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The acceleration of urbanization and development of marine resources has led to the imbalance of land structure, which threatens the sustainable development of the human living environment. Exploring the spatial distribution patterns of land-sea and its spatio-temporal evolution characteristics is an important initiative to resolve conflicts and optimise the spatial structure of land-sea use. Taking the Liaoning Coastal Economic Belt as an example, this paper constructs a system to measure the value of Production-Living-Ecological Functions (PLEF) of the coastal zone and realizes the identification of Production-Living-Ecological Spaces (PLES) and the division of their combination patterns. At the same time, it analyses the spatio-temporal evolution of PLES using land use transfer matrix, center of gravity transfer and standard deviation ellipse models and explores the interaction mechanism of PLES from the perspective of land-sea coordination. The results show that: (1) The production and living spaces on land are concentrated near the coastline, and the ecological space is mainly distributed in the mountainous forest area. The sea is dominated by the production space, and the living and ecological spaces occupy a relatively small proportion. (2) While the land has significant multifunctionality, the sea has a single PLEF, with the production function dominating and accounting for more than 90%. (3) In the period 2005–2010, the frequency of mutual transformation of the different PLES was the highest. The increase is mainly in the living space on land and the production space at sea. (4) From 2005 to 2010, the patterns of land and sea PLES changed significantly, and from 2010 to 2020, they were relatively stable. This study analyses the spatial structure of land-sea from the perspective of spatial multifunctionality and proposes optimization schemes based on land-sea interactions, which can provide decision support for the identification and optimization of coastal zone space and sustainable development.
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1 INTRODUCTION
With the rapid advancement of industrialization and urbanization, the spatial pattern of urban land in China has undergone drastic changes (Zhang and Miao, 2020; Song et al., 2021). At the same time, it also leads to the extensive use of land resources, environmental pollution, urban-rural development imbalance and other problems. At different spatial scales, there are contradictions between people and nature, between production and living activities, and within natural ecosystems (Li et al., 2020; Kuang et al., 2021; Liu and Qin, 2023; Zong et al., 2021). In 2012, China first put forward the PLES land management goal of “building an intensive and efficient production space, a livable and moderate living space, and a beautiful ecological space”. The national land development pattern based on PLES is the basis for adjustment and optimization of the national land spatial structure, and provides an important reference basis for resolving the contradictions among urban social and economic development, ecological environmental protection, and production and living boundaries (Zhang et al., 2015; Yang et al., 2018; Wang et al., 2020; Jiang et al., 2022), and is of great scientific significance for China’s national land spatial planning and governance practice.
At present, researches on PLES are mainly divided into connotation and concept (Huang et al., 2020; Duan et al., 2023; Zhang et al., 2024), recognition and division (Li and Fang, 2016; Liu et al., 2017; Duan et al., 2021), pattern and evolution (Li et al., 2022; Zhang and Li, 2022; Zhang et al., 2023), conflict and optimization (Zou et al., 2021; FU et al., 2022; Liao et al., 2022), etc. As for the connotation of PLES, Chinese academic circles have formed a relatively unified interpretation mainly from the perspective of different products or services provided (Zhu et al., 2015; Huang et al., 2017; Huang et al., 2020), holding that “production space refers to the space whose main function is to provide agricultural, industrial and service products”; “Living space is a space with the main function of providing human living, consumption, leisure and entertainment”; “Ecological space refers to a space whose main function is to provide ecological products or ecological regulation and protection.” There is no clear explanation of the concept of PLES at the international level, but modern western scholars have always considered PLEF comprehensively in the relevant research and application of urban planning (Frankhauser et al., 2018). British scholars advocate the formulation of national spatial strategic planning from three aspects: economy, society and environment (Wang, 2016). The spatial planning of the United States gradually aims to solve the contradictions among various types of planning, emphasizing flexibility, regionalism and functional complementarity, and forming a multi-dimensional and orderly planning framework (Cai et al., 2017). Italian scholars are committed to establishing a highly functional and integrated spatial planning model by integrating multiple regional resources, connecting urban and rural areas, industry and ecology, strengthening multi-center network interaction and macro-regional governance (Di Ludovico and D’Ascanio, 2019). All these planning measures contribute solutions to the healthy and sustainable development of urban space, and also reflect the idea of comprehensive zoning and coordination optimization from the perspective of PLES, laying a foundation for the formation of the theory of PLES zoning.
The identification and measurement of PLEF is the basis for achieving the division of PLES, which is mainly divided into two methods: qualitative recognition and quantitative recognition. The qualitative recognition method is simple but subjective. Its essence is to reclassify and merge land use data, and then realize the connection between land use classification and PLES. For example, Liu et al. (2017) according to the national standard of land use classification, divided the land use type into different PLEF levels from the perspective of the strength of the PLEF, respectively 5,3,1, 0 assigned values, and then merged into each functional space, so as to establish our country’s PLES classification system. Zhang et al. (2015) starting from the main function of land, introduced the concept of ecological land, made overall planning of the production, living and ecological land space, built the classification system of PLES land, and initially drew the spatial distribution map of China’s PLES land. Quantitative recognition is to realize the quantitative recognition of production, living and ecological functions by establishing the evaluation