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Based on the PLUS model, research proposed a method to adjust the probability of land use transition to reduce the calculation error of the number of pixels. The refined algorithm is applied to simulate Shenzhen land use situation in 2030 under a progressive scenario using three periods of Shenzhen land use data in 2000, 2010 and 2020. Then, InVEST model was employed to evaluate the distribution situation and future trends of habitat quality in Shenzhen during the study period. Following are the conclusions: 1) The construction land in Shenzhen expanded rapidly and the ecological land gradually shrank during the research period. The proportion of artificial surface area increased by about 45.4% (304.98 km2) within 20 years. 2) By simulating the land use situation of Shenzhen in 2030, the results revealed that the land use change of Shenzhen in the future is mainly concentrated in the central and western regions. 3) The overall average habitat quality of Shenzhen was at a medium level, but the habitat quality showed a continuous degradation trend in each year throughout the study period. Spatially, the habitat quality degradation are mainly concentrated in Shenzhen’s central and western region. 4) Under the natural development scenario, Shenzhen’s habitat quality would experience a sharp decline by 2030. The habitat quality of the conservation area is guaranteed to a certain degree, but the artificial surface expansion outside the area will still affect the habitat quality in the boundary constraint scenario; Only in scenario of ecological priority, the habitat quality of Shenzhen has been restored and improved to a large extent. 5) In order to slow down the degradation trend and improve the regional ecological environment. It is necessary not only to strictly implement various protection boundaries delineated in the context of Territorial Spatial Planning, but also to implement the policy of “Clear waters and green mountains are as good as mountains of gold and silver” in the process of urban development. Government should reasonably control the scale of cities, optimize the ecological compensation mechanism, and implement ecological restoration policies such as returning farmland to forests and returning farmland to grassland.
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1 INTRODUCTION
Habitat quality refers to the capacity of ecosystem to provide resources needed for surviving and procreating under specific spatio-temporal conditions for individuals and groups, which is an significant factor in maintaining regional sustainable development (Hall et al., 1997; Liu and Wang, 2018). With the current background of global urbanization, the rapid development of construction land will surely result in the loss of forest, wetlands, and other areas with ecological services, altering regional habitat quality’s spatial distribution and the flow of materials and energy (Feng et al., 2018). Therefore, we analyzed the evolution characteristics of regional land use evolution, then simulates future urban land use, and investigate the relationship between urban growth and regional habitat quality. For relevant departments to carry out land resource optimization and ecological preservation in order to preserve regional sustainable development, analysis results can serve as a theoretical foundation and point of reference (Bai et al., 2019).
Presently, the majority of land use change prediction models are based on meta-cellular automata, such as CA-Markov (Ouyang et al., 1999; Nelson et al., 2009), CA-ABM(Xia et al., 2020; Chen et al., 2017; Liu et al., 2020), FLUS(Liu et al., 2017), and CLUE-S (Verburg et al., 2002). However, the Markov models cannot describe changes on a spatial scale. CA-ABM model has difficulty reflecting the impact of factors such as socio-economic conditions on urban land use patterns. Accurately capturing spatial variations in land use change under various zones is difficult for FLUS models. The CLUE-S model ignores the possibility of non-dominant land class transformation in its application and requires the use of a separate mathematical model for the non-spatial module (Qiao et al., 2022). The land expansion analysis method (LEAS) and CA based on multiple random seeds (CARS) are introduced in the patch generation land use change simulation (PLUS) model to solve these issues. It simultaneously combines the benefits of great accuracy and speed, making it capable of simulating the intricate evolution of various land types (Liang et al., 2021). By adjusting the model parameters, it can better meet the needs of various scenario simulations in different regions and under different policies. The model has performed well in the application of different spatial scales such as county (Lai et al., 2022),city (Xu et al., 2022; Ji et al., 2022; Yang S. et al, 2022), and province (Wang et al., 2022). At present, the majority of research in the field of land use scenario simulation calculate the number of land pixels for various future scenarios by directly adjusting the probability of land use transfer to acquire the number of land use pixels, oblivious to the fact that the adjusted probability of land transfer does not total to 1, which inevitably generates a certain degree of inaccuracy and affects the accuracy of the final results. Therefore, in order to reduce simulation inaccuracy, it is necessary to improve the calculation method for land use transfer probability for various scenarios.
Land-use change affects material exchange in the regions, thus affecting regional habitat quality. Therefore, spatial visual assessment of habitat quality can act as a guide for the development of regional ecological conservation. Nowadays the evaluation models of habitat quality mainly include ARIES model (Villa et al., 2009), SoLVES model (Sherrouse et al., 2011; Brown and Brabyn, 2012) and InVEST model (Tallis et al., 2011). Among them, InVEST model is widely used due to its high evaluation accuracy, good visualization and perfect theoretical system (Redhead et al., 2016; Han et al., 2022; Ding et al., 2022; Shao et al., 2022). In recent years, scholars around the world have employed the InVEST model to assess habitat quality from multiple perspectives, including urban agglomerations (Wu et al., 2021; Liu et al., 2021), provincial areas (Jing and Zhao, 2021; Liang et al., 2020) and municipal areas (Gao et al., 2022; Feng et al., 2022; Li et al., 2022; Zhao et al., 2022a), and have all achieved excellent research results. Currently, there aren't many research that analyze the traits of historical land use development and simulate and forecast future changes in regional habitat quality by combining the PLUS model with the InVEST model.
