
1

2

3

4 Spatiotemporal relationships, influencing factors and policy implications of 

5 coastal man–land system spatial resilience based on interpretable machine 

6 learning models: A case study of China’s southeastern coastal region

7

8

9 Huan Song1¶, Zeyu Wang2*

10

11

12

13

14 1 School of Geography, Liaoning Normal University, Dalian, Liaoning, China 
15

16 2 Institute of Marine Sustainable Development, Liaoning Normal University, Dalian, 
17 Liaoning, China
18

19 *Corresponding author
20 E-mall: wangzeyu2008@163.com

21

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


22 Abstract
23 Spatial resilience, as a projection of system resilience at the landscape scale, offers 

24 a novel spatial interpretation for analyzing man–land interactions in coastal zones. This 

25 study builds an evaluation system from “element-landscape-system” levels, based on 

26 the conceptual framework of spatial resilience in coastal man–land systems. It examines 

27 the spatiotemporal evolutionary features of spatial resilience at various scales using 

28 multisource spatiotemporal big data. Interpretable machine learning techniques were 

29 used to construct SHapley Additive exPlanations (SHAP) models and investigate 

30 influencing factors. Results yielded three main findings: First, spatial resilience of 

31 man–land systems in the southeastern coastal region exhibits significant spatiotemporal 

32 heterogeneity with a slow optimization trend, forming a multi-scale spatial pattern 

33 characterized by “higher resilience in the element layer in the north than in the south, 

34 higher resilience in the landscape layer along the coast than in bays, and stronger 

35 resilience in the system layer in the north than in the south.” Second, habitat quality, 

36 landscape connectivity index, and marine aquaculture area were the core factors 

37 influencing spatial resilience at the element, landscape, and system levels, contributing 

38 35.17%, 29.24%, and 28.87%, respectively. Third, the variables with higher 

39 contribution rankings exhibited threshold effects on spatial resilience at different scales. 

40 To promote integrated land–sea management and optimize territorial spatial layout, this 

41 study, based on the advantages of regional resource endowments, formulates 

42 differentiated zonal management strategies and puts forward targeted policy 

43 recommendations.
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48 Introduction
49 The 2030 Agenda for Sustainable Development (Sustainable Development Goals, 

50 SDGs), released by the United Nations in 2015, has further directed man–land system 

51 research toward Earth’s surface environmental change, sustainable development goals, 

52 coupling processes, and spatial patterns between humans and land [1, 2]. As a critical 

53 zone for man–land interaction, China’s coastal regions account for only 13% of the 

54 territory but contain over 70% of large and medium-sized cities, 45% of the population, 

55 and nearly 60% of the GDP. Long-term land reclamation has fragmented habitats, port 

56 development has reduced landscape connectivity, and enclosed aquaculture has 

57 disrupted ecological substrate continuity. These processes weaken marine ecological 

58 functions and services and compress the self-regulation space of coastal man–land 

59 systems, thereby reducing their disturbance resilience and pushing them toward critical 

60 recovery thresholds [3, 4]. Thus, addressing the SDGs by mitigating conflicts between 

61 coastal socioeconomic development and resource-carrying capacity, and restoring the 

62 resilience of man–land systems, has become a major research focus. Spatial resilience, 

63 which considers the spatial attributes of system variables and interprets resilience from 

64 a landscape perspective, clarifies man–land dynamics, post-disturbance recovery paths, 

65 and multi-scale spatial correlations. This aligns with the current need to manage coastal 

66 ecological disturbances and promote sustainable man–land development [5]. Thus, 

67 analyzing man–land coupling through spatial resilience enriches the “pattern–process–

68 service–sustainability” paradigm in landscape ecology and improves the effectiveness 

69 of coastal ecological restoration.
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70 In 1973, Holling introduced the concept of resilience into ecological research, 

71 defining it as a system’s capacity to absorb changes in state variables, driving variables, 

72 and parameters while maintaining its stability [6]. In parallel, the social-ecological 

73 systems (SES) framework was introduced with the core aim of strengthening the 

74 coupling between ecological and social systems [7]. These two strands of research 

75 gradually converged and developed. Building on Holling’s adaptive cycle theory [8], 

76 SES research has begun to focus on systems’ adaptive capacity and their dynamic 

77 responses to external disturbances [9, 10]. As resilience spread across disciplines, its 

78 meaning and methods became more diverse and sophisticated. Since the 2000s, after 

79 Adger et al. (2000) extended resilience to the social sciences, studies have increasingly 

80 addressed social systems, communities, groups, and individuals [11]. This broadened 

81 scope reflects a shift from viewing resilience mainly as the capacity to recover from 

82 disturbances to emphasize adaptation, transformation, and learning in socio-ecological 

83 systems [12, 13]. For evaluation and quantification, Cutter’s DROP model and the 

84 BRIC index measured community resilience to disasters across multiple dimensions 

85 [14, 15]. Chinese scholars have also developed localized indicator systems for arid 

86 regions, tourist areas, and mountain villages [16–19]. Regarding influencing factors, a 

87 multidimensional perspective has emerged, spanning ecological elements such as 

88 landscape connectivity and biodiversity [20, 21].; economic and technological 

89 attributes, such as industrial structure and resource use efficiency [22, 23].; and 

90 institutional and social dimensions, including policy regulation and governance 

91 mechanisms [24, 25]. On this basis, Fu et al. (2020) proposed using spatial thresholds 
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92 to understand system states and man–land dynamics, promoting a shift from studies of 

93 single ecosystems or regions to a “multi-factor, multi-process, multi-scale” approach 

94 [26]. At the elemental scale, Salvati et al. (2013) used climate, soil, and vegetation to 

95 identify environmentally sensitive areas, strengthening the micro-foundation of spatial 

96 resilience [27]. At the landscape scale, Luo et al. (2018) showed that the spatial 

97 configuration of landscape variables directly affects resilience levels [28]. At the 

98 system scale, Chuang et al. (2018) grouped community resilience indicators into local, 

99 tele-connected, and socio-ecological dimensions [29]. Furthermore, Hao and Fu (2025) 

100 identified landscape connectivity as a key link between natural and socio-economic 

101 factors in the formation of spatial resilience [30, 31].

