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Introduction: Wetland has been exposed to tremendous stresses and hazards, leading to many potential ecological risks in the past few decades. There is an urgent need to assess the ecological risk status of the wetland, especially when examining how the intensity of socio-economic growth, policy changes, and other variables affect land use and ecological risk changes.
Methods: This study models the LULC pattern in the Liaohe Estuary National Nature Wetland Reserve under various future scenarios in 2000–2040 and develops a long-term Pressure-State-Response ecological risk assessment model based on the characteristics of the northern wetland environment in China, combined with the simulated multi-scenario PLUS model.
Results: As the two most distinct vegetation types in the reserve area, Phragmites australis and Suaeda glauca presented decreasing trends of 59.7 ha/year and 9.0 ha/year in the economy development scenario (EDS), higher than 57.3 ha/year, 8.2 ha/year in the natural increase scenario (NIS), and 35.4 ha/year and 5.8 ha/year in the ecological protect scenario (EPS). From the core area to the buffer area to the outer experimental area, the slope rate of vegetation deterioration rises severely. In comparison to the scenario of EDS, the area of aquiculture and oil wells can be lowered by 11.4 ha/year and 1.1 ha/year with the application of ecological protection measures. Besides, under three scenarios, mean ecological risks are all showing an increasing trend from 2000 to 2040, which is generally higher in the EDS scenario than that in the NIS and EPS scenarios. The proportion of the high and very high level of ecological risk area continually increased from 28.8% to 40.4% from 2000 to 2040, which was mainly located in the south estuary and west urban areas. In addition, among the three protected areas, the ecological risk in the core area has a lower growth rate than that in the outer buffer zone and experimental zone.
Discussion: Aiming for the development of Liaohe Estuary National Park, these findings provide quantitative guidance for protecting and restoring natural resources.
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1 INTRODUCTION
Wetlands, as multifunctional natural zones between terrestrial and aquatic systems, have unique hydrological, soil, and vegetation conditions (Engelhardt and Ritchie, 2001; Mitsch and Gosselink, 2015). In addition, wetlands provide specific ecosystem services and activities such as water resource conservation, runoff control and regional water balance maintenance, et al. (Zedler and Kercher, 2005; Meng and Dong, 2019; Hu et al., 2023). However, due to climate change, eutrophication, and anthropogenic activities, wetlands and their environments are severely changing (Mao et al., 2020; Dar et al., 2021; Rashid et al., 2023). Less than 6% of the earth’s territory is made up of wetlands, and the majority of that land has deteriorated, putting the wetland ecosystem in grave danger (Zedler and Kercher, 2005; Endter-Wada et al., 2020; Endter-Wada et al., 2018; Dar et al., 2020). For instance, since the 1950s, the Sanjiang Plain, which is also an important national nature reserve in the northeast of China along with the Liaohe Estuary wetland, has lost more than 80% of its wetlands (Lou et al., 2015). Thus, a necessary condition for the coexisting growth of humans and environment is the scientific management of these ecological hazards (Lu and Liu, 2008). Predicting land use and land cover (LULC) and evaluating its ecological risk under various planning techniques is a necessary step towards lowering the risk of disaster through LULC planning (Zhou et al., 2020; Gao et al., 2022). Using multi-scenario simulation to forecast and predict the future LULC condition under various plans is a crucial way to achieve the above goals and illustrate the trends of evolution in wetland area and the contradictions of LULC in sustainable development.