In the Guangdong-Hong Kong-Macao Greater Bay Area, Shenzhen is one of the core cities. Under rapid urbanization, its built-up area has expanded rapidly in the past 20 years, and regional resource constraints have been continuously strengthened, resulting in a gradual deterioration of the habitat quality. Research proposes a method for adjusting the probability of land use transfer to reduce simulation error. Based on this method, we simulates and analyzes the land use changes and habitat quality in Shenzhen in 2030 under multiple scenarios of progressive using land use data from 2000, 2010, and 2020. Moreover, features of land use evolutionary and the relationship between habitat quality and urban expansion in Shenzhen over the last 20 years was discussed in this article. Research also provides theoretical support and reference for the implementataion of ecological protection work in the context of current Territorial Spatial Planning of China with a view to better understand the evolution of Shenzhen landuse in the previous 20 years.
2 MATERIALS AND METHODS
2.1 Overview of the research area
Shenzhen is located between 113°43′ and 114°38′ East longitude and 22°24′ and 22°52′ North latitude. It is situated on the east shore of the Pearl River Estuary, east to Daya Bay, west to Lingding Ocean, south to Hong Kong, and north to Huizhou and Dongguan. With nine administrative districts and one new district under its jurisdiction, Shenzhen is one of the GBA’s essential cities and it covers an area of 1997.47 km2. By the end of 2021, Shenzhen has a total population of 17.68 million and its GDP has reached 3.07 trillion RMB.
Shenzhen is located in a subtropical region, influenced by the southeastern monsoon, with high temperatures and rainfall throughout the year; the topography is dominated by plains and low rolling hills, with mountains such as Maluan Mountain, Wutong Mountain and Paiya Mountain mostly located in Shenzhen’s eastern and central regions. In general, the quality of Shenzhen’s environment gradually decreases from east to west. This is due to the fact that Shenzhen’s nature reserves, such as the Dapeng Peninsula Nature Reserve, the Overseas Chinese Town Nature Reserve and several country parks, are mostly located in central and eastern Shenzhen, while the core built-up areas of Shenzhen are located in a flat area along the southwestern coast (Figure 1). Habitat quality is closely associated with ecological elements such as forest and grassland, and with the urban expansion brought about by urban construction, built-up areas have replaced the original ecological space. The relationship between human and nature in Shenzhen is becoming increasingly tense, and the environment in nature reserves and within built-up areas has been damaged to different degrees.
[image: Figure 1]FIGURE 1 | Schematic diagram of the study area.
2.2 Model selection and scenario design
2.2.1 PLUS model
The PLUS (Patch-Generating Land Use Simulation) model is a simulation model of future land use change that integrates the Land Expansion Analysis Strategy (LEAS) module and the Cellular Automata (CA) model based on multi-class random patch seeding. By evaluating the spatial characteristics of various types of land use expansion and the driving forces between the two stages of land use data, the model utilizes the random forest algorithm to sample the land expansion and calculate the likelihood that each type of land would be developed. Then the comprehensive landuse change probability is obtained based on the adaptive inertial competition mechanism of roulette. The ultimate land use mode is optimized by integrating random patch generation, transition transition matrix, and threshold decline mechanism at last.
2.2.1.1 LEAS (Land Expansion Strategy Analysis)
The Random Forest (RF) algorithm is employed to explore the drivers and factors of expansion of each category separately, as well as maintain the probability that each driver will contribute to the expansion of each land use category during the study period. This is accomplished by extracting the various land use expansion parts between the two periods of land use change. The RF algorithm in LEAS is to determine the probability of the occurrence of local classes on a single grid by random sampling the spatial data, and the following is its mathematical expression:
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Where [image: image] either 0 or 1. If [image: image] = 1, then [image: image] landuse type have replaced all other land use types; If [image: image] = 0, then land use types have replaced all other land use types except [image: image] type. [image: image] is a vector composed of several driving factors; the function [image: image] is the indicator function of the decision tree set; [image: image] is the prediction type of the nth decision tree of the vector [image: image]; [image: image] is the total amount of the decision tree.
A meta-cellular automaton model (CARS) based on a multi-type stochastic seed mechanism: it combines “Top To Down” (land class demand) and “Down To Top” (land class competition) effects; the “bottom-up " effect integrates neighbourhood weights, transformation cost matrices and decreasing thresholds, etc. During the simulation, land use demand influences local land use competition through an adaptive inertia coefficient that drives the amount of land use towards a setting target, with the following mathematical expression.