102 From a landscape ecology perspective, Cumming (2011) defined spatial resilience 

103 as the combined effect of internal and external variables acting on a system across 

104 multiple spatiotemporal scales [32]. Its key distinction from traditional resilience 

105 assessment is its focus on the dynamics of spatial patterns and neighborhood 

106 interactions. Rather than concentrating only on vulnerability or risk, spatial resilience 

107 in coastal man–land systems emphasize the adaptive governance between human 

108 activities and marine/nearshore terrestrial ecosystems, including both exploitation and 

109 conservation, as well as ecological feedback and constraints on human use [33, 34]. 

110 However, existing work has three main gaps. First, research practices exhibit “land–

111 centric bias” and land–sea fragmentation limitations, overlooking the holistic and 

112 interactive nature of their convergence zones. Existing outcomes, grounded in “man–

113 land systems,” overly focus on isolated terrestrial areas or coastal wetlands. Failing to 
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114 leverage the integrated land–sea advantages of man–land systems, hindering the 

115 depiction of the three-dimensional coupling between humans, oceans, and nearshore 

116 terrestrial areas. Second, inadequate integration across research scales, lacking 

117 coordinated land–sea design at the “element-landscape-system” levels, hinder the 

118 representation of spatial resilience’s logic: “micro-level support, meso-level regulation, 

119 and macro-level feedback.” Third, methodological limitations, research relies mainly 

120 on linear tools, such as index decomposition and panel regression, which cannot 

121 adequately capture nonlinear, dynamic relationships. Studies that employ machine 

122 learning often lack interpretability, leaving the mechanisms of influence unclear. 

123 Interpretable machine learning has garnered significant attention because of its ability 

124 to capture complex nonlinear patterns without stringent model assumptions. Combined 

125 with interpretability tools such as SHapley Additive exPlannation (SHAP), it allows the 

126 quantification of contribution and threshold effects of driving factors, providing a new 

127 approach to uncover the mechanisms that shape spatial resilience. 

128 China’s southeastern coastal region, a key frontier for opening to the world and a 

129 major economic growth engine, is one of the world’s richest areas in coastal wetlands. 

130 It features high population density, intensive economic activity, and heavy pressure on 

131 resources and environmental carrying capacities. Rapid industrialization and 

132 urbanization, together with land reclamation, port construction, and offshore 

133 aquaculture, have intensified conflicts between marine ecosystems and human activities. 

134 Consequently, wetland degradation, habitat fragmentation, seawater pollution, and 

135 weakened coastal ecological functions have become more pronounced, seriously 
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136 constraining sustainable socio-economic development in the region [35]. Against this 

137 backdrop, this study focused on the southeastern coastal region. First, this study 

138 analyzes the spatial resilience of coastal man–land systems at multiple scales. Second, 

139 it integrates multisource remote sensing data to build a spatial resilience evaluation 

140 framework from an “element-landscape-system” perspective and applies Getis-Ord Gi* 

141 hotspot analysis to identify spatiotemporal evolution patterns. Finally, a machine 

142 learning model was developed and combined with SHAP to reveal the nonlinear effects 

143 and interactions of multi-scale drivers on spatial resilience. These results provide a solid 

144 scientific basis for the ecological zoning of coastal areas.

145

146 Materials and methods

147 Study area

148 The southeastern coastal region (20°31′–28°14′ N, 108°36′–122°18′ E) is an open 

149 coastal zone bordering the East China Sea and South China Sea, with a coastline of 

150 over 13,000 km and maritime area of approximately 476,000 km2. This economically 

151 dynamic region, centered on the coastal economic belt, mainly covers Fujian, 

152 Guangdong, Hainan, Zhejiang, Shanghai, and other coastal provinces, including 36 

153 coastal cities and 135 coastal counties/districts (Fig 1). Since China’s reform and 

154 opening-up, this region has used its geographical advantages to become a leading area 

155 of economic growth with a strong marine economy. In 2024, the GDP of its coastal 

156 cities totaled 32.6 trillion yuan, or 23.5% of China’s GDP. However, rapid urbanization 

157 has brought serious challenges. Higher population density and energy consumption 
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158 have worsened environmental pollution and threatened coastal sustainability. Pollutant 

159 discharge from inland areas has exceeded the carrying capacity of coastal zones, adding 

160 to ecological pressure. Large-scale land reclamation, port development, and offshore 

161 aquaculture have damaged coastal wetlands and natural shorelines and weakened 

162 marine biodiversity. Coastal erosion has caused land loss, damage to coastal structures, 

163 and degradation of beach ecosystems. Amid the expansion of construction land and 

164 industrial scale, marine space and mineral and biological resources are overexploited, 

165 intensifying man–land and human–sea conflicts. Therefore, scientific evaluation of 

166 spatial resilience in this region is vital for sustainable development. Based on the spatial 

167 scale and hierarchical nature of man–land system restoration, this study analyzed 135 

168 coastal counties and districts, 36 coastal cities, and 7 coastal provinces and 

169 municipalities in the southeastern coastal region at the micro-, meso-, and macro-levels. 

