats landscape of the Yangtze River estuary has also been

continuously turned into marine waters due to the decline of the

annual sediment discharge from the Yangtze River after 2000

(Shen et al., 2013; Liu et al., 2020). In addition to Qingbacha, the

tidal flats landscapes of the Yellow River estuary have been

transforming into marine waters due to the reduction of river

runoff and thus sediment discharge (Wang et al., 2017).

Ongoing landscape changes have caused a range of

environmental and ecological problems globally, including

habitat destruction, soil degradation, primary productivity

decline, and biodiversity loss (Imhoff et al., 2004; Guida

Johnson and Zuleta, 2013; Zhang et al., 2016; Zhou et al.,

2018). Especially in recent decades, the dominant landscape of

coastal wetlands has been gradually replaced by artificial

landscapes with the expansion of construction land, resulting

in regional ecosystem changes and the formation of more

scattered and complex landscape patterns (Dadashpoor et al.,

2019; Roussel and Alexandre, 2021). This makes landscape

fragmentation a common feature of the evolution of coastal

tidal flats landscapes (Plexida et al., 2014; Pace et al., 2017;

Skilleter et al., 2017). These problems have greatly curtailed

the ability of wetland ecosystems to provide ecological services

for humans, and have brought serious threats to the sustainable

development of human society (Jiyuan et al., 2010; Zhou et al.,

2018). Therefore, it is crucial to assess the ecological risks arising

from the current evolution of wetland landscapes correctly to

alleviate the conflict between regional sustainable development

and environmental protection. Landscape ecological risk is a

landscape pattern-based perspective that reflects the possible

adverse effects of human activities or natural conditions on

landscape composition, structure, function, and processes

comprehensively (McEachran et al., 2018). It can characterize

comprehensive ecological risks from multiple stressors through

landscape features, and provides an ecological risk mitigation

pathway based on landscape pattern optimization (Goussen

et al., 2016; Wang et al., 2021). Landscape ecological risk

analyzes the impact of ecological risk on landscape

composition and function, emphasizing the spatiotemporal

heterogeneity of that risk (Wang et al., 2021; Zhang et al.,

2022). Landscape ecological risk is used in watersheds, coastal

wetlands, and for the ecological risk assessment of ecologically

fragile areas and cities. However, there is still a lack of research

based on ecological risk assessments of tidal flats landscapes

around estuarine wetlands, and research on landscape patterns,

ecological risks, and their driving factors is limited.

In summary, the landscape patterns of estuarine wetlands are

in continuous evolution under the influence of human or natural

environment factors, which affects the ecological security and

ecological functions of regional wetlands. Relevant studies

mainly focus on the ecological degradation and restoration of
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wetlands within tidal flats, ignoring that tidal flats are an

important peripheral defense line of estuarine wetlands, and

thus there is a lack of understanding of the ecological role of

tidal flats on coastal wetlands security. Therefore, since findings

from the research to date on the evolution of estuarine tidal flats

landscapes are unclear, the present study was conducted at the

tidal flats in the Liaohe estuary wetlands (abbreviated as LEW),

representing a typical international estuarine wetland, to achieve

the following objectives: 1) Analyze the tidal flats landscape

pattern around the estuary wetland; 2) quantitatively assess

the ecological risks faced by estuarine tidal flats; 3) clarify the

key driving forces and thresholds of ecological risks affecting tidal

flats landscapes, and provide a theoretical basis for the protection

and utilization of estuarine wetlands. The results will provide a

theoretical basis for the protection and utilization of estuarine

wetlands.

2 Materials and methods

2.1 Study area

This study was conducted on the tidal flats at the boundary

between the land and sea of the LEW in Panjin City, northern

China (Figure 1). This area is an important zone of material

exchange in Bohai Bay, which is both boundaries of the wetlands

and the city. The tidal flat area identified in this study is the area

before the boundary of the vegetation zone and the boundary of

the ocean low tide in the LEW. To discover the evolution of the

estuary tidal flats landscape, the study area was chosen as

between the upper and lower boundaries of the tidal flats of

the LEW in 1985 and 2017. The area of the tidal flats was

223.30 km2 in 2017. The main material source of the

continuous tidal flats deposition in the LEW is the sediment

discharge of the Liaohe River. The study area was in a warm,

temperate continental, semi-humid monsoon climate zone with

four distinct seasons, including rain and high temperatures in the

same season, and also dry and cold weather in the same period.