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Where [image: image] is the inertia coefficients of land use type [image: image] at time [image: image]; [image: image] and [image: image] are the difference between the land demand and the actual quantity at time [image: image] and [image: image] respectively.
It should be noted that in this study PLUS model’s scenario simulation is realized by controlling the number of pixels of different regions under future different scenarios, in other word, the urban development of different scenarios is designed by adjusting the transfer probability of the land use. However, only adjusting the transfer probability of the land type will cause the sum of probabilities not to be 1, resulting in a large error in the number of pixels. Therefore, the unadjusted probability must be also adjusted for the land type transition probability. Here, the author proposes a method for calculating adjustment factors of land types without probability adjustment. The mathematical expression is as follows:
[image: image]
Where [image: image] is the moderation factor; [image: image] is the land class that regulates the probability in the scenario design; [image: image] is the original transition probability from land type [image: image] to land type [image: image]. [image: image] is the probability adjustment value in the scenario design; [image: image] is the land class [image: image] and the sum of the pre-adjustment probabilities of all transferred categories. The implementation method is to multiply the unadjusted transition probability with the parameter regulator, so that the sum of the adjusted land type transition probability is 1. We can reduce the calculation error of the number of pixels in the scenario simulation and improve the accuracy of the scenario simulation.
2.2.2 The InVEST model
The InVEST model’s Habitat Quality module is based on land cover use type data, and uses the influence factors such as habitat suitability, stressor sensitivity, distance and weight of stressors to assess habitat quality. It considers the habitat quality as a continuous variable, which can be used to characterize the habitat quality. To a certain extent, it serves as a proxy for biodiversity in that the higher the HQI, the better the quality of the habitat and the greater the quantity of biodiversity. The following are index mathematical expression:
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Where the habitat quality index is [image: image]; [image: image] is the suitability of the habitat for land type j, and the range of values is [0, 1], with 1 being the highest habitat quality; The habitat degradation level for raster cell [image: image] in land type [image: image] is [image: image]; [image: image] is a half-saturation constant with a default value of 0.5, usually half of the maximum degradation degree; [image: image] is a normalization constant with a default value of 2.5; the following formula is used to calculate [image: image]:
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Where [image: image] is the number of stress factor grid cells, [image: image] represents all of the stress factor’s grid cells, and [image: image] is the number of stress factors. The weight of the stress factor [image: image] is [image: image]. [image: image] represents the value of the stress variables for the raster [image: image]; [image: image] is the stress level of the stress factor [image: image] of raster [image: image] to raster [image: image]; [image: image] is the accessibility of stress factor to raster [image: image]; [image: image] is the habitat type [image: image] ‘s sensitivity to the stress factor [image: image] with a value range of (0, 1); The linear distance between the grids [image: image] and [image: image] is denoted by [image: image] ; and the maximum stress distance for the stress factor [image: image] is denoted by [image: image].
Based on the relevant literature (Wang et al, 2023; Zhao et al., 2022b; Lei et al., 2022; Yang et al., 2021), distance of maximum influence, weight of the threat variables, the type of spatial attenuation, and the sensitivity of each land use type to the threat variables are the primary parameters that need to be adjusted in accordance with the unique circumstances of the research area. Taking into consideration the specific development of Shenzhen, this study defines the artificial surface that have a threatening effect on surface habitats, bare land and cultivated land as threat factors. The habitat suitability, the sensitivity of different habitats to threat factors (Table 1) and the maximum influence distance and weight of each factor are set based on the actual situation (Table 2).
TABLE 1 | Suitability of each type of habitat and its sensitivity to stress factors.
[image: Table 1]TABLE 2 | Stress factors affect distance, weight and spatial attenuation type.
[image: Table 2]2.2.3 Multi-scenario design based on pixel number constraint
We design a total of three typical scenario models of natural development, boundary constraint, and ecological priority, which are imployed to simulate and forecast the pixel quantity and spatial distribution of various land utilizes in Shenzhen in 2030. These models are based on the latest Territorial Spatial Planning of China and the relevant regulations of economic development and environment conservation in the study region. The pixel number of the natural development scenario and the boundary constraint scenario is predicted through the Markov chain. The number of pixels in the ecological priority scenario is determined based on the Markov chain and the land transfer probability parameter mentioned above. The following are setting of each scenario.
(1) Scenario 1: Natural development scenario. Regardless of the overall urban planning factors and the current protection factors for ecological land, but only based on the historical urban expansion trend, the historical land use transfer probability is used to simulate the urban development in 2030, the number of pixels of various types of land in 2030 is predicted by the Markov chain out.
(2) Scenario 2: Boundary constraint scenario. Based on the Territorial Spatial Planning’s latest edition and the natural development scenario (Shenzhen Municipal People’s Government, 2020), the area within the scope of " red line of land ecological protection, red line of marine ecological protection, natural ecological space, permanent basic agricultural land, and strictly protected shoreline” is regarded as the restricted conversion area, and the pixel numbers of various lands are consistent with the natural development scenario.