170 The spatial boundary of this study is defined as the coastal zone and its adjacent 

171 offshore waters (offshore distance ≤ 20 km), which is consistent with the core area of 

172 China’s inshore marine management and represents the region with the most intense 

173 human–sea interactions. The open ocean area (offshore distance > 20 km) is not 

174 included in this study due to its weak direct impact from human activities and limited 
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175 data availability.

176

177 Fig 1. Overview of the study area. (a) Location in China. (b) Scope and division by 

178 provinces. (c) Elevation. (d) Division by cities. (e) Division by counties.

179

180 Data sources and preprocessing

181 The required data encompass multiple types and spatiotemporal resolutions, 

182 including land-use, socioeconomic, and auxiliary geographic information. The time 

183 series covers four years—1990, 2000, 2010, and 2020—to ensure full alignment with 

184 the study period. All datasets were unified to the WGS84 coordinate system and 

185 resampled to a 1 km resolution. The specific data sources, acquisition, and 

186 preprocessing workflows are as follows: (1) Land-use data were obtained from the 

187 CLCD land-use dataset (30 m resolution) released by the Institute of Remote Sensing 

188 and Digital Earth, Wuhan University (https://irsip.whu.edu.cn/index.php). Using 

189 ArcGIS 10.8, the data underwent projection transformation, mosaicking, clipping, and 
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190 other preprocessing steps, and were then reclassified into seven categories: forest, 

191 grassland, water bodies, wetlands, cropland, built-up land, and unused land. (2) 

192 Ecological and geographic data included the Normalized Difference Vegetation Index 

193 (NDVI), sourced from the Resource and Environmental Science Data Center of the 

194 Institute of Geographic Sciences and Natural Resources Research, Chinese Academy 

195 of Sciences (1 km resolution) (www.resdc.cn). Temperature and precipitation data (1 

196 km resolution) were obtained from the National Qinghai-Tibet Plateau Science Data 

197 Center (data.tpdc.ac.cn). Vector data for county-, city-, and provincial-level 

198 administrative boundaries, as well as DEM data (1 km resolution), were acquired from 

199 the Geospatial Data Cloud platform (https://www.gscloud.cn). (3) Socioeconomic data 

200 at the provincial/municipal level were derived from the 1990—2020 editions of the 

201 China Statistical Yearbook, China Urban Statistical Yearbook, China Marine Economy 

202 Statistical Yearbook, China Marine Ecological Environment Bulletin, China 

203 Environmental Statistical Yearbook, and the statistical yearbooks/bulletins of provinces 

204 and cities in the southeastern coastal region. To spatialize socioeconomic attribute data 

205 extracted from these yearbooks, provincial/municipal statistics were integrated with 

206 administrative boundary vector data. A spatial join was then applied to generate gridded 

207 socioeconomic distribution data with geographic coordinates. ④Indicator 

208 standardization and weighting: To eliminate inconsistencies in the dimensions of 

209 indicator data, Z-score normalization was performed on the raw data using Python, and 

210 the normalized values were linearly rescaled to the range [0, 1]. Indicator weights were 

211 determined by combining the Analytic Hierarchy Process (AHP) with the entropy 
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212 weight method, and composite indicators were subsequently constructed based on these 

213 weights [36].

214

215 Research process and methodology

216 Technical approach

217 The technical approach, illustrated in Fig 2, consists of four main steps: 

218 constructing the indicator system, quantifying resilience values, characterizing 

219 spatiotemporal patterns, and analyzing influencing mechanisms. a) Indicator system 

220 construction: Establish an evaluation indicator system for the spatial resilience of man–

221 land systems and normalize all variables to form a standardized indicator dataset; b) 

222 Resilience quantification and pattern detection: Calculate the composite spatial 

223 resilience index for each evaluation unit within the man–land system. The Getis-Ord 

224 Gi* statistic was used to identify resilience hotspots and cold spots, and to analyze their 

225 spatiotemporal evolution; c) Model selection and regression analysis: Compare the 

226 predictive performance of multiple machine learning models and select the optimal 

227 model for the regression analysis of spatial resilience; d) Attribution analysis and 

228 interpretation: Identify the contribution of each driving factor using the selected 

229 machine learning model combined with SHAP-based visualization and explore the 

230 underlying nonlinear effects and interaction patterns.
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231

232 Fig 2. Technical route for the study

233

234 Evaluation indicator system

235 Analysis of spatial resilience in coastal man–land systems

236 Spatial resilience refers to the capacity of a regional spatial entity to absorb, 

237 recover from, or transform under natural and social disturbances while maintaining the 

238 structural stability of man–land systems. Compared with traditional resilience studies, 

239 it places greater emphasis on the spatial attributes (e.g., location, connectivity, and 

240 matrix) of variables within and beyond the system, integrating landscape ecology, 

241 resilience theory, and sustainable development concepts [37]. Centered on man–land 

242 system dynamics, spatial resilience focuses on the spatial characteristics of landscape 
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243 carriers and regulation of human activities. From a multi-scale spatiotemporal dynamic 

244 perspective on social-ecological system resilience, resilience is interpreted through the 

245 lens of the landscape as a carrier. The coastal man–land system is a complex open mega 

246 system formed by the interaction between human activities and the land–sea interface 

247 environment of the coastal zone (Li et al., 2018). Its spatial resilience, shaped by 

248 distinctive land–sea interaction characteristics, forms a unique theoretical framework 

249 that fundamentally differs from that of traditional man–land system resilience, as 

250 summarized in Table 1.