The annual average temperature was 8.40°C, the annual average

precipitation was 623.20 mm, and the annual average

evaporation was 1669.60 mm.

2.2 Data sources

The main indicators and data sources involved in this study

are shown in Table 1.

2.3 Landscape ecological risk assessment

The main methods and technical processes used in the

current research to explore the ecological risks to tidal flat

landscapes were shown in Figure 2. The research was

completed through the following steps: step 1, obtain

remote sensing images of the study area, and apply GIS

spatial analysis and a transition matrix comprehensively to

explore landscape evolution characteristics; step 2, calculate

and analyze the relevant indices based on the results of

landscape interpretation: 1) calculate the landscape

FIGURE 1
The location of the research area.
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TABLE 1 Research indicators and data sources.

Type Index/Elements Data source

Landscape composition Landscape area The remote-sensing image data were downloaded from the China Geospatial Data Cloud (http://www.gscloud.cn) and
the website of USGS (http://earthexplorer.usgs.gov/). RS image resolution was 30 m. The landscape was divided into
exposed tidal flats, natural waters, natural wetlands (Suaeda salsa and reeds), paddy fields, mariculture, oil and gas
exploitation, roads, towns, reservoirs, and construction land; based on GIS. The overall accuracy of image interpretation
was 85.62%

Landscape
architecture

The landscape index was calculated using Fragstats_V4.2 (Chen et al., 2014; Plexida et al., 2014; Wang et al., 2020) based
on the interpreted landscape-type data of the study area

Net Shoreline Movement (NSM) represents the interannual migration distance of tidal flats shorelines in horizontal space
and is an indicator characterizing tidal influence. The data were calculated by the baseline cross-sectional method based
on the digital shoreline analysis system

Landscape ecological
risk

Landscape
disturbance

he index value was calculated by the formula LDIi � αCi + βSi + γFi based on the interpreted patch data of landscape
types. The specific calculation formulas and parameter explanations are provided in the supplementary materials

Landscape sensitivity Landscape sensitivity was divided into five levels based on a comprehensive analysis of related studies (Chen et al., 2020;
Ran et al., 2022) and the state of the tidal flats in the LEW. Level 1: towns, roads, oil and gas exploitation, construction
land; Level 2: mariculture, reservoirs, paddy fields; Level 3: natural waters; Level 4: natural wetlands; Level 5: exposed tidal
flats. According to the landscape type in the study area, the landscape vulnerability index was calculated based on
sensitivity level assignment and data normalization of different landscape types

Influencing factors Socioeconomic The index value was calculated based on the interpreted landscape patch data. The method of calculation is provided in
the supplementary materials

Annual data for 1985–2017 were obtained from the “Panjin Statistical Yearbook.”

Watershed hydrology The daily observation data were obtained for 1985 to 2017 from the “Liaohe Hydrological Yearbook”

FIGURE 2
Research methods and technology flow chart.
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vulnerability index (LVI) through sensitivity analysis; 2)

calculate the landscape disturbance index (LDI) using

Fragstats_V4.2 (Chen et al., 2014; Plexida et al., 2014;

Wang et al., 2020); 3) construct a landscape ecological risk

model based on integrating the two parameters, and evaluate

the ecological risk of the study area; step 3, explore the key

driving factors that affect ecological risk. Specifics about the

methods of analysis and calculations undertaken are

presented in the Supplementary Materials.

To finely evaluate the ecological risks to this regional

landscape, this study established a 500 × 500 m grid according

to the spatial distribution characteristics of the landscape patches,

and divided the study area into 2,963 grid evaluation units. The

values of the landscape disturbance index (LDI) and the

landscape vulnerability index (LVI) for each evaluation unit

were calculated and then the landscape ecological risk index

(ERIk) of the corresponding grid assessment unit was calculated

using the following formula.