(3) Scenario 3: Ecological Priority Scenario, which is based on the fact that Shenzhen has gradually entered the stage of high-quality urban development, and the new round of Territorial Spatial Planning will create an ecological city with “forests in the city, blue water in the city, and cultivated land in the city.” Therefore, the pixel numbers are restricted to reduce the transfer probability limit on the basis of the boundary constraint scenario, and the probability of conversion of arable land and forest land to man-made surface is reduced by 30%, while the probability of conversion of grassland, water, shrubland and wetland to man-made surface is reduced by 20%.
2.3 Data sources and processing
2.3.1 Main data source
This study selects the 30-m resolution GlobeLand30 dataset as the source of land use data in Shenzhen. This global land cover dataset was produced by China and has a spatial resolution of 30 m, meanwhile data including the years of 2000, 2010, and 2020. The selected images used in this data production are primarily 30-m multispectral images, including multispectral images from the Landsat TM5, ETM+, OLI, and China Environmental Disaster Reduction Satellite. In order to increase accuracy, the 2020 data version also takes use of the 16-m-resolution Gaofen-1 multispectral photography. The 2010 data’s overall accuracy is 83.50%, and its Kappa coefficient is 0.78 the 2020 data’s overall accuracy is 85.72%, and its Kappa coefficient is 0.82, both of which can satisfy the research’s accuracy requirements (Chen et al., 2016; Chen et al., 2014).
2.3.2 Driving factor data
Considering the availability of data, research combined field investigation with reference of existing relevant studies (Wang et al., 2022; Zhang et al., 2022; Liu et al., 2022; Sun et al., 2023) and finally 14 driving factors were selected from natual and socio-economic aspects:elevation, slope direction, average annual temperature, slope, annual precipitation, GDP grid data, NDVI, population grid data, distance to different levels roads, distance to water area, and distance to settlements. Among them, ASTER GDEM 30 m resolution digital elevation data is attained from the geospatial data cloud (http://www.gscloud.cn/), the slope and aspect data are calculated from the elevation data; traffic road network, settlement and river data are obtained from the Open Street Map website, and the Euclidean distance to different levels roads, settlements and rivers are calculated by OSM data. The administrative boundary data of each district in Shenzhen is obtained from the 1:1000000 public version of the fundamental geographic information data released by the National Basic Geographic Information Centre in 2021, the relevant statistics are obtained from the Shenzhen Bureau of Statistics, while Chinese Academy of Science’s Resource and Environment Science and Data Centre is where the rest of data are obtained. Data are uniformly used at a resolution of 30 m, and the 1 km GDP and population spatial grid data of 1 km resolution were resampled to 30 m resolution, the coordinate system was WGS 1984 UTM Zone 50 N, the processing platform was ArcGIS Pro 2.8.6, the detailed parameters are shown in Table 3, and the specific methodological process is shown in Figure 2.
TABLE 3 | Basic and driving factor data of research.
[image: Table 3][image: Figure 2]FIGURE 2 | Schematic diagram of the data processing flow.
3 RESULTS
3.1 Land use change characteristics and prediction
3.1.1 Analysis of land use characteristics between 2000 and 2020
It is characterised by “a steep increase in construction land and a steady decline in ecological land” in Shenzhen between 2000 and 2020. The main manifestation is that the Shenzhen’s artificial surface area grew by 304.98 km2 in 20 years, which is about 45.4% of the original area. The change rate of artificial surface area was 14.16 km2/a−1 in 2000–2010, and the rate kept increasing to 16.32 km2 in 2010–2020. In addition to the artificial surface, the area of other landuse types showed a decline during 2000–2020. Among them, water area declined by 90.38 km2 (change rate −4.52 km2/a−1), cultivated land decreased by 78.78 km2 (change rate −3.93 km2/a−1), grassland decreased by 71.33 km2 (change rate −3.57 km2/a−1) and woodland decreased by 60.08 km2 (change rate −3.01 km2/a−1). Based on the two period’s land use conversion matrix, it is evident that the rapid increase of the artificial surface area in Shenzhen during the research period is due to the extensive transfer of water, grassland, forest land, and arable land into 48.1 km2 of grassland and 40.53 km2 of water area were transferred into artificial surface between 2000 and 2010, while the area of artificial surface in Shenzhen (26.64 km2) was only 15.82% of the transferred area (168.32 km2) in the first 10 years (Figure 3A). Shenzhen maintained this trend in the second decade of the study period, with the transfer of cultivation, forests, grasses, wetlands and water area to artificial surface continuing, the area of artificial surface transferr-out area (43.61 km2) accounting for only 21.08% of the transferr-into area (206.83 km2) (Figure 3B).
[image: Figure 3]FIGURE 3 | Land Use Conversion ratio chord chart for the Years (A) 2000–2010 and (B)2010–2020.