system and function measurement equation set of PLEF. The quantitative recognition method has strong objectivity, but there are many factors and complicated processing problems in the integration of different functional spaces and data standardization processing, so it is difficult to apply in practice (Lin et al., 2022). For example, Li and Fang (2016) constructed an urban PLEF classification system from the comprehensive perspective of land function, ecosystem service and landscape function. Based on ecosystem service value assessment, they systematically integrated the value accounting function groups of each spatial function, and finally comprehensively determined the dominant types of each spatial function in the study area. Ji et al. (2023) apply the principles of environmental economics and ecological economics, based on the grid unit scale, integrate remote sensing, statistics, survey and other multi-source data, and quantify tangible products and abstract services in monetary value, so as to realize the identification of PLES. On the whole, relevant scholars have made certain achievements in the specific connotation, identification and measurement methods of PLES from the complexity and different research perspectives.
As a special geographical region in the transition from land to sea, coastal zone is an important carrier and springboard for the development of the marine economy. The coordinated development of the coastal zone and hinterland space is an important part of the implementation of the overall land-sea strategy and is also a key zone to improve the utilization efficiency of marine resources and the development quality of the marine economy (Kidd et al., 2020; Yue et al., 2023; Wang and He, 2024). At present, the classification methods of coastal functional space mostly draw on the land classification system. The first-level types of land use classification generally include cultivated land, forest land, grassland, water area, industrial and mining construction land, residential land and unused land. At present, the sea area use classification system established in China’s sea area use survey and management includes the 2002 area use classification system, the 908 survey sea use classification system and the current 2009 sea use classification system. Relevant scholars have completed the “Guide for Remote Sensing Discrimination of Sea Use Classification”, which defines the remote sensing classification system, classification basis and classification discrimination of sea use methods: the classification system of marine features includes 4 primary categories and 17 secondary categories of reclaimed land, structures, floating objects and fenced-in sea areas. The classification of sea types and ways of sea use is in line with the current classification system of sea use (Liu and Zhao, 2014). However, due to the long-term impact of the “land heavy and sea light” and “land and sea division” models (Gong et al., 2015; Cheng et al., 2019; Prévost and Robert, 2016), there are relatively few studies on the correlation between land use and sea use in the coastal zone. In particular, the combination form, spatio-temporal evolution characteristics and optimization paths of various functional utilization spaces in the coastal zone need to be clarified (Li et al., 2021; Rivers et al., 2022). The coastal zone urgently needs to coordinate the spatial layout of production, living and ecological in the coastal zone from the perspective of land-sea coordination, to build adaptability to the measurement method of PLEF in the land-sea space, and scientifically identify and describe the evolution characteristics of the spatial structure of PLEF in the coastal zone, so as to provide a blueprint for the future coastal zone ecological to provide scientific reference and technical support for space security and optimal development of national land space.
The specific research objectives of this paper are as follows: (1) Based on land use data and sea use right confirmation data, and integrating relevant economic, social and environmental indicators, a measurement method of PLEF of coastal zones from the perspective of land and sea overall is constructed; (2) By analyzing the changes of PLES in the long time series, the distribution characteristics and evolution law of the coastal zone are revealed; (3) To explore the interaction mechanism of PLES in the coastal zone from the perspective of land-sea coordination, and provide scientific basis for the spatial optimization path of the coastal zone.
2 STUDY AREA AND DATA
2.1 Study area
Liaoning Coastal Economic Belt is located in the northeast coastal area of China, adjacent to the Bohai Sea and the Yellow Sea, with a land area of 56,500 km2 and a sea area of 68,000 km2, and a coastline of 2,920 km, including the administrative areas of six coastal cities: Dalian, Dandong, Jinzhou, Yingkou, Panjin and Huludao (Figure 1). Liaoning Coastal Economic Belt is Liaoning industrial cluster and national new industrial base, located in the Bohai Economic Belt and Northeast Asia Economic Circle, in the northeast of the high-quality development and comprehensive revitalization of the core strategic position. As the northeast sea passage and an important window for opening up to the outside world, Liaoning Coastal Economic Belt has obvious geographical advantages and abundant land and sea resources. In 2021, China adopted the “High-quality Development Plan for Liaoning Coastal Economic Belt”, forming an overall layout with Dalian as “one core leading”, Bohai Sea wing and Yellow Sea wing “two wings coordination” and “multi-point support” (The State Council of the People’s Republic of China, 2021). At present, Liaoning Coastal Economic Belt still has problems such as a single regional industrial structure, uncoordinated land and sea functions, and serious encroachment of space resources (Chen et al., 2023). Therefore, this paper takes Liaoning Coastal Economic Belt as a research area and builds a classification system of coastal zone spatial functions and the discrimination methods of various spatial types based on the concept of land-sea coordination. It is of great theoretical and practical significance to quantitatively reveal the spatial and temporal evolution characteristics of the spatial distribution pattern of the coastal zone and explore the optimization scheme and measures of the spatial distribution of the coastal zone.
[image: Figure 1]FIGURE 1 | Location map of the study area and the use status of land-sea in 2020.
2.2 Data sources