FIGURE 3
(Continued).
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ERIk � ∑n

i�1
Aki

Ak
(LDIi × LVIi) (1)

In the formula, ERIk is the landscape ecological risk index of the

kth evaluation unit; LDIi is the landscape disturbance index; LVIi is

the landscape vulnerability index; n is the number of landscape

types; Aki is the area of the i
th landscape type of the kth evaluation

unit;Ak is the total area of the k
th evaluation unit. The larger the ERIk

value, the higher the ecological risk of the corresponding grid.

To analyze the spatial and temporal distribution differences

of the ERI, the values of ERI were divided into low ecological risk

areas, medium ecological risk areas, and high ecological risk areas

using the Jenks natural breaks classification method (Chen et al.,

2013; Gong et al., 2021). Then, the spatial distribution

characteristics of the ERI were analyzed using the kriging

interpolation method, and the spatial distribution changes of

the number of high-risk, medium-risk, and low-risk grids were

statistically analyzed.

FIGURE 3
(Continued). Transition matrix Analysis of tidal flat landscape in the LEW.
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2.4 Driving factors analysis

According to the current environmental status of the tidal

flats in the LEW, the eight main driving factors of patch density

(PD), landscape diversity (SHDI), artificial disturbance intensity

index (LHAI), Gross Domestic Product (GDP), Gross Value of

Agricultural Production (GVAP), mean annual flow, flow during

the flood season, and annual sediment discharge were screened

out by principal component analysis based on a comprehensive

analysis of the 14 impact indicators shown in Table 1. Among

them, the LHAI, GDP, GVAP, PD, and SHDI in the first principal

component had factor loads greater than 0.8, while the mean

annual flow, flow during the flood season, and annual sediment

discharge in the second principal component had factor loads

greater than 0.8.

Based on the main initiating factors screened, the factor

detector in the geographic detector (Wang et al., 2010, 2016) was

used to analyze the effect of the main driving factors affecting the

FIGURE 4
Landscape Ecologic risk index Spatial distribution in the LEW.
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ERI on the tidal flats landscape in the LEW, based on the main

initiating factors that were screened. Then, the q value was used

to judge and explain the driving force of each index with regards

the range of change of the ERI. Regression analysis was used to

explore the relationship between each driving factor and the ERI,

and to analyze the effect of different driving factors on the

ecological risk to the regional landscape.

3 Results

3.1 The evolution of the tidal flats
landscape

The tidal flats of the LEW has been silting up to the sea

gradually over the past 30 years, meanwhile, the tidal flats

landscape has evolved into natural wetlands and artificial

landscapes such as roads, towns, and aquaculture (Figure 3).

From 1985 to 2017, 16.11% of the natural waters gradually

evolved into tidal flats in the study area. 17.66% of the tidal

flats have evolved into natural wetlands, of which 15.44% and

2.22% have evolved into reed and Suaeda salsa wetlands

respectively; 24.47% of the tidal flats have been developed into

mariculture, and 6.85% have been developed into paddy fields.

11.08% evolved into other artificial landscapes. In terms of

artificial landscape, 24.47%, 6.85%, and 11.08% of the tidal

flats were developed into mariculture, paddy fields, and other

artificial landscapes, respectively. Of the natural wetlands,

68.72% were developed into paddy fields, of which 70.71%

and 11.01% of the reed and Suaeda salsa wetlands were

transformed into paddy fields, respectively. In addition, 7.38%

of the natural wetlands were developed for aquaculture, of which

13.40% and 7.17% of the Suaeda salsa and reed wetlands were

developed for aquaculture, respectively.