Spatially, The evolution characteristic that Shenzhen mainly shows is “ecological space reduced continuously while construction land expanding rapidly” (Figures 4A–C). During the research period, Shenzhen’s urban spatial expansion can be divided into two types, the first one is the internal-fill type, such as Luohu District and Futian District. Due to nature conservation policies and administrative boundaries, there is limited land available outside the district for development, and therefore the district is constantly expands the non-construction land with internal “holes.” The second type is the external-expansion type, such as in Baoan District and Nanshan District, where built-up areas have expanded by encroaching on external ecological spaces such as cultivation, forests, grasses, wetlands and water area. Large-scale reclamation projects were carried out in Baoan and Nanshan District, and a large amount of water area in the areas around Qianhai and Shenzhen Bay was converted to consturction land to satisfy the requirements of urban development during the research period.
[image: Figure 4]FIGURE 4 | Land use situation of Shenzhen in (A) 2000, (B) 2010, and (C) 2020.
3.1.2 Multi-scenario analysis of land use simulation
The PLUS model was employed to predict a multi-case land use scenario for Shenzhen in 2030 based on the land use data in 2000, 2010, and 2020. Firstly, the LEAS module in the PLUS model was employed to maintain the development probabilities of different landuse types based on the current landuse data and the 14 selected socio-economic and natural drivers, followed by the simulation of the 2020 landuse situation based on the CARS module, which was compared with the real land use situation in Shenzhen in 2020, resulting in a kappa coefficient of 0.823 and overall accuracy of 0.891, showing the simulation results have a high level of spatial coherence, which can satisfy the simulation accuracy requirements of this research. Therefore, the real 2020 Shenzhen landuse data is used to predict the land use situation of Shenzhen in 2030.
It has been revealed through simulating Shenzhen’s land use situation in 2030 that the center and western regions of the city will experience the majority of the city’s land use changes. In Scenario 1, urban development continues the historical trend, with built-up areas in each region expanding through external-expansion and internal-fill. Among them, the central and western regions represented by Nanshan, Baoan and Longhua districts are expanding rapidly, while the eastern part of Shenzhen, represented by Dapeng New District, changes less (Figure 5A). The built-up surface area of Shenzhen increases by 131.6 km2 in this scenario, of which 84.1 km2 forest land and 22.2 km2 cultivated land are transferred into respectively (Figure 6A). In this scenario, as there is no restricted area for land conversion, forest lands and grasslands located in the planned ecological conservation zone are encroached upon by the artificial surface, e.g., the structure of the ecological conservation zone of Phoenix Hill—Balcony Hill—Changlingpi is somewhat damaged by the built-up area. The occurrence of reclamation in the Shenzhen’s western part, i.e., the Bao’an Airport area, which has caused damage to the planned coastal ecological landscape zone of the Pearl River Estuary and Shenzhen Bay, shows that urban expansion in Shenzhen under natural scenarios will undoubtedly cause greater damage to the urban ecosystem.
[image: Figure 5]FIGURE 5 | The land use situation of Shenzhen in 2030 under the scenario of (A) natural development, (B) boundary constraint and (C) ecological priority.
[image: Figure 6]FIGURE 6 | The chord diagram of land use conversion in 2030 Shenzhen under the scenario of (A) natural development, (B) boundary constraint and (C) ecological priority.
Scenario 2 sets clear boundary limits on urban expansion, which plays a essential conservation role in the ecological space in the restricted regions (Figures 5B; 6B). The built-up area switches to internal infill expansion of green space, such as farm and forest, in contrast to Scenario 1, where regional expansion is constrained, which causes some injury to the local environment. It is significant to realize that both scenarios 1 and 2 have reclamation in the western part of Shenzhen, and the new Territorial Spatial Planning documents stipulate that shoreline of this section is to be optimised for use, suggesting that Shenzhen may continue to reclaim land in the western part of the sea to meet urban development needs in the future.
Scenario 3 is based on the fact that Shenzhen has gradually entered the stage of high-quality urban development, with an increase of 47.8 km2 in forest area, an increase of 21.8 km2 in cultivated land and a decrease of 65.1 km2 in artificial surface area compared to 2020, with no more conversion of water area to other land types and the disappearance of reclamation development (Figures 5C; 6C). The spatial changes in this scenario are characterised by a gradual ‘dissipation’ of consturction land, i.e., a gradual reduction in the density of consturction land, and an increase in the connectivity of urban ecological space while maintaining the original polycentric urban structure of Shenzhen, indicating that the concept of ecological priority development plays a significant role in the optimisation and maintenance of the urban ecosystem.