With the development of multi-indicator comprehensive evaluation methods, the understanding of the structure and function of ecosystems has been continuously deepened. As a result, exploring the comprehensive evaluation of multiple stress factors such as physics, chemistry, and biology to reflect the cumulative impact of multiple factors on regional habitats has become a research trend (Liu et al., 2020; Chen et al., 2021; Liao et al., 2022; Sun et al., 2023). For example, Relative risk model is one of the techniques created to assess the ecological risk of urban areas in accordance with the efficiency principle of ecological modeling. Li et al. (Li et al., 2019) used the three dimensions of “nature-human-society landscape pattern” to identify the landscape ecological risk of the Ningjiang River Basin in Guangdong. However, the evaluation dimension in several former studies was based solely on the vulnerability of various landscapes, which was relatively single-minded (Sadeghi and Hazbavi, 2017). Comparatively, the further developed Pressure States Response model (PSR) examines the link between environmental pressure, system state, and response measures based on causal relationships at the regional scale while taking into account the feedback and reaction of wetlands to external and self-stress, providing a robust scientific perspective for comprehensive ecological risk assessment of wetlands (Sun et al., 2019; Hazbavi et al., 2020). Wetland is a natural-economic-social composite ecosystem, involving multiple disciplines and fields on evaluation indicators. However, the risk assessment of wetland ecosystems is still poor on a multi-index evaluation framework in the context of notable disparities in wetland ecosystems on a regional scale, especially examine how the intensity of socio-economic growth, policy changes, and other variables affect land use and ecological risk changes in the annual series analysis.
The fine-grained changes in LULC are important ways to investigate the ecological risks attributed to the unbalance of ecosystem services provided by wetlands or the enhanced sensitivity of the wetland environment (Liao et al., 2018; Gao et al., 2022). For example, Hishe et al. (2020) simulated the future change based on the past LULC patterns using the Cellular Automata (CA)-Markov model in northern Ethiopia. Nath et al. (2020) predicted the future LULC map and analyzed the future potential landscape risk area of the 2008 great earthquake at Dujiangyan City. However, prior researches on land use change modeling have mostly concentrated on transitioning between common land types, such as impermeable surfaces, cultivated land, etc. (Hu et al., 2022; Xu et al., 2022), while there is still little knowledge on nature reserves, which are composed mainly of wetlands, such as freshwater swamps, saline swamps, Phragmites australis fields, and Suaeda salsa area, et al. (Bao et al., 2019; Athapaththu et al., 2020). Moreover, by taking into account the interactions within different patches, the CA-based model has been widely used to simulate the complicated self-organization behavior of land use (Guan et al., 2011). Through digging up the rules of land-use transition metrics and figuring out the probability of various land types in each cell, this kind of model finally develops future land use data (Clarke and Gaydos, 1998). However, due to the lack of spatiotemporal continuity, the model is unable to simulate the evolution of land use patches, thereby reducing the accuracy of ecological risk assessment (Gao et al., 2022). A novel CA model based on a multi-type patch generation method is proposed by the PLUS model, which is supported by land-use data across various periods and is more suitable for modeling real landscapes (Liang et al., 2021). The PLUS model has been extensively used to simulate and forecast various land-use scenarios (Li et al., 2021), ecological risks (Gao et al., 2022), and other fields (Wei et al., 2024). Thus, the comprehensive ecological risk assessment, which combines various indicator evaluations and multi-scenario simulation, contributes to improving the robustness and accuracy of the study.
Liaohe wetland area in Panjin international wetland city, was firstly selected as a national nature reserve in 1988 and an internationally important wetland in 2005 (Song et al., 2022). With China and local governments paying close attention to the preparations for the establishment of a national park in 2021 and the adoption of the Panjin City Wetland Protection Regulations and other measures, it is imperative to link LULC, associated land surface processes, ecological risk, and construction suggestions to improve our understanding of the current degradation state of these ecosystems and be useful for landscape planning and environmental management in this area in an effective and sustainable manner. Therefore, in this study, we aim to 1) Simulating the future land use in Liaohe Estuary National Nature wetland Reserve under three scenarios of natural increase scenario (NIS), ecological protect scenario (EPS) and economy development scenario (EDS); 2) Comprehensively evaluating the ecological risk level of combining various Pressure-Status-Response indicator evaluation and multi-scenario simulation from the whole reserve area to core, buffer and experimental protect districts; and 3) Providing suggestions for the future development planning of Liaohe Estuary National Nature wetland Reserve based on the simulated scenarios for different policy implementation results.