The data used in this study mainly include geospatial data, ecological environment data and socio-economic statistics data. Specific data included: (1) Remote sensing monitoring data of land use from 2005 to 2020 (spatial resolution: 30 m) and regional data were obtained from Data Center for Resources and Environmental Sciences and Chinese Academy of Sciences (http://www.resdc.cn/); (2) The data of Liaoning Province’s sea use right confirmation and sea scope from 2005 to 2020 are from Liaoning Provincial Department of Natural Resources. The sea use right confirmation data identify the types of sea by determining which marine areas have been allocated for specific uses; (3) The soil organic matter data set in China is derived from A Big Earth Data Platform for Three Poles (https://poles.tpdc.ac.cn/zh-hans/), terrestrial NPP (MOD17A3HGF) data from the national aeronautics and space administration (https://www.earthdata.nasa.gov/), marine NPP data from global change science research data publishing system (https://www.geodoi.ac.cn/); (4) Data on the output, price and cost of food, energy and raw materials are obtained from China Fishery Statistical Yearbook, China Energy Statistical Yearbook, Compilation of Cost and Income Data of National Agricultural Products, Liaoning Provincial Statistical Yearbook and other available yearbook data and government work reports for 2006–2021. Other data comes from web searches and related research projects.
3 METHODS
By analysing the theoretical connotation of related research, this paper takes the space use status and bio-economic environmental data of land and sea as the data basis. Secondly, this paper constructs PLEF value measurement system from the main functions of land and sea space. Then, this paper establishes the identification rules according to PLEF value measure, so as to delineate PLES combination patterns of the study area, and analyses its spatio-temporal evolution with the help of land use transfer matrix, center of gravity transfer and standard deviation ellipse model. Finally, this paper discusses the interaction mechanism of human activities and material exchange in coastal zone PLES under the perspective of land-sea coordination, so as to provide a scientific theoretical basis for the future direction of spatial optimisation in the coastal zone (Figure 2).
[image: Figure 2]FIGURE 2 | Research frame diagram.
3.1 The PLEF measurement methods based on land - sea coordination
The multi-functionality of territorial space and the complex relationship between man and land determine that the measurement of PLES needs to be valued from the perspectives of economy, society and environment (Duan et al., 2023; Zou et al., 2021; Lin et al., 2022). At present, PLES multifunctional value evaluation usually includes two aspects: biophysical process calculation and functional value transformation. The former is relatively accurate but has strong data dependence, while the latter has strong applicability but poor accuracy and spatial heterogeneity (Li and Fang, 2016; Ji et al., 2020). In this paper, the two methods were comprehensively applied and supplemented by the complementary measurement results of ecosystem service value equivalent established by Xie et al. (2015), to construct the PLEF value measurement evaluation system, and then identify the complex functional characteristics of PLES in the study area.
Production functions include the functions of various products and services obtained through direct or indirect social production activities based on land or sea (Li and Fang, 2016; Hu et al., 2017). In this study, the land production function is measured by the three indexes of food or raw material supply, energy supply and production of goods and services based on the main material output and inherent value required for human survival and development. The production function of the sea is selected by the value of fisheries, industrial products and transportation services obtained by humans through the sea, and measured by four indicators: food production, salt industry resources, offshore oil and gas resources, and port and waterway transportation resources. The specific methods are shown in Table 1.
TABLE 1 | Measurement methods of production function.
[image: Table 1]Living functions include all kinds of space bearing, material and spiritual guarantee functions provided by land or sea for human beings (Li and Fang, 2016). This paper selects the measurement index from the perspective of security and cultural entertainment. The land is measured by three indicators: residential support, basic living security and employment security, while the sea is measured by scientific research and cultural value and tourism and entertainment value. The specific methods are shown in Table 2.
TABLE 2 | Measurement methods of living function.
[image: Table 2]Ecological functions include regulating and circulating functions for maintaining the stability of the living environment and the balance of the ecosystem (Duan et al., 2023). In this study, the land was evaluated according to the main ecological factors such as soil and vegetation, and the nutrient cycle and primary production index system were used to measure the land. Water purification, carbon sequestration and oxygen release are used to measure the ecological effects of plankton in the sea. The specific methods are shown in Table 3.
TABLE 3 | Measurement methods of ecological function.
[image: Table 3]3.2 Land use transfer matrix
The land use transfer matrix can reflect the dynamic process information of the mutual transformation between different spatial types in a certain period of time in the study area (Qiao et al., 2013). In this paper, the model is used to analyze the long-term dynamic evolution characteristics of PLES multi-functional combination patterns, in order to explore the whole transfer process of land use functional space. Its common form (Equation 1) is:
[image: image]
In the formula, Sij is the combination pattern area from the initial i-type to the later j-type, and n is the number of PLES combination patterns.
3.3 Center of gravity transfer model
The center of gravity transfer model reflects the distribution pattern and change trend of regional land function space to a certain extent through the change of center of gravity position and migration direction of each PLES type (Equations 2, 3). The formula is as follows:
[image: image]
[image: image]
In the formula, Xt and Yt represent the longitude and latitude coordinates of the center of gravity of a certain PLES in the t year; Cti represents the area of the PLES of the i region; Xi and Yi respectively represent the latitude and longitude coordinates of the geometric center of the i th region. D represents the distance between the center of gravity of the PLES in different periods. E is a constant, where the geographical coordinates are converted to the value corresponding to the plane distance, taking 111.111 km. [image: image], [image: image] is the barycentric coordinate of the PLES in year [image: image], [image: image], [image: image] is the barycentric coordinate of the PLES in year [image: image].