251

252 Table 1. Conceptual Analysis.

Comparison 

dimensions

Resilience of traditional 

man–land systems

Spatial resilience of coastal man–land 

systems

Core concept

Takes the land-based 

geographical environment 

as the core carrier, 

emphasizing a mainly 

unidirectional pattern of 

adaptation and regulation 

between “humans and 

terrestrial environments.”

Focuses on the land–sea interaction 

zone as the core domain, emphasizing 

three-dimensional coupling among 

“humans, oceans, and nearshore 

terrestrial areas,” with the core being 

bidirectional adaptation between land–

sea ecological processes and human 

activities.
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Key 

characteristics

Emphasizes maintaining 

the stability of terrestrial 

ecosystems.

Highlights three core principles: 

integrated land–sea management, 

bidirectional interactions, and 

ecological service mobility. It breaks 

administrative and natural boundaries 

to enable cross-domain regulation of 

elements, balances the bidirectional 

feedback between marine ecological 

services supplied to land and terrestrial 

human activities impacting the sea, 

and leverages natural processes to 

support cross-domain transmission of 

ecological services between land and 

sea.

Mechanism 

of action

Relies primarily on a 

unidirectional synergy 

between the self-

regulation of terrestrial 

ecosystems and human 

intervention.

Builds on the interconnectedness of 

land–sea ecological processes to 

establish a closed-loop mechanism of 

“land disturbance transmission–marine 

ecological response–land–sea 

synergistic restoration,” requiring 

consideration of both the continuity of 

natural processes and the 
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transboundary nature of human 

activities.

253

254 The “element-landscape-system” multi-scale evaluation framework organically 

255 integrates the “pattern–process–scale” theory of landscape ecology with the SES 

256 framework [38]. From the perspective of landscape ecology, the element level focuses 

257 on the patterns of landscape components, encompassing relatively homogeneous 

258 ecological units, such as individual wetland patches, shoreline segments, and 

259 vegetation-covered areas. Its core concern is the quality and functioning of ecological 

260 components without explicitly addressing the spatial connections among units. The 

261 landscape-level focuses on the overall structural pattern of the landscape, including the 

262 structure of typical landscape ecological units such as estuaries and bays, comprising 

263 patches, corridors, and matrixes, as well as the spatial coordination of economic and 

264 ecological functions. Its core lies in the spatial configuration and connectivity of 

265 heterogeneous components, emphasizing the optimizing effect of human regulation in 

266 shaping the landscape structure. The system-level centers on cross-domain linkage 

267 patterns of landscapes, encompassing the holistic coordination of population, resources, 

268 and the environment across administrative units. Its core lies in regional-scale 

269 collaborative governance and supply–demand balance, highlighting the supportive 

270 roles of policy regulation and industrial layout in maintaining overall system stability. 

271 These three levels align with the ecological logic of components–structure–function, 

272 forming a complete chain in which “patterns shape processes, processes support 

273 functions, and functions ensure resilience” [39, 40]. In summary, the spatial resilience 
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274 of coastal man–land systems is defined as follows: within the interactive system formed 

275 by human activities and the land–sea natural environment in coastal zones, spatial 

276 resilience is enhanced through the three-dimensional coupling of people, sea, and space. 

277 Considering land–sea coordination as the core principle and spatial structure 

278 optimization, functional synergistic adjustment, and multi-scale process linkage as the 

279 main pathways, it integrates anthropogenic governance with natural restoration and 

280 fully leverages the bidirectional interactions between land and sea and the advantages 

281 of ecological service flows. This dynamic process strengthens the system’s capacity to 

282 recover from and adapt to various natural disturbances (e.g., sea-level rise and extreme 

283 weather events) and anthropogenic impacts (e.g., land reclamation, port–adjacent 

284 industrial development, and intensive aquaculture) (Fig 3). The specific 

285 implementation pathways are as follows. At the element level, through measures such 

286 as coastline management and aquaculture–to–beach restoration projects, artificial 

287 interventions are combined with ecological design to repair locally damaged structures, 

288 translating county-level ecological restoration guidelines into concrete spatial 

289 operational pathways. At the landscape-level, focusing on typical landscape ecological 

290 units such as estuaries and bays, coastal urban development patterns are adjusted, the 

291 spatial configuration of the “patch-corridor-matrix” structure is optimized, and the 

292 coordination of economic and ecological functional spaces is promoted, thereby 

293 strengthening the linkage between socio-economic development and ecological 

294 restoration. At the system level, a spatial balancing mechanism for development and 

295 protection was established across administrative units by delineating the marine nature 
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296 reserve boundaries and coordinating the spatial layout of coastal pollution control. 

297 Regional collaborative governance forms a comprehensive spatial restoration 

298 framework covering the entire coastal zone.

299

300 Fig 3. The framework of spatial resilience in man–land systems

301

302 Development of evaluation indicator system  

303 Based on the spatial resilience characteristics of coastal man–land systems and the 

304 specific conditions of the southeastern coastal region, an evaluation indicator system 

305 for spatial resilience is constructed within the “element-landscape-system” framework. 

306 This system was designed to analyze the types and potential of man–land system spatial 

307 resilience across multiple scales in the southeastern coastal region. County-level 

308 administrative units function as decision-making units for spatial restoration at the 

309 elemental level. Municipal-level units exhibit relatively independent landscape 

310 connectivity characteristics, whereas provincial-level units represent composite 
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311 systems that integrate socio-economic development and natural ecological conditions. 