2 METHODS AND MATERIALS
2.1 Study area
The core and its surrounding area of Liaohe Estuary National Nature Wetland Reserve (121°23'∼ 122°29′E, 40°39'∼ 41°27′N) were taken as the study area (Figure 1), located in Panjin City at the estuary of China’s northeastern coast. It is a crucial stopover point for waterbirds such as Grus japonensis migrating between East Asia and Australia, and also the largest breeding and habitat for Larus saundersi in the world, and holds significant importance in international wetland and biodiversity research and conservation.
[image: Figure 1]FIGURE 1 | Study area. (A) the location of the study area; (B) the scope of the study area; (C) the land use and land cover types of the study area in 2020.
The area belongs to a temperate continental monsoon climate with an average annual rainfall of 650 mm and an average annual temperature of 8.5°C. Liaohe River and Daling River in the wetland are the main sources of forming and maintaining the hydrological network in the study area. There are tides on the wetland coast, and large areas of mudflat are distributed in the intertidal zone. S. salsa and Phragmites australis are the two main wetland vegetation types, with a limited distribution of other wetland vegetation types (Song et al., 2022). The planting industry of Phragmites australis is well-known worldwide, while the S. salsa community blooms bright red in summer each year, which is known as the “red beach”. According to China’s National Nature Reserve System, nature reserves are divided into three categories, i.e., national parks, nature reserves, and natural parks, in order of ecological value and protection intensity. The Liaohe estuary wetland area was listed as a national-level nature reserves in 1988, designated as an important international wetland in 2005, and launched the national park project in 2021, receiving high attention from the national and local governments.
2.2 Data
The datasets used in this study include the Landscape characteristics, Soil, climate, and vegetation datasets (Table 1). Due to the lack of long-term high-resolution fine land use data in the Liaohe Estuary wetland area, land use datasets with a fine classification resolution of 30 m in 2000, 2010, and 2020 were produced, based on calibrated Top of Atmosphere Reflectance (TOA) images, which were captured by Landsat instruments Enhanced Thematic Mapper Plus (ETM+) and Operational Land Imager (OLI) (Dong et al., 2021). According to the classification scheme developed by previous researches as well as the research targets in this study, the land-use datasets were reclassified into fifteen types: Sea area, Freshwater marsh, Road, Dry farmland, River, Urban, Phragmites australis area, Reservoir, Paddy, Mudflat wetland, Saltwater swamp, Suaeda glauca, Salt field, Aquiculture and Oil well (Zhou et al., 2020; Gao et al., 2022; Liao et al., 2022). Based on field surveys and verification points from high-resolution historical images of Google Earth, the results show that the overall accuracy is over 74% with a kappa coefficient of over 0.73.
TABLE 1 | Details of all data.
[image: Table 1]Climate and Soil datasets were used for the ecological risk assessment, containing soil salinity, silt content, mean annual precipitation (MAP), mean annual temperature (MAT), and evapotranspiration. Vegetation datasets consist of NDVI, FVC. Besides, we conducted the yield of Phragmites australis used for the ecological risk assessment, using binary linear regression analysis between FVC and the annual yield of Phragmites australis obtained from Bureau of Statistics of Panjin City. The results showed a significant positive correlation (R2 = 0.21). Socioeconomic datasets consist of nighttime light dates. Then, we also calculated the slope of DEM, the distance to roads, the distance to water, the distance to oil well, and the distance to aquiculture, and added them together with NDVI, nighttime light, MAP, MAT as driving factors into the PLUS model. When determining the transition probability of a certain land type in a multi-objective scenario, the socioeconomic data from the Panjin Statistical Yearbook is also considered. The PLUS model was then used after all land-use and driving factor datasets had been resampled to 30 m resolution.
2.3 Methodology
As shown in Figure 2, Firstly, to match the pixels as the input dataset in the PLUS model’s, the land use dataset and driving factors are resampled. Then, the conversion probability of each land-use type under the NIS, EPS, and EDS scenarios are set in accordance with the local governance policy, and the Markov model is used to calculate the number of pixels for different land-use types in each of the three development scenarios. Afterwards, input the above dataset and pixel count into the PLUS model to obtain land use information in different scenarios. Moreover, to estimate multi-variable ecological risks, the PSR ecological risk assessment model is used, using the entropy method to integrate indices of land-use, climate, soil, landscape characteristics, ecosystem service, and vegetation factors. Lastly, an evaluation and comparison of various ecological risk levels for each of the three scenarios is conducted, with the spatiotemporal dynamic changes in land-use from 2000 to 2040.