3.4 Standard deviation ellipse model
The standard deviation ellipse method is one of the classical methods to analyze the directivity of spatial distribution, which can describe the outline and dominant direction of the spatial distribution of the analysis object, and quantitatively explain the overall characteristics of the analysis elements such as centrality (Equation 4), distribution, directivity and spatial form from a global perspective. The relative position, main trend and spatial form of the combined mode spatial transfer of the functional space in the study area can be quantitatively described by the azimuth of the standard deviation ellipse (Equation 5), the standard deviation of the short axis and the standard difference of the long axis (Equations 6, 7). The formula (Zhao and Zhao, 2014) is:
Mean center:
[image: image]
Azimuth:
[image: image]
X-axis standard deviation:
[image: image]
Y-axis standard deviation:
[image: image]
In the formula, (xi, yi) represents the spatial location of the research object, wi represents the weight; θ is the elliptical azimuth, representing the angle formed by clockwise rotation from the true north direction to the major axis of the ellipse; [image: image]、 [image: image] represent the coordinate deviation from the location of each research object to the average center; [image: image]、 [image: image] represent the standard deviation along the x and y axes, respectively.
4 RESULTS
4.1 General characteristics
4.1.1 Distribution characteristics of PLEF value based on land-sea coordination
Based on the PLEF measurement index system, this study calculated the unit area value of land and sea space utilization in the Liaoning Coastal Economic Belt. Spatial visualization analysis of the PLEF value of the land and sea in the study area from 2005 to 2020 was carried out using the ArcGIS platform (Figure 3).
[image: Figure 3]FIGURE 3 | Distribution of production (A–D), living (E–H) and ecological (I–L) functions value in the study area (2005–2020).
In terms of the distribution of production function value, on land, high-value areas are mainly concentrated in the coastal areas of each city in the study area and north of the Liao River estuary. From an industrial perspective, the high-value concentration points are highly consistent with the distribution of coastal industrial parks. Additionally, the area north of the Liao River estuary has flat terrain and fertile soil, making it an important grain production base, which aligns with the characteristics of high production function; low-value areas are mainly distributed in the western part of Huludao City and Jinzhou City, the Liao River estuary area of Panjin City, the eastern part of Yingkou City, and the north of Dandong City. Analyzing from the perspective of terrain and human activities, these areas, except for the Liao River estuary, are rugged with few human activities, hence the relatively weak production function. The overall production function value of the sea is relatively high, with the deep sea being more significant, and only scattered point-like sea use types near the shore have lower production value. The high-value area of land production function corresponds significantly with arable land and other construction land, while the high-value area of sea production function mostly overlaps with fisheries, industry, and transportation sea use types. This measurement result is consistent with the actual situation, indicating that the spatial function value measurement method constructed in this paper can objectively reflect the strength of various spatial value functions.
Regarding the distribution of the value of living function, on land, high-value areas are generally characterized by a scattered point distribution, with distinct aggregations of high values observed in areas close to the coast and water sources, and in regions with relatively flat terrain; low-value areas are located in the western parts of Huludao City and Jinzhou City, the Liaohe River estuary area of Panjin City, the southeastern part of Yingkou City, and the northern part of Dandong City. The common features of these regions are that they are mostly rugged mountain forest zones with a low degree of development. In terms of the sea, high-value areas are distributed in a point pattern along the nearshore zones, with lower values in the offshore areas. The high-value areas of the living function on land show a significant correlation with urban and rural residential land uses, while the high-value areas of the living function in the maritime areas are often associated with areas used for tourism and entertainment. The value of living functions is inextricably linked to human activities, and the measurement results objectively reflect the current perception.
Looking at the distribution of the value of ecological function, in terms of the land, high-value areas are primarily located in the western part of Huludao City, the central part of Yingkou City, and the northeastern part of Dandong City, corresponding to the low-value areas of the living function; low-value areas are mainly found in coastal zones with flat terrain and frequent human activities, corresponding to the high-value areas of the production function. The overall ecological function value in the maritime areas is relatively low, with sparse and small-proportion high-value areas. Regarding land, high-value areas correspond mainly to ribbon-like areas related to forests, grasslands, and waters, while in the sea, high-value areas are primarily types of sea use that play a role in marine protection, reflecting that the measurement results are generally reasonable.
4.1.2 Distribution characteristics of PLES combination patterns
This paper refers to the division method of existing studies (Li and Fang, 2016; Ji et al., 2023)to construct PLEF value identification rules (Figure 4). According to the single function, double functions, and triple functions of the PLES, seven combination patterns are ultimately identified in the study area: Main Production (MP) space, Main Living (ML) space, Main Ecological (ME) space, Main Production - Secondary Living (MP-SL) space, Main Living - Secondary Production (ML-SP) space, Balanced Production and Ecological - Secondary Living (BPE-SL) space, and Main Ecological - Secondary Production–Tertiary Living (ME-SP-TL) space.
[image: Figure 4]FIGURE 4 | Identification rules of PLES based on functional value.