3.2 Comparative analysis of spatio-temporal evolution of habitat quality and multi-scenario simulation
3.2.1 Habitat quality evolution characteristics in Shenzhen 2000–2020
Land-use change brings about changes in regional habitat quality through the movement of regional material elements. Based on the analysis of the evolution of land use in Shenzhen, we evaluated the habitat quality in Shenzhen at different time periods to further explore the characteristics of change and response relationships between land use and regional habitat quality. By importing the current land use data, ecological stress factor data and factor sensitivity data into the InVEST model, we obtained the Shenzhen habitat quality data in the years 2000, 2010, and 2020, with the range of habitat quality factors being (0-1). The greater the habitat quality, the more comprehensive the ecosystem services, and the more favorable it is for the preservation of biodiversity, the higher the value. In order to present the evolution process of habitat quality in different years, the habitat quality results of the three-phase were divided into four categories in ArcGIS, namely, 0–0.15, 0.15–0.42, 0.42–0.70, and 0.70–1, which correspond to four levels of habitat quality: poor, medium, good, and excellent respectively.
From municipal perspective, the average habitat quality of Shenzhen has been at an intermediate level since 2000, but the habitat quality has shown a decreasing trend in each year, with poor habitat quality area increasing by about 150.83 km2 and the good habitat quality area decreasing by about 125.52 km2 in 2 decades. Spatially, the degraded habitat quality area are mainly concentrated in the Shenzhen’s central and western regions. From 2000 to 2020, the extensive expansion of the built-up area of Shenzhen’s central area and the reclamation projects in the Baoan and Nanshan districts in the west part have led to a significant reduction in regional habitat quality due to intensive human activities.
Combined with the spatial expansion of artificial surface in each period, it can be concluded that the spatial degradation of habitat quality in Shenzhen is closely related to the expansion of artificial surface. On the one hand, the expansion of artificial land surfaces encroaches on a large amount of ecological space, and on the other hand, it brings about intensive human activity, further improving the intensity of land use, increasing the distance and weight of various stressor, and destroying the regional habitats quality (Figure 7).
[image: Figure 7]FIGURE 7 | Spatial distribution of Shenzhen’s habitat quality in (A) 2000, (B) 2010 and (C) 2020.
For different districts, each was classified into three categories by method of natural break point according to the average annual degradation of habitat quality from 2000 to 2020: severely degraded, moderately degraded and slightly degraded, it can be seen that the degree of degradation in each district of Shenzhen shows the spatial characteristics of “Gradual increase from east to west.” The slightly degraded areas are Yantian District, Luohu District, Pingshan District and Dapeng New District in Shenzhen’s central and eastern area; the moderately degraded areas are Longgang District and Futian District in central Shenzhen; and the severely degraded areas are Baoan District, Longhua District, Nanshan District and Guangming District in western Shenzhen.
As the most severely degraded area in Shenzhen in the last 20 years, the poor habitat quality area in Baoan District increased by about 24% (95.8 km2) and the excellent habitat quality area gradually disappeared. The large-scale reclamation projects were carried out in the western and northern coastal areas of Baoan District, and a large number of industrial zones and industrial parks were built and expanded in Baoan’s eastern and central region during the study period. The extensive expansion of the built-up areas gradually destroyed the balance of the regional ecosystem, as a result, the quality of regional habitats was significantly reduced. By 2020, medium habitat quality areas in Baoan District will mostly be clustered in the Fenghuang Mountain, Tie Gang Reservoir and Balcony Mountain areas, while the rest will be fragmented and scattered. The habitat quality of Nanshan District, which is adjacent to Baoan District, is similar to that of Baoan District, with the number of areas with poor habitat quality increasing by 33.8% (69.3 km2) and the proportion of excellent habitat quality area reducing from 10.5% (21.5 km2) to 2.9% (5.9 km2) during the research period. The large-scale reclamation along the coast of Nanshan District and the expansion of the internal built-up area had led to the degradation of the habitat quality in this area by 2020. Medium-quality habitat areas in Nanshan District are the Xilin Reservoir in the north, the Tanglang Mountain Park area in the east, and the Nanshan Park area along the coast in the south.
The medium-degraded area of habitat quality in Shenzhen lies in Futian District and Longgang District in central Shenzhen. The percentage of areas with good habitat quality in Futian District decreased by 11.7% (9.3 km2) during the research period, and the spatial degradation mainly existed in the mangrove reserve in the southwestern part of Futian District. Mangroves were affected by artificial surface expansion, resulting in a reduction in mangrove area and a decline in ecological services, leading to moderate degradation of habitat quality. Longgang District is located in the northeastern part to Futian District, and the artificial surface has expanded by encroaching on the forest land in the southwestern, central and northeastern regions. Therefore, There is a “radiating” degradation for the habitat quality in this area, covering the surrounding areas of Luohu, Yantian and Pingshan.
The Dapeng New Area, Luohu District, Yantian District and Pingshan District in eastern Shenzhen showed mild degradation of habitat quality during the research period. Due to better natural conditions, the ecological structure of these areas is interconnected. Large-scale natural reserves such as Wutongshan National Forest Park, Huaqiaocheng National Wetland Park and Dapeng Peninsula National Geological Park together form a green spatial ecological conservation belt from west to east. Due to policy protection, the expansion of artificial surfaces in this category is limited during the research period, thus with less impact on the habitats quality within the region. The change in habitat quality in this type of area is mainly caused by the expansion of artificial surfaces in Longgang District, and the habitat quality shows a radial degradation towards the southeast.