[image: Figure 2]FIGURE 2 | The workflow of this study. Note: LULC: land use and land cover; NIS: natural increase scenario; EPS: ecological protect scenario; EDS: economy development scenario; MAT: mean annual temperature; MAP: mean annual precipitation; ESP: soil salinity; SLIT: silt content; Farm: aquaculture area; PD: patch density; LPI: largest patch index; AI: aggregation index; NDVI: normalized difference vegetation index; ET: evapotranspiration; Crop yield: the unit area yield of Phragmites australis; Water yield: annual water yield; FVC: fractional vegetation cover; Habitant: habitat quality; WA: wetland accessibility.
2.3.1 The PLUS-Markov model
The PLUS model mainly consists of the Land Expansion Analysis Strategy (LEAS) module and the Multi-type Random Patch Seeds (CARS) module (Liang et al., 2021). We first overlay and extract the changes in land-use data from two periods in the PLUS model. Then it investigates the relationship between those changes and the driving forces using the random forest method in the LEAS. By calculating the development potential raster of each land use type using LEAS, combining the pixel counts, conversion matrices, neighborhood weights of each land use type, and the constraints of core protected areas, we further simulated the future land use based on CARS. Under the restrictions of growth probability, new land use patches can develop naturally owing to the spatiotemporally dynamic (with temporal consistency) CARS (Gao et al., 2022).
2.3.2 Multi-scenario design
We designed three scenarios, i.e., the natural increase scenario (NIS), the ecological protect scenario (EPS), and the economy development scenario (EDS), to predict and evaluate the land-use types in Liaohe Estuary in 2040. The NIS scenario indicates the natural development of land-use in accordance with historical natural tendencies. The EPS scenario aims to provide a high level of ecological protection against various land-use scenarios. According to current local policies aimed at dismantling aquaculture farms and restoring wetlands in Panjin city, 5,726.7 ha of wetlands have been restored, making up 3% of the total area during 2018 and 2020, and 100 ha of Suaeda glauca have been restored in 2021, with the latter expanding more than ten times in just 5 years. Thus, in this study, we set the conversion probability of other land-use types to Suaeda glauca +30% and aquaculture farms to wetland +20%. In comparison to other land use scenarios, the EDS scenario seeks to maximize economic advantage and economic development. According to the Panjin City Statistical Yearbook, the development of oil and marine resources is the key industry. As a result, we set the conversion probability of other land-use to +20% for oil wells and aquaculture farms and +10% for urban areas. The detailed transition matrix and land demands under NIS, EPS, and EDS are shown in Supplementary Tables S2–S4.
There is also a main spatial restriction under different scenarios, which is the prohibition of development and habitation within the area of the Liaohe Estuary National Nature Wetland Reserve, especially in its core area. Thus, this area is also set as a conversion limitation area in the PLUS model.
2.3.3 Ecological risk assessment
Since the land-use varied significantly under three scenarios, we further investigated the ecological risks from 2000 to 2040 using a multi-variable Pressure-State-Response (PSR) model. It consists of twenty variables reflecting the pressure of the environment, wetland status, and ecological response (Table 2). The entropy method is used to determine each indicator’s weight. Among them, the pressure of ecological risk mainly comes from the impact of natural environment and human activity interference; thus, the indicators of Pressure and their weights are Oil area (0.067), Crop area (0.116), Urban area (0.106), MAT (0.029), MAP (0.023), Soil salinity (0.036), Suaeda glauca area (0.01), Silt content (0.018), and Aquaculture area (0.129). The state of ecological risk provides information about the ecosystem conditions and characteristics under environmental pressure; thus, the indicators of State and their weights are wetland area (0.025), Patch density (PD, 0.029), Largest patch index (LPI, 0.051), Aggregation index (AI, 0.022), NDVI (0.068), and Evapotranspiration (0.018), in which PD, LPI, and AI are calculated by land use in Fragstats software (Qu et al., 2021). The response of ecological risk characterizes the ecological services that wetlands continue to offer to society in the face of current stresses and situations; thus, the indicators of Response and their weights are consist of four ecosystem services, i.e., The unit area yield of Phragmites australis (Pyield, 0.072), Annual water yield (Wyield, 0.011), FVC (0.081), Habitat quality (HQ, 0.067), and wetland accessibility (0.021), in which the Pyield is calculated by the linear relationships between FVC and annual statistical Yearbook yield in R 4.2.0 (Supplementary Figure S1), and HQ is calculated by the habitat module in the InVEST model (Liu et al., 2017).