The characteristics of landscape change can be roughly

divided into the natural evolution period (1985–2000), the

artificial landscape rapid increase period (2000–2010), and

the ecological restoration period (2010–2017). In terms of

the period 1985 to 2000, the tidal flats in the LEW mainly

turned to Suaeda salsa and reed wetlands by natural succession,

and the average proportion of artificial landscapes such as

marine aquaculture and roads was 2.30%. The proportion of

natural wetlands being developed into paddy fields increased

year by year. From 2000 to 2010, the proportion of artificial

landscapes increased rapidly. 6.40% of tidal flats turned into

natural wetlands, 13.72% was developed for mariculture, and

only 0.2% was turned into other artificial landscapes. Of the

natural wetlands, 7.18% were turned into such artificial

landscapes such as for mariculture, roads, and other artificial

landscapes. During this period, the area that can be developed

for mariculture reached its limit, and the scale of mariculture

accounted for 13.18% of the study area, which was the largest

artificial landscape. At this time, the tidal flats were in a state of

erosion, and 35.06% of the area was transformed into natural

water, while 57.82% and 14.79% of Suaeda salsa and reed

wetlands, respectively, were degraded into the exposed tidal

flats. From 2010 to 2017, 28.29% of the tidal flats were

transformed into natural wetlands, of which 18.65% were

transformed into Suaeda salsa wetlands. The proportion of

tidal flats developed for aquaculture was reduced to 1.17%, and

5.47% of the tidal flats were developed. In paddy fields, the

proportion of other artificial landscapes was reduced to 0.83%

during the period, and 9.72% of the aquaculture landscapes

were cleared and restored to natural wetlands, of which 8.41%

of aquaculture was transformed into Suaeda salsawetlands. The

results show that the implementation of the “Environmental

Grayscale Project around the Bohai Bay” has promoted

improvement of the landscape pattern in the study area, and

the increased rate of the artificial landscape has begun to

decline. However, during this period, the tidal flats were still

eroded, shrinking by 6.84%, and 5.84% of Suaeda salsa

degenerated into exposed tidal flats.

In general, the proportion of tidal flats transformed into such

artificial landscapes as paddy fields and aquaculture between

1985 and 2017 was greater than that of natural wetlands such as

reeds and Suaeda salsa. The regional tidal flats landscape

generally showed a tendency to transform into an artificial

landscape, in which, in 2017, the average increase in rate of

mariculture reached 11.39%, the proportion of mariculture

reached 11.55%, and the natural wetlands accounted for

8.02%. The reed and Suaeda salsa natural wetlands in the

region were mainly developed into paddy fields, and the

transfer rate increased to 7.60% in 2017.

FIGURE 5
The q-value radar map of driving forces on ERI.

Frontiers in Environmental Science frontiersin.org08

Li et al. 10.3389/fenvs.2022.1070009

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1070009


3.2 The ecological risk of the tidal flats
landscape

The tidal flats of the estuary have evolved into salt marsh

wetlands and reed wetlands through the gradual but continuous

process of silting, and swelling towards the sea. The landscape of

the estuary has evolved from a single tidal flats landscape into a

variety of wetlands. The landscape diversity has increased, but

with the impact of human activities, the evolution of the tidal flats

has gradually been replaced by the artificial landscape. The

ecological risk faced by the regional landscape has changed

with the evolution of the landscape. The evaluation results of

ecological risk in the study area over the past 30 years are shown

in Figure 4.

FIGURE 6
Different kinds of driving forces on Ecological risk in the tidal flat: the labels (A–H) represent SHDI, PD, LHAI, GDP, GVAP,mean annual flow, flow
during the flood season, and annual sediment discharge respectively.
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The change of the ERI reflects the superposition effect of the

changes of various types of landscape utilization in the region

(Ran et al., 2022). With the evolution of landscape patterns, the

spatial distribution of the ERI in the study area was different

(Figure 4). The ERI fluctuated with changes in the distribution of

exposed tidal flats, with high ecological sensitivity. From 1985 to

2017, the high ecological risk zones were mainly distributed in

the exposed tidal flats located outside of the LEW; the medium

ecological risk zones were mainly distributed in the largest

natural waters; the low-risk zones were mainly distributed in

the artificial landscapes with strong anti-interference capacity,

and the low-risk zones increased to a certain extent with the

increase in landscape diversity. This demonstrates that the

increase of regional landscape types can alleviate ecological

risk to a certain extent.