3.2.2 Comparative analysis of habitat quality multi-scenario simulation
Based on the 2030 Shenzhen multi-scenario landuse predict results obtained by the PLUS model, the stressor data within each scenario was extracted and imported into InVEST, the results are displayed in Figures 8, 9.
[image: Figure 8]FIGURE 8 | Spatial distribution of Shenzhen’s habitat quality under the scenario of (A) natural development, (B) boundary constraint and (C) ecological priority.
[image: Figure 9]FIGURE 9 | Histogram of the proportion of habitat quality area in each district of Shenzhen.
3.2.2.1 Scenario 1
In natural development scenario, the habitat quality of the whole area of Shenzhen shows “overall degradation” (Figure 8A), with an average of 0.18, a decrease of about 24.5% compared with that in 2020. The percentage of areas with poor habitat quality climbed from 53.9% to 70%, an increase of about 16.1% (343.9 km2), while the proportion of medium, good and excellent habitat quality areas decreased by about 9.69% (207.45 km2), 4.87% (104.25 km2) and 1.57% (33.63 km2) respectively. In Scenario 1, good and excellent habitat quality areas in Shenzhen only exist in Dapeng New District and Pingshan District in the east, and the habitat quality in the rest areas is medium and poor, indicating that if Shenzhen does not restrict the future urban development, its habitat quality will face the risk of comprehensive degradation, which will have a considerable effect on the local ecological system.
3.2.2.2 Scenario 2
Under the clear red line restrictions of ecological protection, Shenzhen exhibited the characteristic of “Significant degradation in Midwest, slight degradation in East” (Figure 8B), with an average habitat quality of 0.22, a decrease of about 8.9% compared with 2020. The significantly degraded areas in the midwest are mainly located in the Balcony Hill Forest Park, Tanglang Mountain Park, Shiyan Wetland Park and other regional ecological spaces. Among which, the most obvious habitat degradation is in Baoan District, where the medium habitat degrade to poor habitat area will reach 43.7 km2. Although there are clear ecological protection restrictions in Scenario 2, and there is no transformation within the boundary, the habitat quality here will still be affected by artificial surface expansion. This shows that the ecological protection red line is effective for maintaining the quality of urban habitats, but the expansion of artificial areas outside the protection red line will still affect the regional habitat quality to a certain degree.
3.2.2.3 Scenario 3
In the ecological priority scenario, the overall habitat quality in Shenzhen has been significantly improved, with an average habitat quality of 0.26, an increase of about 9.3% compared with 2020 (Figure 8C). The proportion of excellent and good habitat quality areas increases by 1.16% (24.8 km2) and 1.45% (30.97 km2) respectively, while the poor habitat quality area decreases by about 80.25 km2. The change in this scenario is mainly due to the improvement of habitat level or spatial expansion relying on the original ecological space. For example, in the simulation of this scenario, the proportion of the good quality area in Luohu District increased by 6.7% (5.3 km2), spatially showing that the good habitat in the eastern region gradually expanded westward, and the medium quality habitat in the central region gradually grew and spread. In general, in the ecological priority scenario, a certain amount of artificial surface and cultivated land will be transferred to forest and grassland based on the clear boundaries of ecological protection, and the regional ecological space is increased. The landscape connectivity has been improved, the degree of habitat fragmentation has been reduced, and the habitat quality in Shenzhen has been better restored and improved.
After multi-scenario prediction and comparative analysis of habitat quality, it can be state that under the scenario of natural development, the artificial surface will maintain its historical expansion trend and Shenzhen may face a total degradation of habitat quality in 2030; under the boundary constraint scenario, the habitat quality of the restricted development area is safeguarded to a certain extent, but the expansion of the artificial surface outside the restricted area will still affect the habitat quality within the protected area; Only in scenario of ecological priority, the habitat quality of Shenzhen has been restored and improved to a large extent, mainly becauseon the one hand, the restricted reserves have played a role in ecological conservation, and on the other hand, the transformation of urban development policies has restricted the further expansion of the city’s scale. A certain area of artificial surface is transformed into forest land, grassland, wetland and water area, which contributes to enhancing the quality of the regional habitat.
Consequently, in order to enhance Shenzhen’s urban habitats and revive their quality, government must not only strictly implement the various ecological protection boundaries delineated in the context of national land space, but also implement the policy of “Clear waters and green mountains are as good as mountains of gold and silver” in urban development. Reasonably control the scale of the city, optimize the ecological compensation mechanism, improve the connectivity of regional landscapes, vigorously implement ecological restoration policies such as returning farmland to forests and animal breeding grounds to pastures, and strengthen the comprehensive improvement of ecological space.