TABLE 2 | Ecosystem risk evaluation index and weight. The key for the abbreviations for variable names is presented in Figure 2.
[image: Table 2]An objective way of weighting, the entropy method bases the weight on the variability of the indicators (Sun et al., 2023). After determining the weights, based on twenty variables to quantitatively evaluate the ecological risk of the Liaohe River Estuary wetland, and the term is calculated as follows:
[image: image]
Where ER represents regional ecological risk, Wn is the weight of the n indicator, and Cn is the standardized value of the n indicator. The ecological risk values are separated into five levels using the natural break method to quantitatively compare ecological risks, as shown in Supplementary Table S5.
Additionally, the land use area and proportion under different scenarios are computed independently for 2000, 2010, 2020, and 2040. The yearly fluctuation of land use and ecological risks (Slope) is calculated using linear regression analysis:
[image: image]
where t represents the time point (t = 1,2,3,4), A represents the land-use area or risk area at time t, and n represents the duration of the time series in years (n = 40). In the analysis, the regression relationship’s significance threshold is set at 0.05. A positive slope value indicates an increasing trend in the land-use area or risk area; the higher the change in the land-use area or risk area, the larger the slope’s absolute value.
3 RESULTS
3.1 Simulated results of land use under three scenarios
We first calculated the land-use in 2020 to verify the validity of the PLUS model based on historical land-use patterns and driving factors in 2000 and 2010, using both the Markov chain and linear regression methods to calculate the land demands. The comparison result between the actual data and the predictions in 2020 shows that the total accuracy of the Markov chain method is 0.74, which is higher than linear regression, indicating that the PLUS model has a high degree of accuracy in land use modeling. Subsequently, the real land-use data in 2020 and the land demands and transition metrics of each land-use type in 2040 under the natural increase scenario (NIS), ecological protect scenario (EPS), and economy development scenario (EDS) scenarios are inputted into the CARS module of the PLUS model to simulate the land-use map in 2040 under three scenarios (Supplementary Tables S2–S4).
Under three scenarios, the predicted land-use results show a minor spatial difference in land-use change in Liaohe Estuary National Nature Wetland Reserve, which is mainly in the south and west areas, and the area of Phragmites australis accounts for the majority of the reserve (Figure 3). Among them, under the effective EPS, the area of Phragmites australis is 564.7 ha, which accounts for 45.4% of the total area and increases by 5.9% and 6.5% of the total area relative to the NIS and EDS scenarios (Table 3). Meanwhile, the EPS scenario could effectively decrease the loss of Suaeda glauca 7.9ha and 10.6ha relative to the NIS and EDS scenarios. In particular, the EDS scenario has a higher proportion of oil wells, aquiculture, and urban areas than the NIS and EPS scenarios.
[image: Figure 3]FIGURE 3 | The spatial distribution of land use under different scenarios in 2040. (A) the land use in NIS scenario; (B) the land use in EPS scenario; (C) the land use in EDS scenario.
TABLE 3 | Area and proportion of different land use types under three scenarios in 2040.