From 1985 to 1990, the high ecological risk and medium

ecological risk zones dominated the study area, with a small

proportion of low-risk zones. This shows that the regional

landscape type was dominated by exposed tidal flats at the

beginning of the research period. The overall landscape type

also had high ecological sensitivity and thus the study area

suffered from high landscape ecological risk. After 1990, as

the tidal flats silted up to the sea, the areas of high ecological

risk increased. From 1995 to 2005, the high ecological risk areas

increased, spreading from the periphery to the inside of the study

area, and the value of the ERI increased. The low-risk areas were

mainly in mariculture, paddy fields, and reservoir landscapes,

and the medium-risk areas decreased. Since 2005, the natural

water landscape has evolved into medium ecological risk zones,

indicating that the continuous strengthening of artificial

developments has increased the ecological risk of natural

waters. By 2010, the area of high ecological risk was

decreasing, and mainly distributed in the peripheral areas of

the tidal flats. The low ecological risk zones were mainly

distributed in artificial landscapes with strong robustness

against interference such as paddy fields, mariculture, and

reservoirs. Since 2010, the spatial distribution of the ERI has

not changed much, the area of high-risk zones has decreased, and

the medium-risk and low-risk zones have not changed

significantly. The area of high-risk zones increased by 2017,

however, which may be related to the large-scale degradation

of salt marsh wetlands caused by the disconnection of tidal flats

waterways which in turn were caused by tourism developments

from 2015 to 2017.

Considering the changes in the spatial distribution of the ERI

in the study area from 1985 to 2017, in the process of natural

succession of the tidal flats from a single landscape to a natural

wetland landscape, with the increase of landscape diversity, the

ERI decreased. Later in this period, with the increase in the

proportion of artificial landscapes and the influence of tidal flats

erosion, the ERI showed a fluctuating trend of increasing and

decreasing. Overall, the ecological risk of the tidal flats landscape

in the LEW has been at a medium-risk level over the past

30 years, the high-risk and medium-risk zones have declined

to some extent, and the low-risk zones have been slowly

increasing. The results of this study have showed that the

stability of the estuarine wetland landscape can be improved

when the regional landscape evolved from a single exposed tidal

flats landscape to a diverse landscape structure. The ability of

ecologically fragile areas to resist ecological risks also improved.

This landscape evolution improves its ability to resist ecological

risks in ecologically fragile areas.

3.3 The driving factors affecting the
ecological risk of the tidal flats

3.3.1 Screening of key factors
The staged comprehensive analysis by the factor detection

method (Figure 5) showed that the order of explanatory power of

the driving factors affecting the changes of the tidal flats ERI in

the LEW was PD > SHDI > LHAI > GDP > sediment discharge >
GVAP >mean annual runoff > flow during the flood season. The

results showed that the PD, SHDI, and LHAI have a greater

impact on the landscape ecological risk index in the study area,

indicating that the change in structure of the tidal flats was the

key process that caused changes in landscape ecological risk.

However, the main force driving the change in regional landscape

structure was human development (Jat et al., 2008; Bryan et al.,

2018). On the whole, the q value of the socioeconomic driving

factor reflecting the influence of human activities was greater

than that of the natural factors, which indicates that human

development activities were the key factors driving the changes in

ecological risk of the tidal flats landscape in the LEW.

3.3.2 Effects of changes in landscape spatial
structure on ecological risks

The ERI increased first and then decreased with the increase

of SHDI (Figure 6A). The ERI increased when the SHDI changed

when the SHDI value was less than 1.0. The ERI decreased when

the SHDI increased from a value changed from 1.0 to 1.4. The

ERI increased again when the SHDI continued to increase after

exceeding 1.4. The ERI slowly decreased with the increase of the

PD (Figure 6B). The influence of the PD on the ERI stabilized

with no obvious change beyond a PD of 0.3. The results showed

that the environmental risks faced by a single landscape patch

were decreased when the tidal flat landscape evolved from a

single landscape patch to multiple other landscape patches. Thus,

the ERI decreased to a certain extent as the SHDI and PD

increased. However, the ecological risk of the landscape

tended to be stable or increase when this changing trend

exceeded a certain limit. This indicates that the continuous

increase of SHDI and PD will be unfavorable to reducing the

ecological risk of the regional landscape. This limitation may be

related to the increase of landscape diversity in the study area

mainly due to the contribution of the artificial landscape.
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However, the increase of artificial landscapes will exacerbate the

fragmentation of regional landscapes (Zhou et al., 2018), making

the landscape pattern unstable and affecting the regional

landscape and its ecological security.