Analyzing the distribution (Figure 5) and proportion (Table 4) of PLES combination patterns, the land is mainly dominated by BPE-SL space and ME-SP-TL space, accounting for more than 40% during the research period. Among them, in 2005, the proportions were the highest, at 42.38% and 45.72% respectively. Other combination patterns are widely distributed, showing a scattered point-like distribution characteristic. ML-SP space shows a “local aggregation, overall dispersion” distribution characteristic, and the proportion has been increasing from 5.91% to 8.26% during the research period, indicating that the space primarily used for living, by encroaching on other land types, is gradually expanding. The production value of the sea is considerable, and the MP space constitutes over 90%, while the remaining combination patterns are mostly distributed in the nearshore zone, primarily the transportation and entertainment sea where human-sea interaction is more frequent and intense. Additionally, the proportion of the ME space in the sea has been decreasing year on year, ranging from 2.53% to 0.39%. The phenomenon is primarily due to the rapid expansion in MP space and the simultaneous slowdown in the development of marine protection and other maritime uses.
[image: Figure 5]FIGURE 5 | Distribution of PLES combination patterns in the study area (2005–2020).
TABLE 4 | Composition proportion of combination patterns of PLES from 2005 to 2020.
[image: Table 4]From the perspective of the multifunctionality of land and sea use, most land areas possess dual or triple functions, with a very pronounced multifunctionality. This multifunctionality indicates a high comprehensive utilization rate of land, which helps to alleviate the landscape imbalance caused by single-function use, but it may also lead to conflicts and contradictions in land use (Li and Fang, 2016). Therefore, it is necessary to identify the multifunctionality of land use, analyze the evolutionary patterns, and make comprehensive trade-offs in combination with actual conditions to eliminate the negative impacts between different types of land use. The PLEF of the sea is relatively singular, especially in the deep sea, where the focus is primarily on production space. Therefore, future efforts should concentrate on the comprehensive utilization of marine resources and the creation of a more diversified maritime spatial value system.
4.2 Spatiotemporal evolution analysis of PLES combination patterns
4.2.1 Transfer analysis of PLES combination patterns
This study utilizes land-sea spatial use data to analyze the transfer changes of PLES combination patterns in the Liaoning Coastal Economic Belt from 2005 to 2020, to explore the change amount and transfer direction between each pattern.
As shown in Figure 6, from a holistic perspective, the transfer amount between each pattern on land during 2005–2010 is the largest, indicating that the frequency of interaction among various land types was very high during this period. Specifically, during the research period, the transfer amounts for the BPE-SL and ME-SP-TL patterns were the greatest, and they transferred the most to each other, but the total amounts decreased gradually, reducing by 1,126 km2 and 506 km2 respectively. Secondly, the ML-SP space saw the largest increase, mainly transferred from the above two patterns, with an increase of 1,318 km2 over 15 years, and the growth rate has the characteristics of “high-low-medium”, followed by the MP space, with an increase of 204 km2. The ME space exhibited a “decrease-stability-increase” characteristic, with an overall increase of 110 km2. This indicates that the rapidly expanding living space has been effectively curbed, and the ecological construction has achieved remarkable results.
[image: Figure 6]FIGURE 6 | Transfer and change map of PLES combination patterns in land (2005–2020).
Due to the limitation of the sea use right confirmation data, there is no mutual transformation of the marine functional space, and only the unused sea is continuously transformed into the sea for production, living and ecological use, so only the increasing trend of the marine functional space is analyzed here. During the research period, the proportion of the sea MP space has been on the rise, increasing from 87.61% during 2005–2010 to 98.87% during 2015–2020. Especially between 2010 and 2015, the area increased sharply, indicating a focus on developing marine space primarily for production during this period. From 2015 to 2020, due to the saturation of sea functional zone development and other factors, the increase in new areas began to slow down, and except for the MP space, the growth proportion and area of other combination patterns all showed a continuous downward trend. It can be seen that the composite function of the PLES in the sea of the Liaoning Coastal Economic Belt is relatively single, and the proportion is not balanced, to adapt to the coordinated and sustainable development trend of PLEF and the marine economy, the proportion of marine living and ecological spaces should be increased, such as coastal tourism, seawater comprehensive utilization industry, and social service industry.
4.2.2 Evolution analysis of land-sea PLES combination patterns
Using the center of gravity transfer and standard deviation ellipse model, and utilizing the ArcGIS software platform to display the distribution of the PLES center of gravity in the Liaoning Coastal Economic Belt and to analyze the direction and state of spatial transfer of PLES along the time sequence from 2005 to 2020 (Figures 7–9).
[image: Figure 7]FIGURE 7 | Ellipse analysis chart of standard deviation of PLES combination patterns in land (2005–2020).
[image: Figure 8]FIGURE 8 | Center of gravity transfer chart of PLES combination patterns in land-sea (2005–2020).
[image: Figure 9]FIGURE 9 | Ellipse analysis chart of standard deviation of PLES combination patterns in sea (2005–2020).
Overall, the centroids of various PLES combination patterns in the land and sea of the Liaoning Coastal Economic Belt migrated the most, and the positions and sizes of the ellipses were significantly different compared to other stages during 2005–2010, indicating that the PLES in the study area underwent drastic changes during this period. On the other hand, PLES combination patterns in the sea have a greater magnitude of elliptical shape change compared to the land at different time points from 2005 to 2020, indicating that the various patterns in the sea are relatively more variable than those on land, and the overall performance is more stable on land.