[image: Table 3]3.2 Land use conversion from 2000 to 2040
The LULC has changed significantly from 2000 to 2040 in Liaohe Estuary National Nature Wetland Reserve, especially with the decline of Phragmites australis and Suaeda glauca, as well as the increase of aquiculture, urban, and oil wells (Figure 4). As the two most distinct vegetation types in the reserve area, there are decreasing trends of Phragmites australis and Suaeda glauca under all three scenarios and a sharp decline in 59.7 ha/year and 9.0 ha/year in the EDS scenario, higher than 57.3 ha/year, 8.2 ha/year in the NIS, and 35.4 ha/year and 5.8 ha/year in the EPS (Figure 4; Table 4). It should be mentioned that, from the core area to the buffer area to the outer experimental area, the change in slope rate of vegetation deterioration rises severely. In addition, Mudflat wetland, Sea area, Freshwater marsh, Dry farmland and River is also degenerate to various degrees from 2000 to 2040. Otherwise, artificial landscapes such as Paddy, Aquiculture, Urban, Road and Reservoir showed an increasing trend of slopes more than 5 ha/year from 2000 to 2040 and are sharper in the EPS scenario. Therefore, more powerful policies need to be taken to suppress the increasing area of artificial landscapes in future planning management.
[image: Figure 4]FIGURE 4 | The change of land use from 2000 to 2040.
TABLE 4 | The slope change rate of land use from 2000 to 2040 under three scenarios. CA: core area; BA: buffer area; EA: experimental area.
[image: Table 4]In comparison to the scenario of economic development, the area of Aquiculture and Oil well can be lowered by 11.4 ha/year (reducing 36.3%) and 1.1 ha/year (reducing nearly 78.6%) with the application of ecological protection measures. However, the growth of artificial landscapes is unavoidable.
3.3 Ecological risk assessment
Under three scenarios, mean ecological risks show an increasing trend from 2000 to 2040, while being higher in the experimental area than in the buffer area and core area (Figure 5A). The ecological risk in the EDS scenario is generally higher than that in the NIS and EPS scenarios, especially in the experimental area. In addition, the proportion of the high and very high level of ecological risk area continually increased from 28.8% to 40.4% from 2000 to 2040, which was mainly located in south estuary and west urban area, while the proportion of the very low level of ecological risk area steadily declined from 2000 to 2020, and by 2040, there were essentially no very low level of ecological risk area under three scenarios (Figures 5B–H).
[image: Figure 5]FIGURE 5 | Spatial evolution in ecological risks from 2000 to 2040 under different scenarios. (A) the mean ecological risk of four levels of protected areas from 2000 to 2004; (B) proportion of different levels of ecological risk from 2000 to 2040; (C–H) spatial distribution of ecological risks from 2000 to 2040.
Among the three protected areas, the ecological risk evolved differently, wherein the core area having a lower growth in ecological risks than the outer buffer zone and experimental zone (Figure 6). Besides, there is no obvious difference between EPS and EDS in the core area under the five levels of ecological risk, while they are significantly different in the outer experimental area, indicating the spatial differences in the impact of protected area policies. Thus, it would be beneficial to adopt different management strategies from the core area to the buffer area to the outer experimental area.
[image: Figure 6]FIGURE 6 | The ecological risks evolution in diferent levels of protected areas from 2000 to 2040 under different scenarios. (A) proportion of ecological risk in Core protected area; (B) proportion of ecological risk in Buffer protected area; (C) proportion of ecological risk in Experimental protected area.
4 DISCUSSION
4.1 Uniqueness of the study area
In the global context of attaining peak carbon emissions and carbon neutrality, as well as sustainable development, the field of ecological conservation is highly valued worldwide. Since the 1970s, developed countries such as the US and Europe have emphasized the social duty of protecting wetlands through legislation and have also used laws to control social behavior related to wetlands exploitation. For example, the United States federal government implements the Clean Water Act to support the conservation of water resources and wetlands (Greenhill et al., 2024). At that time, European nations established the greatest conservation network in the world by launching initiatives like the Ramsar Convention to conserve wetlands in the Mediterranean and the Convention for the Protection of the Marine Environment of the Northeast Atlantic et al. (Munguía and Heinen, 2021). However, compared to developed countries, although poor nations like Africa have participated in conservation plans such as the Convention on Wetlands of International Importance Especially as Waterfowl Habitat, the implementation of relevant policies is relatively backward and the effect is not significant (Xu et al., 2019).