3.3.3 The impact of human disturbance activities
on ecological risks

The LHAI, GDP, and GVAP all have a quadratic polynomial

relationship with the ERI (Figures 6C–E). The regional ERI

decreased with increases in the LHAI, when the value was less

than 0.15. This indicates that the ecological risk faced by the

single landscape of tidal flats would be reduced if the single tidal

flats landscape was transformed into an artificially developed

landscape. The ERI became stable when human disturbance

continued to increase. However, the ERI changed to a trend

of increasing with increasing LHAI when the LHAI value was

greater than 0.17. The ERI decreased with increases in regional

GDP and GVAP but once economic development exceeds a

certain limit, the ERI switched to increasing with increases in

GDP and GVAP. These results show that the environmental risks

faced by a single tidal flats landscape would be reduced to a

certain extent in the face of human development controlled

within a certain range.

3.3.4 The impact of watershed hydrology on
landscape ecological risk

The Liaohe River flowing into the estuary has a logarithmic

relationship between the mean annual flow, flow during the flood

season, annual sediment discharge, and the ERI (Figures 6F–H).

The ERI increased rapidly with changes in the mean annual flow

and the flow during the flood season when the mean annual flow

was less than 90 m3 s−1 and the flow during the flood season was

less than 300 m3 s−1 in the low runoff years. The ERI tended to be

stable with no obvious change when the mean annual flow and

the flow during the flood season continued to increase beyond

180 m3 s−1 and 600 m3 s−1, respectively. The regional ERI clearly

increased with the change of the sediment discharge when the

annual sediment discharge of the Liaohe River was less than

400 t y−1. Beyond this, The ERI tended to be stable when the

annual sediment discharge further increased. In addition, there

was little effect on the ERI when the annual sediment discharge

was greater than 1,200 t y−1.

4 Discussion

4.1 The evolution of estuarine tidal flats
landscapes

The estuary tidal flats are located in the land–ocean

interlaced, sensitive zone, which is the most vulnerable type of

landscape in coastal estuaries (Li et al., 2021a; Xie et al., 2021).

They are potential development areas for reeds, salina, and other

types of wetlands that exist in coastal estuaries. The coastal and

estuarine tidal flats have mainly evolved into salt marsh wetlands

under the dominant action of certain natural factors. Regional

landscape diversity has increased, which has improved the anti-

disturbance ability of coastal estuarine wetland ecosystems (Cao

et al., 2020; Liu et al., 2020; Zhao et al., 2020). However, tidal flats

in coastal estuaries are an important element of the land reserve

resources of coastal cities, and the evolution of this landscape has

been deeply affected by human activities (Lin et al., 2018), which

have intensified the evolution of natural tidal flats into diversified

artificial landscapes (Zhang et al., 2022). This has led to the

fragmentation of wetland landscapes, reducing the connectivity

between patches of landscape types (Zhou et al., 2018), and

increasing the complexity and heterogeneity of patch shapes (Liu

et al., 2016).

The research showed that the tidal flats and natural water

landscapes of coastal wetlands were mainly transformed into

FIGURE 7
Interannual changes in ERI and percentage of assessment units with different ecological risk levels.
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construction land and aquaculture land, the natural wetlands

were turned into artificial wetlands and aquaculture, and the

artificial wetlands were transformed into construction land

(Lin et al., 2018). These results were consistent with the results

of the tidal flats in the LEW. The tidal flats landscape has

mainly evolved into a natural wetland landscape under the

influence of natural factors. In contrast, the tidal flats

landscape has rapidly turned into an artificial landscape

due to human interference, which causes the fragmentation

of the regional landscape pattern. In general, the evolution of

the landscape pattern of coastal estuarine tidal flats indicated

that landscape types with a high degree of human disturbance

replaced various landscape types with low and medium levels

of human disturbance (Li et al., 2017; Zhou et al., 2018), and

the intensity of human disturbance was the main reason for

the instability of the landscape pattern in the study area. It

showed that the continuous increase of human disturbance

intensity was the main reason for the rapid changes in the

estuarine tidal flat landscape pattern.