Specifically, the center of gravity of MP space gradually shrank in migration distance, and the elliptical layout runs from Dalian City in the southeast to Jinzhou City in the northwest, covering region increased first and then decreased, mainly distributed in the center of the study area near the coast. It indicates that the regional development speed of MP space was inconsistent but is gradually aggregating towards areas with dense population and flat terrain, thus tending to stabilize. BPE-TL space saw the centroid migration distance first increase and then decrease, with the ellipse distribution being approximately east-west oriented. The X-axis and rotation angle increased the most during 2005–2010 and continued to rise year by year, indicating that the spatial evolution of this pattern during the research period gradually intensified, mainly expanding towards the northwestern cities of Huludao and Jinzhou. MP-SL space had a rotation angle of the ellipse in 2005 that differed by about 20° from other years, and the centroid migration distance was relatively long, and the ellipse area increased significantly during 2005–2010, and then basically remained unchanged, indicating that this pattern first expanded sharply to the northeast and then stabilized. ME space saw a clear eastward shift in the centroid during 2005–2010, and the ellipse area increased, and basically remained unchanged in other years, indicating that this pattern evolved eastward and then remained relatively stable. ME-SP-TL space had an ellipse layout in a southeast-northwest direction, and the centroid migration trajectory was approximately the opposite of ML-SL space, but the centroid gradually stabilized at the same latitude, indicating that the living space and ecological space experienced a process of conflict and coordinated development, and overall tend to develop in a multifunctional coordinated manner.
In the sea, the center of gravity for the MP space initially shifted northeastward along the coast of the Yellow Sea, then moved westward towards the Bohai Sea, and finally progressed towards the southeast direction of the Yellow Sea. The elliptical layout was predominantly oriented from southeast to northwest, with Dalian City as the central point, alternating development between the Bohai Sea and Yellow Sea sides throughout the study period. MP-SL space’s center of gravity generally moved northward, with an elliptical configuration approximately running east to west, covering a broad area and expanding along the northwestern edge of the Bohai Sea, suggesting a dispersed pattern with a strong reliance on the coastline, mainly developing along the Bohai Bay axis. The migration path of ML space’s center of gravity and its elliptical area closely resembled that of the ME-SP-TL space on land, with the elliptical area first decreasing sharply, then expanding towards the northwestern Bohai Sea direction, indicating a relationship with the ecologically dominant composite functional land use on land and a development orientation towards the vicinity of the Bohai Bay. The migration of the ME space’s center of gravity and its elliptical changes showed a “conflict before coordination” characteristic with the ML space, suggesting a growing emphasis on the synergistic development of living and ecological spaces in maritime planning.
5 DISCUSSION
This paper constructs a PLEF value measurement method to achieve the measurement and spatial classification of the PLEF in the Liaoning Coastal Economic Belt, analyzing the distribution pattern of PLES and the spatiotemporal evolution, current characteristics, and development trends of the composite function spaces, which are of significant guidance and practical application value for the coordinated planning of coastal zone.
5.1 Discussion on the PLEF measurement system
This paper builds a comprehensive coastal PLEF measurement system from a multidisciplinary perspective and the main functional characteristics of territorial space. It provides a clear research path for the functional measurement and evolution law exploration of coastal space. However, due to the complexity of land use and the limitations of research data, all possible function values are not fully considered. Additionally, some indicators lack specific unified values. Although a combination of qualitative and quantitative methods is used for comprehensive evaluation, it is difficult to ensure absolute accuracy in numerical values due to different measurements and focus points. Finally, this paper only studies the confirmed sea but does not consider the PLEF generated by non-confirmed sea, which will have a certain impact on the actual results. Therefore, it is recommended that future studies use multiple means such as satellite remote sensing, drone monitoring, and on-site surveys, incorporating indicators such as the full life cycle cost and ecosystem diversity to enrich the evaluation content and improve the accuracy of the evaluation, comprehensively reflecting the functional characteristics of the PLES.
5.2 Differentiated response of PLES evolution
This study conducted a detailed analysis of the functional measurement and spatiotemporal evolution characteristics of the PLES in the Liaoning Coastal Economic Belt from 2005 to 2020. However, the driving factors behind the evolution phenomenon and the differentiated response mechanisms between regions still need further research. Therefore, future studies should systematically explore the key driving forces affecting the changes in the PLES pattern from multiple perspectives, including but not limited to the impact of regional policy formulation and implementation, the dynamic changes in the level of economic and social development, the structural changes in population migration activities, and the reshaping effect of technological innovation on spatial structure. A deep analysis of these driving factors will reveal the essence of the evolution of the PLES structure, providing more solid theoretical support for formulating scientific regional planning strategies.
At the same time, although the current study has initially revealed the overall functional configuration and evolution laws of the PLES in the study area, the regional differences have not been fully discussed. There are differences in resource endowment, industrial structure, population structure, and scale between different cities. Therefore, it is necessary to study in depth the specific response mechanisms of different cities in their PLES evolution process and how these mechanisms interact with each other, affecting the spatial structure evolution of the entire coastal zone. For example, by comparing and analyzing the similarities and differences in the PLES structure evolution of Dalian City, Yingkou City, Dandong City, and other places, the spatial structure change laws caused by socio-economic factors and ecological constraints in each region can be revealed, thereby enriching the understanding of the differentiated response mechanisms of PLES in regions, providing a more rigorous and refined scientific basis and practical guidance for optimizing the coastal zone spatial layout based on the land-sea coordination concept, and achieving the sustainable development strategy.
5.3 The interaction mechanism of coastal zone PLES under the perspective of land-sea coordination