312 Accordingly, county-, municipal-, and provincial-level administrative units were 

313 designated as the evaluation units for the element, landscape, and system layers, 

314 respectively. Considering the spatial distribution of man–land system resilience, the 

315 evaluation scope is determined according to the following principles: Counties and 

316 districts closer to the sea experience greater pressure on coastal ecosystems; therefore, 

317 they are prioritized in the evaluation; landscape-level evaluation emphasizes ecological 

318 connectivity and thus, covers all element-level units. System-level evaluation must 

319 encompass all administrative units within the southeastern coastal region. The 

320 evaluation scope included 135 coastal counties/districts, 36 coastal cities, and 7 coastal 

321 provinces/municipalities in the southeastern coastal region. The current status and 

322 development trends of coastal man–land systems constitute the foundation of spatial 

323 restoration. The pressures generated by change processes and the policy and 

324 management responses to these pressures are key factors shaping spatial resilience. 

325 Following the principles of scientific rigor, effectiveness, representativeness, data 

326 availability, and operational feasibility, and drawing on the “Pressure–State–Response” 

327 (PSR) framework, we constructed an evaluation indicator system for the spatial 

328 resilience of coastal man–land systems based on the “element-landscape-system” 

329 approach (Table 2). This system not only builds on existing research on spatial 

330 resilience but also refines and supplements indicators specific to coastal human–marine 

331 interactions. ①Pressure indicators quantify drivers that directly threaten the stability 

332 of coastal human–marine systems, including pressures from human activities and 
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333 natural environmental stresses. Element-level: The Human Impact Index characterizes 

334 the intensity of human activities associated with different land-use types. Landscape-

335 level: The Landscape Pressure Index, measured using the Shannon Diversity Index [41], 

336 reflects the level of stress imposed by human activities on the spatial structure of a 

337 landscape. System-level: Population growth rate and the ecological pressure index 

338 characterize the macro-level pressures from socio-economic development and pollutant 

339 emissions, respectively. Sea-level rise height was used to quantify the threat posed by 

340 rising sea levels in the coastal zone. ②State indicators describe the physical, ecological, 

341 and economic conditions of the coastal human–marine system under pressure, directly 

342 reflecting system health and stability. Element-level: Marine carbon sequestration and 

343 water conservation are key ecosystem services. The vegetation coverage index reflects 

344 the growth status and extent of the terrestrial vegetation cover. Precipitation and 

345 temperature indicate the stability and suitability of the hydrothermal conditions. 

346 Landscape-level: The landscape connectivity and landscape aggregation indices 

347 characterize the integrity and stability of a landscape’s spatial structure and the 

348 landscape fragmentation index indicates the degree of landscape fragmentation. Park 

349 greenspace and green coverage of built-up areas reflect the quality of the human living 

350 environment. System-level: Marine aquaculture areas and mineral resource reserves 

351 represent the current levels of resource endowment. ③Response indicators reflect 

352 deliberate management measures and strategies adopted by society to alleviate 

353 pressures, improve adverse conditions, and enhance system adaptability and resilience. 

354 Element-level: Habitat quality characterizes coastal biodiversity. Landscape-level: 
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355 Environmental governance investment and the marine environmental quality indices 

356 represent the effectiveness of economic inputs and policy interventions in regulating 

357 the overall coastal environment at the landscape scale. System-level: The area of marine 

358 ecological reserves and total number of coastal pollution control projects indicate the 

359 capacity for ecological construction and management responses in coastal zones.

360

361 Table 2. Indicator system for evaluating the spatial resilience of coastal man–

362 land systems under “element-landscape-system” framework.

Evaluation 

Object            
Element Landscape System

Pressure
Human Impact 

Index E1
a

Landscape 

Pressure Index L1

Population Growth 

Rate S1

Ecological Pressure 

Index S2
b

Sea Level Rise 

Height S3

State
Ocean Carbon 

Sequestration E2

Landscape 

Connectivity Index 

L2

Marine Aquaculture 

Area S4

Water Source 

Conservation E3

Landscape 

Fragmentation 

Index L3

Mineral Resource 

Standard Quantity S5
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Vegetation 

Coverage Index 

E4

Landscape 

Aggregation Index 

L4

Precipitation E5

Park and Green 

Space Area L5

Air Temperature 

E6

Green Cover in 

Built-up Areas L6

Response
Habitat Quality 

E7

Environmental 

Governance 

Investment Rate L7

Marine Ecological 

Reserve Area S6

Marine 

Environmental 

Quality Index L8

Total Coastal 

Pollution Control 

Projects S7

Comprehensive 

Indicators

Element-level 

Spatial 

Resilience E8  

Landscape-level 

Spatial Resilience 

L9

System-level Spatial 

Resilience S8

363 aHuman Impact Index: E1=∑n
i=1 Aiwi/TA, where Ai denotes the area of the i-th 

364 land use type, wirepresents the parameter reflecting the intensity of human activity 

365 disturbance for the i-th land use type, TA indicates the total area of land use types within 

366 the evaluation unit, and n is the number of land use types. 

367 bEcological Pressure Index: S2 =∑ Ssiγi, where i represents the discharge volume 

368 of chemical oxygen demand (COD), petroleum hydrocarbons, ammonia nitrogen, and 
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369 total phosphorus from direct marine discharges in coastal provinces; Ssi denotes the 

370 standardized range value; γi is the weighting factor [42].

371 Sensitivity analysis was conducted to evaluate the robustness of the model. After 

372 introducing a 20% random perturbation to each indicator, the Pearson correlation 

373 coefficient between the original and perturbed results was 0.9997 (P < 0.001), and the 

374 mean absolute percentage error was approximately 1.07%. These results indicate that 

375 spatial resilience was only weakly affected by fluctuations in the input data, 

376 demonstrating the high robustness and reliability of the model.