4.2 Ecological risks faced by estuarine tidal
flats landscape evolution

In terms of time dynamics, the ERI of the tidal flats landscape

in the study area changed in stages, and the ERI level differed at

different stages of landscape evolution. The ERI was established

based on the landscape index, and its value was determined by

the change in the combination of landscape type and its

vulnerability (Xu and Kang, 2017; Lin et al., 2019). Therefore,

the degree of transfer between the patches with different

ecological risk levels was different in the process of landscape

evolution of the tidal flats. The LEW was mainly affected by

agricultural production at the beginning of the study period when

the main landscape type was exposed tidal flats (Figure 7). The

ERI was relatively high due to the exposed tidal flats with a high

degree of vulnerability. Whereafter, with the increase of

landscape diversity, the tidal flats landscape evolved into

natural wetlands such as reeds and Suaeda salsa. As a result,

the ERI has decreased, and the high-risk zones have shifted to

become medium and low-risk zones. More recently, with the

implementation of China’s reform and development policy, the

Liaohe Estuary region experienced rapid urbanization and social

and economic development, which promoted the rapid

transformation of such landscapes of exposed tidal flats,

natural waters, natural wetlands, and others to artificial

landscapes with low vulnerability (Cheng et al., 2019). By the

end of the study period, the overall ERI decreased due to the area

of high-risk and medium-risk patches decreasing by 24.90% and

16.83% respectively, and the area of low-risk patches increasing

by 20.24%.

Previous studies concluded that urban sprawl and increased

land fragmentation were the main driving factors leading to

increased ecological risks in regional landscapes (Tang et al.,

2018; Lin et al., 2021). However, in terms of the environmental

conditions, the artificial reclamation of coastal tidal flats has

played a role to some extent in protecting the fragile ecological

environment of the islands and the coastal tidal flats (Lin et al.,

2018). The expansion of artificial landscapes increased landscape

diversity and reduced landscape sensitivity (Yang et al., 2022). It

showed that there has a double nature of the impact of human

disturbance on the ecological landscape structures. The anti-

interference ability of the fragile ecosystem will be improved due

to the increase in landscape diversity of the regional ecosystem

under moderate interference. Nevertheless, the ecological risk of

the regional ecosystem will be increased due to the destruction

and imbalance of landscape structures under excessive artificial

interference (Osman, 2008, 2015). The overall distribution of the

ERI in the tidal flats of the LEW (Figure 7) exhibited a shift from

high-risk patches with high sensitivity to medium-risk patches

with low sensitivity and low-risk ones with strong robustness

against interference. The LER values decreased to a certain extent

with the increase of artificial landscape components generally.

But a continued increase in artificial disturbance would lead to an

increase in regional ecological risk.

4.3 The impact thresholds of driving
factors

The results showed that in the evolution of the tidal flats

landscape in the LEW, there seems to be a critical value for the

impact of human disturbance factors and natural factors on the

ERI in the study area. Studies on the Yellow River Estuary and

Yancheng Beach showed that the main artificial disturbance

activities should be controlled within a reasonable threshold

to ensure the stability and ecological security of the estuary

and the pattern of the tidal flats landscape (Tian et al., 2022;

Yang et al., 2022). Other studies determined that the vehicular

roads in the tidal flats of the LEW should be limited to at or below

770.92 hm2 to ensure the ecological stability of the tidal flat

structure (Li et al., 2021a). This study found that the LHAI

should be controlled to be no higher than 0.17 in the

development of the tidal flats, otherwise, if the LHAI exceeds

this value, the ERI will increase due to the continuous artificial

disturbance. It showed that the management of the estuarine tidal

flat landscape should follow the guidance of the intermediate

disturbance hypothesis (Lubchenco and Sousa, 2020; Murdoch

and Sousa, 2020). The proportion of artificial landscapes can be

increased appropriately in the development of tidal flat resources.

But to take maximum advantage of human interference to

increase the heterogeneity and diversity of regional landscapes

its development needs to be controlled within a reasonable limit.