The coastal zone has a high population density and a high degree of urbanization, with prominent resource environmental issues such as disorderly development and spatial structure imbalance (Yin et al., 2017). The concept of land-sea coordinated PLES has laid the foundation for promoting the construction of coastal ecological civilization with sustainable development as the direction (Pittman and Armitage, 2016; Schlüter et al., 2020; Ye et al., 2021). This study shows that the Liaoning Coastal Economic Belt has a high degree of functional complexity in the land, the PLES accounts for a relatively reasonable proportion and is gradually tending to be coordinated and stable development. The complexity of PLEF in the sea is relatively low, the evolution law of the PLES is not obvious as a whole, and the development direction is relatively disorderly. Therefore, the regional area needs to strengthen the overall grasp of the PLES pattern in the future, clarify the interactive mechanism between the land-sea various functional spaces (Figure 10), and coordinate the internal structure and external connections of each main space of the land and sea. Specifically, looking at the interactive effect of the production-leading space, it should improve the exchange efficiency of material products between the land and sea production space. For example, for the sea product processing plants on the land and the aquaculture space in the sea, short-distance transportation routes are opened to form a low-cost, high-efficiency industrial pattern of land-sea production space; Looking at the interactive effect of the living-leading space, it should develop the land and sea living space nearby, and build a convenient channel for living and entertainment. For example, the living and consumption space of the land town and the entertainment and leisure space of the sea are connected through the tourist route, thus creating a high-efficiency living space for the land-sea economic integration; Looking at the interactive effect of the ecology-leading space, it should be based on the actual situation of the land and sea, and consider the layout of the production and living space at the same time, forming a network of mountains, waters, and forests, and developing harmoniously. For example, ensure that the natural ecological protected areas of the land and sea are not destroyed, maintain the material exchange of large-scale ecological elements of the land and sea, and achieve a coordinated protection pattern of the land-sea ecological space. At the same time, it is also necessary to create local ecological spaces close to the production and living spaces and establish ecological corridors of the land and sea to connect the overall ecological network with local nodes, playing an overall ecological effect. Therefore, in addition to the internal interaction of the PLES, it is also necessary to consider the interactive mechanisms between different functional spaces. Based on the clear understanding of the interaction between different functional spaces of the land and sea, combined with the actual basis of the natural environment and economic policies, determine the development direction of the interactive space of the land and sea comprehensively, so as to fully strengthen the land-sea coordination, and form a land-sea space pattern with efficient production, livable living, and beautiful ecology.
[image: Figure 10]FIGURE 10 | The interaction mechanism of PLES under the perspective of land-sea coordination.
6 CONCLUSION
This paper is based on the land and sea space utilization type, using a combination of qualitative and quantitative methods to achieve the identification and division of the PLES and its multifunctional combination patterns. Through the analysis of the transfer and trend of the types of land and sea space from 2005 to 2020, the paper clarifies the evolution characteristics of national territory space in Liaoning Coastal Economic Belt and analyzes the PLES evolution mechanism of the land and sea. The main conclusions are as follows:
(1) The high-value areas of terrestrial production and living spaces are distributed in a strip-like pattern and are concentrated near the coastline. The ecological space complements the other two spaces, mainly concentrated in the mountainous and forested areas of Huludao City in the west, Yingkou City in the center, and Dandong City in the northeast. The sea is dominated by production space, especially in the deep sea, which has increased significantly during the research period, while the living and ecological spaces account for a smaller proportion and are distributed in the nearshore areas.
(2) The multifunctionality of land use in the terrestrial area is obvious, with BPE-SL and ME-SP-TL spaces accounting for more than 40% of the total during the research period. MP and MP-SL spaces are mainly distributed in the coastal zone, showing a “generally dispersed, locally aggregated” characteristic, with ME space mainly being water systems, bare land, and other natural environments with less human intervention, with the most prominent distribution in the Liao River Basin. The PLEF of the sea is relatively single, mainly dominated by production function, accounting for more than 90%.
(3) Overall, from 2005 to 2010, the frequency of mutual transformation among various land types was the highest. The ML-SP space in the land is the type with the largest increase, with an increase of 1,318 km2 over the research period, and the growth rate has the characteristics of “high-low-medium”, indicating that the rapidly expanding living space has been effectively curbed. The sea is mainly characterized by a large increase in MP space, and future planning should aim for PLES coordination and consider and develop the types of sea utilization rationally.
(4) From 2005 to 2010, both land and sea PLES patterns showed significant changes, with the coastal zone functional space expanding sharply. Between 2010 and 2020, the center of gravity migrates a small distance, and the direction of the ellipse remained basically unchanged, mainly showing an increase or decrease in scope, and the development was relatively stable. The ecological and living spaces of the land and sea overall showed a pattern of “conflict first and then cooperation” indicating that the construction of ecological civilization has achieved significant results. The various patterns in the sea changed relatively more than those on land, and the proportion of production functions was too high. Future planning should coordinate the types of land and sea use on both sides of the coast, and increase the development and layout of living and ecological spaces.
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of pollutant nitrogen and phosphorus is obtained by using