377

378 Research methods
379 Ecosystem service assessment methods

380 (1) Carbon Stock. Carbon stock was assessed using the Carbon module of the 

381 InVEST model, which calculates aboveground biomass carbon density, belowground 

382 biomass carbon density, soil carbon density, and dead organic matter carbon density 

383 [43]. The formulae are as follows:

384 C=Cabove+Cbelow+Csoil+Cdead                                       (1)

385 Where C is total carbon stock (t/hm2), Cabove is above-ground carbon stock (t/hm2), 

386 Cbelow is below-ground carbon stock (t/hm2), Csoil is soil carbon stock (t/hm2), and Cdead 

387 is dead organic matter carbon stock (t/hm2).

388 (2) Water Conservation. Water yield was estimated using the Water Yield module 

389 of the InVEST model. The annual water yield for each grid cell is given by:

390 Yjx=1-(AETx÷Px)                                 (2)
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391 AETx÷Px= (1+ωx×Rxj)÷(1+ωx×Rxj+
1

Rxj)                                     (3)

392 ωx=Z×AWCx÷Px                                                  (4)

393 Rxj=Kxj×ETx÷Px                                 (5)

394 Where Yjx is annual water yield, AETx is annual average evapotranspiration, Px is annual 

395 average precipitation, ωx is the ratio of modified annual available water to precipitation, 

396 Rxj is the aridity index, Z is the Zhang coefficient [44], AWCx is soil available water 

397 content, Kxj is the vegetation evapotranspiration coefficient, and ETx is reference crop 

398 evapotranspiration.

399 (3) Habitat Quality. Habitat degradation is first calculated by integrating the 

400 sensitivity of different land—use types to threat sources with the external intensity of 

401 those threats; habitat quality indices are then derived to quantify habitat status within 

402 the study area [45]. The formula is as follows:

403 Qxj=Hj(1−
DZ

xj

DZ
xj+KZ)                              (6)

404 Where Qij is the habitat quality index for grid cell x within habitat type j, Hj is ecological 

405 suitability,and Z and K are model default parameters, typically set to 2.5 and 0.5, 

406 respectively.

407 Getis-Ord Gi* Hotspot Analysis

408 By integrating the characteristics of the available datasets, spatial data-mining 

409 methods based on hotspot analysis were used to examine the spatial resilience of man–

410 land systems at the elemental and landscape levels for 1990, 2000, 2010, and 2020. A 

411 local spatial autocorrelation analysis was conducted using the Getis-Ord Gi* statistic on 

412 the comprehensive resilience evaluation results, producing distribution maps of 
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413 statistically significant hotspots and cold spots. To analyze the spatiotemporal 

414 dynamics, hotspots were classified according to the Gi_Bin values and combined with 

415 four-period raster change information to identify persistent, newly emerging, weakened, 

416 and oscillating hotspots.

417 SHAP Model  

418 SHAP was employed to investigate the nonlinear interactions among the factors 

419 influencing the spatial resilience of man–land systems. Traditional linear models have 

420 difficulty in capturing complex nonlinear relationships between variables, whereas 

421 conventional machine learning models often suffer from “black-box” problems. SHAP 

422 overcomes this limitation by combining strong predictive performance with high 

423 interpretability, providing both global feature importance and local explanations at the 

424 individual sample level [46].

425 For data processing and parameter tuning, the dataset was randomly split into 

426 training and testing sets in an 8:2 ratio. Bayesian optimization was applied to tune the 

427 core hyperparameters, and the model performance was evaluated using K-fold cross-

428 validation (K = 5), which was chosen to balance the model stability, accuracy, and 

429 computational efficiency, given the sample size. During cross-validation, the training 

430 set was partitioned into five subsets; in each iteration, four subsets were used for 

431 training and one for validation. After five iterations, the optimal parameters for each 

432 model were selected based on the cross-validation performance. For the XGBoost 

433 model, the optimal hyperparameters were: learning rate (eta) = 0.0136, maximum tree 

434 depth (max_depth) = 10, minimum loss reduction (gamma) = 1.53 × 10-7, subsample 
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435 ratio (subsample) = 0.519, column subsample by node (colsample_bynode) = 0.4, and 

436 minimum child weight (min_child_weight) = 2. The performance evaluation showed 

437 that XGBoost achieved a root mean square error (RMSE) of 0.0091 and an (R2) of 

438 0.9981. Its prediction accuracy, stability, and generalization performance surpassed 

439 those of both the Random Forest model (RMSE = 0.0179, (R2) = 0.908) and Multilayer 

440 Perceptron models (RMSE = 0.0312, (R2) = 0.849). Compared with the Random Forest 

441 and Multilayer Perceptron models, XGBoost‑SHAP not only retains the superior 

442 capability of XGBoost in accurately capturing nonlinear interactions within 

443 high‑dimensional data, but also realizes the quantification of global feature importance, 

444 visualization of factor contributions at the local sample level, and identification of 

445 nonlinear threshold effects simultaneously through Shapley value decomposition. This 

446 effectively overcomes the limitation of traditional machine learning models that 

447 “achieve high prediction accuracy but lack interpretability”.