As such, the ecological risks faced by a single landscape structure

will be reduced (Molino and Sabatier, 2001; Sasaki et al., 2009;

Liu et al., 2019).
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A local government in Italy dredged 10 × 104 m3 of sand

from Viareggio to nourish the tidal flats in order to maintain

the relative stability of the Tuscan estuary landscape

(Pranzini et al., 2020). Research on the Hudson River

estuary clarified that the upstream sediment input to the

estuary of the Mohawk and Hudson Rivers should not be less

than 36.13 × 104 and 10.95 × 104 t·y−1, respectively, to

maintain the stability of the tidal flats landscape (Ralston

and Geyer, 2009). Research into the Yellow River Estuary

showed that to maintain the stability of the tidal flats

landscape, the sediment discharge of the Yellow River

should not be less than 441 × 106 and 167 × 106 t·y−1
before and after artificial water and sediment regulation,

respectively (Kong et al., 2015). Previous studies proposed

that the river sediment transported to the tidal flats should be

no less than 792.91 × 104 t·y−1 to maintain the stability of the

landscape macro-structure of the Liaohe Estuary wetlands (Li

et al., 2021a). It showed that the material supply of the

upstream basins restricted the stability of the

morphological structure of the estuarine tidal flat

landscape (Giosan et al., 2014). If the material supply of

the basins was insufficient, the tidal flat landscape ecosystem

will be degraded directly, hence the ecological risk level

aggravated faced by the estuary tidal flats (Wei et al., 2020;

Yu et al., 2021). This paper also found that there was a

threshold range for the impact of changes in sediment

input upstream of the Liaohe River in terms of the

ecological risk to tidal flats landscapes. The annual

sediment discharge, the mean annual flow, and the flow

during the flood season should not be less than 400 t·y−1,
180 m3·s−1, or 600 m3·s−1, respectively. If any of these factors

are below these thresholds, the ecological risk index increases

rapidly. The results showed that the sediment and water input

from the upstream of the Liaohe River was an important

material source to ensure the stability of the estuary tidal flat

landscape structure, which can alleviate the ecological risk

pressure of the tidal flat landscape effectively. Therefore, to

maintain the ecological risk of tidal flat landscapes within an

available range, two aspects should be paid attention to in the

protection and utilization of estuary tidal flat resources in the

future. The regional human development activities should be

controlled within an appropriate range. On the other hand, it

was necessary to coordinate the allocation of water and

sediment material supply from upstream to ensure the

stability of the estuary tidal flat landscape morphology.

5 Conclusion

The evolution of the tidal flats landscape in the LEW has

changed in stages, and seems to be turning into mainly an

artificial landscape. Between 1985 and 2000, the exposed tidal

flats landscape mainly evolved into natural wetlands such as

Suaeda salsa and reeds. In the period 2000 to 2010, the exposed

tidal flats landscape rapidly transformed into paddy fields and

aquaculture, and landscape fragmentation continued to intensify.

From 2010 to 2017, the proportion of artificial landscapes began

to decrease, changing into natural landscapes, and the tidal flats

landscapes in the study area developed naturally due to ecological

restoration projects.

The landscape pattern of tidal flats in the LEW has generally

been at a medium level of ecological risk over the past 30 years.

The ecological risk tended to decrease as the single exposed tidal

flats landscape evolved into a diverse landscape. The areas of

high-risk and medium-risk patches decreased to a certain extent,

and the areas of low-risk patches gradually increased. The high

ecological risk patches were mainly distributed in the exposed

tidal flats zones, with high sensitivity in the periphery of the

estuary.

The key factors affecting the landscape ecological risk of

the tidal flats were PD, SHDI, LHAI, GDP, and sediment

discharge. Among them, the PD, SHDI, and LHAI were the

key processes that caused changes in landscape ecological risk.

Human disturbance was the key factor affecting changes to

landscape ecological risk. In regional wetland management,

the LHAI should be controlled to be no higher than 0.17, and

the SHDI and PD should be kept within 0.14 and 0.3,

respectively, to preserve a reasonable landscape structure

and the ecological security of regional tidal flats. River

sediment input was a key natural factor affecting landscape

ecological risk, to ensure the continuing evolution of the

regional tidal flats landscape.
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