‘marine NPP data; C; represents the cost of treating the j th

pollutant per unit quantitysd, is the i type of sea use area

with this function

Carbon fixation and oxygen release v V; represents the unit area value of carbon fixation and Tian (2016)
function v oxygen release function (yuan/hm?); Quoy; is the carbon
Qo, x Po, xK fixation mass per unit area (t/hma); Peoy is the market
=5 trading price of carbon dioxide emission rights (yuan/t).

Qozis oxygen production per unit area (t/hm®a); Po is the
cost of artificial oxygen production (yuan/t); r is the
reduction rate (3.48%); K is the annual correction factor;
Specific numerical reference sources
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Land Residential carrying function Vi = LXK Vi ana epresents the residential carrying function unitarea | Zhang (2021)
value of type i land use type (yuan/hm?); Vi, s is the base
land price of the land use type; K is the annual correction
coefficient; A s the i type of land use area with this
function

Basic living security function V= RxL V represents the unit area value of basic living security | Li and Fang (2016)

Py function of type i land use (yuan/hm?); P; is the population
carrying capacity of the i land use mode; Q; is the total
grain output or the total housingarea of the I land use; R, is
the minimum guaranteed per capita food consumption or
minimum guaranteed per capita living area of type i land
use; L is the urban minimum living security level of the
study area in the corresponding year (yuan/person a); K is
the ratio between the per capita disposable income of urban
residents and the per capita net income of farmers in the
corresponding year, that is, the urban-rural income ratio.
Ay s the i type of land use area with this function

Employment security function Vi = (Po—Py) V., is the area value of the functional unit of Li and Fang (2016)

x BIK unemployment insurance (yuan/hm?); P, is the population
carrying capacity. The population carrying capacity of
China’s land resources at the medium input level is
3.68~5.51 persons/hm?, and 5 persons/hm?” is taken here.
P, is the minimum carrying capacity of land resources,
which is 3.68 persons/hm’. B s the urban unemployment
insurance compensation standard for the corresponding
year in the study area (yuan/person - a). K is the ratio
between the per capita disposable income of urban
residents and the per capita net income of farmers in the
corresponding year, that is, the urban-rural income ratio

Sea Scientific research cultural value

V, represents the area value of scientific research and Tian (2016)
cultural function units (yuan/hm?); Qgc is the number of

‘marine scientific and technological papers, obtained

through Wip Chinese scientific and technological literature

retrieval engine; Prc is the average amount of money

invested in each scientific and technical paper in the

‘marine category, which was about 357,600 yuan per paper

in 2005; K is the annual correction coefficient; r is the

reduction rate (3.48%); A, is the i type of sea use area with

this function

Tourism entertainment value V, = 22K, bl V, represents the unit area value of marine resources for Tian (2016)

recreational enjoyment (yuan/hm?); y is the annual net

income, and the average annual net income of tourism sea

in Fujian Province from 2002 to 2004 is about 5,151 yuan/

ha; PDI, is the per capita disposable income of the region to

be estimated (yuan/year); PDI, is the annual per capita

disposable income (yuan/year) in the comparison region; K

is the annual correction coefficient; r is the reduction rate

(13%); A is the i type of sea use area with this function
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Sea

Combination patterns of PLES 010 2015
Main Production 114% 159% 168% 151%
Main Ecological 4.83% 455% 455% 503%
Main Living-Secondary Production 591% 7.69% 7.78% 8.26%
Balanced Production and Ecological-Secondary Living 42.38% 4111% 4091% 40.38%
Main Ecological-Secondary Production-Tertiary Living 45.72% 45.06% 45.08% 44.82%
Main Production 94.65% 91.98% 95.52% 96.71%
Main Living 0.25% 0.63% 038% 032%
Main Ecological 2.53% 1.62% 060% 039%
Main Production-Secondary Living 2.57% 5.76% 3.50% 2.58%
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Land ‘The supply of food, raw Vi =Y Yy x Py - Costyy
‘materials or energy
Production of goods and = (Eitand + Rigom
services K
+Lip) x v
Sea Food production Fv, 2 SHxQam
=
Salt industry resource value Vi=
Oil and gas resource value v, = zxpmm
Port and waterway traffic Vi= 2

resource value

Vi is the unit area value (yuan/hm?) supplied by the j substance of the i
land use (j includes grains such s rice and corn, raw materials such as

wood or energy (raw coal, oil and natural gas)); Y, is the average annual
yield per unit area of substance j of the i land use (kg/hm?); P, is the price
of the i land use j substance (yuan/kg); Cost;; is the production cost of the i
land use j substance

V; s the value of the production function of commodity and service
products of land use i (yuan/hm?); E; 4 is land expropriation price; R; co
is the unit area value of social retail goods; L is the sales of commercial
premises; K is the annual revision value, calculated by the ratio of the cost
price source year to the consumer price index (CPI) in the year to be
‘measured; A, is the i type of land use area with this function

FV,, represents the unit area value of food provided by mariculture for
huran beings (yuan/hm?); ; represents the quantity of Category j seafood
cultured by humans, respectively representing the production of shellfish,
fish, crustaceans and algae; @ is the unit value of the market price of
Category j seafood cultured after deducting the cost; m s the adjustment
coefficient set according to the sea use fees of different sea use types; 4, is
the i type of sea use area with this function

V; represents the unit area value of sea salt resources (yuan/hm?); y is the
added value of marine salt industry; r, is the 1-year benchmark interest rate
of bank deposits (%);  is the industry risk adjustment value (%); m means
the same as above; A, is the i type of sea use area with this function

V, represents the unit area value of offshore il resources (yuan/hm); y

represents the added value of the offshore oil and gas industrys 1 is the

proportion of the added value of the marine oil industry in the marine oil
and gas industry (67.53%); r is the recovery rate of offshore ol resources
(30%); m means the same as above; A, represents the i type of sea area with
this function

V represents the economic value per unit area of marine port resources and
waterway transportation resources (yuan/hm’); y s the added value of
‘marine transportation industry; r is the reduction rate (8%); m means the
same as above; A, is the i type of sea use area with this function

Li and Fang

(2016)

Zhang (2021)

Zheng (2008)

‘Tian (2016)

Tian (2016)

Tian (2016)
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