448

449 Spatiotemporal evolution

450 Spatiotemporal evolution of spatial resilience in coastal man–

451 land systems at the element level

452 Using the natural break method, the element-level evaluation results were 

453 classified into four grades of resilience: weak, relatively weak, relatively strong, and 

454 strong (Figs 4 and 5). Spatially, the element-level spatial resilience of man–land 

455 relations is higher in the north and lower in the south, which closely aligns with the 

456 regional development gradient along the southeastern coastal region. Temporally, it 
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457 shows a complex evolution process characterized by “fluctuating optimization and 

458 stepwise upgrading.” The proportion of higher-level resilience areas (relatively strong 

459 and strong) remained consistently high, exceeding 61% from 1990 to 2020.

460 In terms of spatial transitions, the resilience of the pressure dimension shows a 

461 pattern of “fluctuating bidirectional transfer,” vividly reflecting the geographical 

462 dynamics between human development activities and ecological constraints. Guided by 

463 strategies such as the development of the Pearl River Delta and the eastern Guangdong 

464 port cluster, traditional high-development zones have experienced accelerated port-

465 oriented industrial expansion and land reclamation, resulting in continuous increases in 

466 human impact indices and pushing some areas into the weak-resilience category. In 

467 contrast, key ecological nodes along the Zhejiang and Fujian coasts effectively curbed 

468 negative human disturbances through measures such as the marine ecological redline, 

469 mangrove restoration, and “returning farmland to the sea” projects. These interventions 

470 enabled areas with previously weak resilience to recover and shift toward moderately 

471 strong or strong resilience. The spatial resilience of the state dimension exhibited 

472 pronounced stage-dependent fluctuations. In 2010, the proportion of areas with strong 

473 resilience declined to 8.99%, whereas the proportion of areas with weak resilience 

474 increased to 40.46%. This shift was largely driven by the transmission effects of high-

475 intensity developmental pressures, leading to short-term degradation of natural habitats 

476 under intensified human activity. Subsequently, the state dimension exhibited a gradual 

477 recovery trend, with the proportion of strongly resilient areas remaining at 21.47%. By 

478 contrast, spatial resilience in the response dimension remained relatively stable, with 
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479 only minor fluctuations across the resilience categories. Overall, spatial resilience of 

480 the man–land system at the element level followed a trajectory of “fluctuating recovery 

481 and gradual improvement.” Ecological conservation and restoration projects, such as 

482 mangrove restoration and coastal zone remediation, have produced clear localized 

483 benefits. However, the spatial differentiation pattern of “higher resilience in the north 

484 and lower resilience in the south” remains entrenched due to regional development 

485 gradients. Ongoing high-intensity human activity pressures in densely developed 

486 southern coastal areas continue to represent the core challenge to further improve the 

487 overall spatial resilience.

488

489 Fig 4. Areal variation of spatial resilience in each dimensional space

490 Fig. 5e shows that resilience hotspots and cold spots in the man–land system 

491 follow a pattern of “hotspots clustering in the north and cold spots expanding along the 

492 southern edge.” From 1990 to 2020, hotspots expanded at 54.97 km²/yr (0.09%/yr 

493 intensity), while cold spots contracted slightly at 41.07 km²/yr (0.07%/yr intensity), 

494 indicating a slow but positive overall trend. Phased changes are evident: From 1990 to 

495 2000, early conservation gains: Hotspots expanded rapidly (176 km²/yr, 0.30%/yr), and 

496 cold spots contracted markedly (216.1 km²/yr, −0.39%/yr). Ecological control began in 
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497 the north, whereas southern development pressures remained fragmented, reflecting the 

498 initial success of conservation. Between 2000 and 2010, rising development pressure: 

499 Policy priorities shifted toward rapid growth, accelerating industrialization and 

500 urbanization along the southeastern coastal region. Industrial clustering in the Pearl 

501 River Delta and port expansion in eastern Guangdong intensified pressures, causing 

502 hotspots to contract (116.5 km²/yr, 0.19%/yr) and cold spots to expand in the short term 

503 (183.5 km²/yr, 0.35%/yr). From 2010 to 2020, in the ecological restoration phase, 

504 national measures such as the Marine Ecological Redline System and coastal zone 

505 management were implemented intensively. Restoration efforts renewed hotspot 

506 expansion (105.4 km²/yr, 0.18%/yr), while cold spots returned to contraction (90.6 

507 km²/yr, 0.17%/yr). Spatially, persistent and oscillating hotspots clustered along the 

508 central-northern Zhejiang and northeastern Fujian coasts, where stronger aggregation 

509 and reduced extent formed stable high-value zones. Persistent and oscillating cold spots 

510 extend from the Pearl River Delta to the eastern Guangdong coastline, with some 

511 diffusion toward nearby inland nearshore areas. This pattern reflects functional zoning 

512 under the “northern conservation and southern development” strategies along the 

513 southeastern coastal region. The three main drivers underlying these patterns are: (1) 

514 ecologically reinforced zones, where redline controls and wetland/mangrove 

515 conservation further strengthen the already strong-resilience; (2) low-disturbance 

516 sustained zones, which maintain moderately strong-resilience over the long term due to 

517 solid ecological baselines and topographic constraints; and (3) ecologically restored 

518 transition zones, which improve resilience through “farming-to-sea conversion” and 
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519 “coastal restoration projects.” Cold spot expansion is concentrated in the Pearl River 

520 Delta and eastern Guangdong, where intensive port construction, port-adjacent 

521 industrial clusters, and land reclamation impose persistent pressures. Despite 

522 interventions, development-conservation conflicts remain pronounced, making these 

523 areas priorities for future resilience enhancement.