Wetlands have long been a priority to be protected and restored since China joined the Convention on Wetlands of International Importance Especially as Waterfowl Habitat in 1992, and it has been proposed in government reports to promote the development of national parks as the main body for the construction of a nature reserve system. Liaohe Estuary wetland area in Panjin international wetland city was first selected as a national nature reserve in 1988, an internationally important wetland in 2005, and launched the national park project in 2021 (Song et al., 2022). Both the national and local governments place a high value on the establishment of the Liaohe Estuary National Park and the efforts to restore the ecosystem of the wetland resources. For example, Liaoning Province has issued the “Implementation Plan for Wetland Protection and Restoration System”, the “Panjin Wetland Protection Regulations”, and many other laws and regulations.
The implementation and assessment of ecological restoration projects need to understand the extent and the impact factors on the loss of natural resources in order to provide evidence for ecological restoration (He et al., 2017). According to the second national wetland resource survey, the top threats to wetlands in China have changed to five key factors: pollution, reclamation, infrastructural occupancy, overfishing and collecting, and species invasion (Wang, 2016). The risk assessment of Liaohe Estuary wetland ecosystems is still poor on a multi-index evaluation framework in the significantly different context of wetland ecosystems on a regional scale, especially examining the effectiveness of ecological protection measures. To ensure the sustainable growth of the ecological, social, and economic elements of the Liaohe Estuary wetland, it is imperative to conduct a comprehensive analysis of the spatiotemporal evolution of regional ecosystem threats in order to improve and safeguard the wetland natural resources.
4.2 Comparison of land use and ecological risks from 2000 to 2040
In contrast to previous studies about land-use and ecological risk simulations, this study further considers wetland-related indicators, such as the distance to oil wells and the distance to aquaculture in the LEAS module of the PLUS model, and Soil salinity, Silt content, yield of Phragmites australis, and wetland accessibility in the PSR model. As a consequence, the simulation and evaluation results are more consistent with the features of the study area (Tang et al., 2021; Zhou et al., 2021; Gao et al., 2022).
As reported by the local government, a total of 1,533 ha were covered by the coastal wetland restoration project that Panjin City started in 2015. The objectives of this project are natural tidal ditch restoration, the recovery of aquiculture, and the restoration of Suaeda glauca by planting S. glauca on both sides of the tidal creek. However, according to the changing trend from 2000 to 2040 in this study, although the growth rate of regional ecological risks has slowed down between 2010 and 2020, it will continue to worsen with the current level of environmental protection efforts in the future. Besides, the outer buffer area and experimental area are more easily influenced by the protection policy, while the core area is rather constant (Figure 6). Understanding the trends of land-use evolution and its influence on ecological risks scientifically and efficiently is an essential requirement for regional ecological construction. As mentioned in recent research in the Yellow River Basin, one of the important policies is to create a core area and a peripheral linkage area for ecological conservation, which focus on high-quality ecological protection and economy-ecology balanced development, respectively, forming an effective paradigm for ecological protection (Qu et al., 2021). In the process of land use change, its ecological effects should be considered and strengthen the self-healing function of the ecosystem, based on the ecological environment capacity and regional resource endowment conditions. For eastern Chongming wetlands, as a key experimental area for ecosystem-oriented development in Shanghai, has transformed from the reclamation-oriented utilization toward the protection of wetland ecosystems to adapt to future development under climate change (Bao and Gao, 2021). Considering the results of this study in Liaohe Estuary wetland, ecological protection policies can effectively reduce ecological risks by promoting sensible land use planning, especially in outer buffer area and experimental area which are more easily influenced by the protection policy. Thus, it is important to note that in the future, policies for ecological protection will still need to be strengthened to alleviate the continuing decreasing trends of Phragmites australis and Suaeda glauca (Figure 4; Table 4).
4.3 Diversity of scenario choices and policy implications
It is evident from the results of regional risks that the EPS scenario has lower values than the EDS scenario, which can effectively reduce the ecological risks. However, different conclusions might be drawn from the different distributions of risk levels.