4 DISCUSSION
Based on the PLUS model, research proposed a method to adjust the probability of land use transition to reduce the calculation error of the pixels number. The InVEST model was employed to simulate the distribution situation of land use and habitat quality in Shenzhen in 2030 within the context of Territorial Spatial Planning by design three simulation scenarios. In addition to the innovation of adjustment parameters, the scenario setting of this research is progressive in order to better reflect the measures that have a high impact on the habitat quality in the scenario design, which is different from the classic land use scenario simulation (Yang et al., 2022b; Chen et al., 2022). We found that the additional boundary restrictions in Scenario 2 compared to Scenario 1 had a limited effect on improving regional habitat quality, since human activities in the outer areas still have a radiating effect on the inner boundaries, and it is therefore necessary to consider further conservation space based on boundary restrictions in the future. In addition, we find that reclamation occurs along the western coast of Shenzhen in both Scenarios 1 and 2, and after analysing the current policy guidelines, it can be deduced that reclamation is likely to continue along the western coast of Shenzhen in the future to meet future urban development needs. Only in Scenario 3, with a combined approach of boundary restrictions and ecological protection policies, can regional habitat quality be effectively restored and improved, proving that policy factors are an element that cannot be ignored in ecological protection efforts. The “Two Mountains” theory was proposed by China President Xi Jinping in 2005 as an significant ecological theory based on the harmonious unity of human and nature, with the goal of achieving the shared prosperity of human and the natural. Under the guidance of this theory, the Chinese government has launched a large number of environmental protection regulations and policies. For example, Shenzhen has issued the (Shenzhen 14th Five-Year Plan for Ecological Protection) and (Shenzhen Special Economic Zone Ecological Protection Regulations), and so on. Focusing on international key issues such as the atmosphere, water, sea, noise and climate change, government are making great efforts to improve regional environmental quality. As a result, the overall ecological and environmental advantages have been transformed into green economic development advantages. By 2020, the water quality compliance rate of all drinking water sources in Shenzhen is 100%, and the water quality of the eastern sea area reach the highest national water quality standard. In terms of soil, the safe utilisation rate of contaminated cultivated land and contaminated construction land in the city reached 100%; in terms of air, Shenzhen’s PM2.5 dropped to 19 ug/m3 and the air quality rate reached 97%. Therefore, the practice of ecological preservation can actively incorporated with the “two mountains” theory in the framework of the present “three lines” of China territorial spatial planning, which can significantly enhance the quality of regional habitats and promote the balance between humans and nature. The research can help government better understand the Shenzhen’s land use evolution in the previous 20 years, meanwhile provide theoretical support and guidence for the implementation of ecological evaluation and preservation work in different region of China under the current Territorial Spatial Planning. However, there are still deficiencies in the research, such as fewer source years, the prediction accuracy of the pixel numbers in varuous scenarios still needs to be improved. The follow-up will improve the above deficiencies.
5 CONCLUSION

(1) The construction land in Shenzhen expanded rapidly, and the ecological land gradually shrank during the research period. Among them, the large-scale transfer of cultivated land, forest land, grassland, and water area land increased the proportion of artificial land surface area by about 45.4% (304.98 km2) within 20 years. The spatial expansion mode of built-up areas in Shenzhen is mainly divided into internal filling and external expansion. Among which, the internal filling is mainly affected by natural conservation policies or administrative boundaries, and the external development area of the built-up area is limited.
(2) By simulating the comparative analysis of land use in various scenarios in Shenzhen in 2030, it can be concluded that the land use change of Shenzhen will mainly be concentrated in the central and western regions. In the natural development scenario, the urban blue-green space is gradually shrinking due to the expansion of the original urban built-up area, and the western reclamation phenomenon is serious. In the boundary constraint scenario, the boundary constraint plays a good role in ecological conservations, but the urban built-up area will turn to the unrestricted area for expansion, and the phenomenon of reclamation in the west still exists. In the ecological priority scenario, the density of artificial surface land decreases, the area of forest land, grassland, water areas and other land types increases, without reclamation appearance.
(3) The overall average habitat quality in Shenzhen was at a medium level during the research period, but the habitat quality showed a steady degradation trend in each year. The area of poor habitat quality increased by about 150.8 km2, while the good habitat quality decreased by about 125.5 km2. Spaitally, the degradation area of habitat quality are mainly concentrated in the Shenzhen’s central and western regions.
(4) According to the comparative analysis of the habitat quality of multiple scenarios in 2030, we get the following conclusions: in the natural development scenario, the habitat quality of Shenzhen will face a comprehensive degradation situation in 2030. In the scenario of boundary constraints, the habitat quality of the conservative area is guaranteed to a certain degree, but artificial surface expansion outside the area of restricted will still affect their habitat quality. Only in the scenario of ecological priority, the habitat quality of the whole area of Shenzhen has been restored and improved to a large extent.
(5) It is necessary not only to strictly implement the various ecological protection boundaries delineated in land space, but also to implement the policy of “Clear waters and green mountains are as good as mountains of gold and silver” in urban development to slow down the degradation and further improve it. Reasonably control the scale of the city, optimize the ecological compensation mechanism, and implement ecological restoration policies such as returning farmland to forests and animal breeding grounds to pastures.
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