One of the main distribution areas of Suaeda salsa is located in the southern region along the seashore, with a large area of aquaculture. According to the results of the PLUS simulation and the PSR ecological risk assessment model, there is only a minor difference between the NIS and EPS scenarios and they cannot significantly alleviate local ecological risks. However, there is a considerable expansion in the impact area of ecological risks under the economy development scenario (Figure 7). It is clear that a single development approach in a specific region of Liaohe Estuary wetland cannot accomplish the aim of alleviating ecological risk. The recovery of Suaeda salsa is a long process and is easily disturbed by external factors such as human activities (Wang et al., 2019; Zhao et al., 2021).
[image: Figure 7]FIGURE 7 | Diversity maps under three land-use scenarios with an example of land-use types and ecological risks. (A): Scenarios diversity map; (B–D): the land use cover types under NIS, EPS, and EDS scenarios, respectively. (E–G): the ecological risks under NIS, EPS, and EDS scenarios, respectively.
To accomplish sustainable resource management, different methods should be implemented based on the characteristics of each region, including considering the regional characteristics in land-use management, such as natural-based solutions. Kato and Huang (2021) examined how land-use changed in a central Japanese watershed and suggested sustainable ways to manage upland forest ecosystems and secondary forest-paddy land-human systems, wherein using primary and secondary forests to stop flooding, wind, and sand erosion and using rice paddies as a kind of flood control dam. Aiming for the establishment of Liaohe Estuary National Park, it is necessary to comprehensively consider the regional characteristics of the national park and establish several differentiated control areas over the core protection area and general control area, achieving effective control over the protection and utilization of natural resources. Moreover, the expansion of local coastal wetland islands with severe siltation of rivers and tidal creeks has greatly weakened the self-cleaning capacity of wetland, leading to serious degradation of vegetation and wetland ecological functions. It is necessary to demolish abandoned embankments and carry out channel dredging projects so as to connect the existing wetland restoration units, especially the core protected areas, improve water quality, and circulate nutrients. Based on this, it is beneficial to create shallow water surfaces and artificial islands of different areas and depths, and attract a variety of waterfowl, especially providing a resting place during high tide periods, thereby enhancing the ecological function of the wetland.
5 CONCLUSION
This paper develops a long-term Pressure-State-Response ecological risk assessment model based on the characteristics of the northern wetland environment in China, combined with the simulated multi-scenario PLUS model for the characteristics of the Liaohe Estuary National Nature Wetland Reserve. The LULC has changed significantly from 2000 to 2040, especially with the decline of Phragmites australis and Suaeda glauca, as well as the increase of aquiculture, urban, and oil wells. As the two most distinct vegetation types in the reserve area, Phragmites australis and Suaeda glauca presented decreasing trends of 59.7 and 9.0 ha/year in the EDS scenario, higher than 57.3 ha/year, 8.2 ha/year in the NIS, and 35.4 ha/year and 5.8 ha/year in the EPS. Besides, from the core area to the buffer area to the outer experimental area, the change in slope rate of vegetation deterioration rises severely. In comparison to the scenario of economic development, the area of Aquiculture and Oil well can be lowered by 11.4 and 1.1 ha/year with the application of ecological protection measures. Under three scenarios, mean ecological risks show an increasing trend from 2000 to 2040. The ecological risk in the EDS scenario is generally higher than that in the NIS and EPS scenarios, especially in the experimental area. In addition, the proportion of the high and very high level of ecological risk area continually increased from 28.8% to 40.4% from 2000 to 2040, which is mainly located in south estuary and west urban area, while the proportion of the very low level of ecological risk area steadily declined from 2000 to 2020, and by 2040, there are essentially no very low level of ecological risk area under three scenarios. Among the three protected areas, the ecological risk evolved differently, wherein the core area having a lower growth in ecological risks than the outer buffer zone and experimental zone. Aiming for the establishment of Liaohe Estuary National Park, it is necessary to comprehensively consider the regional characteristics of the national park and establish several differentiated control areas over the core protection area and general control area, achieving effective control over the protection and utilization of natural resources.
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