524

525 Fig 5. Spatial and temporal change of the spatial resilience of the man–land regional 

526 system at the element level during 1990-2020

527
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528 Spatiotemporal evolution of spatial resilience in coastal man–

529 land systems at the landscape level

530 Using the natural breakpoint method, the landscape-level evaluation results were 

531 categorized into four resilience levels: weak, moderately weak, moderately strong, and 

532 strong (Figs 6 and 7). Spatially, the overall distribution pattern can be summarized as 

533 “higher resilience in northern coastal areas and lower resilience in southern bay areas, 

534 with clustered resilience on eastern islands and differentiated resilience along western 

535 coastlines.” Temporally, it exhibits a progressive evolution characterized by a 

536 “dominance of medium-low grades and contraction of high grades.” The proportion of 

537 medium-low (weak and moderately weak) resilience areas remained consistently above 

538 63%, whereas the proportion of strong resilience areas declined markedly from 9.85% 

539 in 1990 to 5.49% in 2020. Overall, the pattern converged toward “clustering of 

540 moderately weak grades and weakening of strong grades.”

541 In terms of spatial dynamics, the study period witnessed a “weak-strong oscillation” 

542 in spatial resilience across the pressure layers. Driven by coastal industrial expansion, 

543 port construction, and other development activities, some areas experienced surging 

544 development intensity, accelerated landscape fragmentation, and rising human footprint 

545 indices, pushing spatial resilience toward the weak category. At the same time, 

546 supported by ecological initiatives such as negative lists of coastal development, land 

547 reclamation controls, and mangrove restoration, other regions effectively curbed 

548 adverse human disturbances, enabling some areas with weak resilience to recover to 

549 stronger resilience levels. The spatial resilience pattern in the state layer remains 
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550 relatively stable. Long-term maintenance of coastal protective forests and mangrove 

551 ecosystems has maintained relatively steady-state indicators, such as landscape 

552 connectivity and habitat quality. Although the proportion of areas with strong resilience 

553 areas was low overall, it remained stable without pronounced fluctuations. However, 

554 because of historical legacy issues, such as shoreline hardening and habitat 

555 fragmentation, compounded by potential climate-induced disturbances to coastal 

556 landscapes, the proportion of weak and moderately weak resilient areas has declined 

557 only gradually, without fundamentally altering the core spatial pattern. The response 

558 layer exhibits “gradient differentiation and localized optimization.” In some areas, 

559 targeted initiatives such as “returning farmland to the sea” and “mangrove afforestation,” 

560 have accelerated the transition from weak to stronger resilience levels. By 2020, the 

561 proportion of areas with weak resilience had decreased by 6.36 percentage points 

562 compared to 1990, indicating gradual progress in restoration. Nonetheless, owing to 

563 developmental inertia, the increase in strongly resilient areas has remained sluggish, 

564 failing to reverse the overall decline in higher resilience levels. Overall, the spatial 

565 resilience of the man–land system at the landscape level exhibits a pattern of “overall 

566 degradation with localized optimization.” Although ecological restoration projects have 

567 achieved localized improvements, the persistent decline in resilience remains 

568 unresolved. Ongoing pressures from intensive development and historical ecological 

569 deficits continue to be core constraints on the overall enhancement of resilience.
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570

571 Fig 6. Areal variation of spatial resilience in each dimensional space

572

573 Fig 7e shows that spatial resilience hotspots and cold spots of the man–land system 

574 in the landscape layer, exhibit a pattern in which hotspots cluster along the northern 

575 section, whereas cold spots expand in a belt-like form along the southern bay. From 

576 1990 to 2020, hotspots contracted at a rate of -623 km ² /yr (-0.67%/yr intensity), 

577 whereas cold spots expanded at 416.17 km²/yr (0.27%/yr intensity). This reflects an 

578 overall degradation trend in landscape-level resilience, indicating that ecological 

579 conservation efforts have not been sufficient to offset developmental pressures. Phase 

580 analysis revealed distinct stages. From 1990 to 2000, hotspots expanded and cold spots 

581 contracted: hotspot areas grew at 1,025.7 km²/yr (1.12%/yr intensity), while cold spots 

582 contracted at -1,700.3 km²/yr (-1.12%/yr intensity). Initial ecological controls in the 

583 north produced visible conservation gains on islands and coastlines, strengthening 

584 hotspot clustering effects. Between 2000 and 2010, an abrupt contraction of hotspots 

585 and expansion of cold spots occurred, with hotspot areas shrinking at -1,722.8 km²/yr 

586 (-1.67%/yr intensity) and cold spot areas expanding at 554.2 km²/yr (0.41%/yr 

587 intensity). Development intensity surged in the south, causing northern hotspots to 
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588 shrink under increasingly diffusing development pressures and substantially offsetting 

589 earlier conservation benefits. From 2010 to 2020, hotspots continued to contract while 

590 cold spots accelerated their expansion: hotspot areas decreased at -1,171.9 km²/yr (-

591 1.37%/yr intensity), and cold spot areas expanded at 2,394.6 km²/yr (1.70%/yr 

592 intensity). Intensified development pressures in the south drove cold spots to spread 

593 contiguously along the bay coast, further reinforcing the degradation trend. Spatially, 

594 persistent and newly emerging hotspots were clustered strongly on northern islands 

595 such as Zhejiang’s Zhoushan Archipelago and Fujian’s Pingtan Island, as well as along 

596 the coastal areas of Ningde, exhibiting pronounced nucleation effects despite the 

597 shrinking spatial extent. Persistent and oscillating cold spots have expanded along the 

598 Pearl River Delta coastline and segments of the western Guangdong shoreline, 

599 encroaching into nearshore towns and tidal flats. This pattern reflects the spatial 

600 projection of an imbalance between development and conservation in northern and 

601 southern regions. Hotspot formation is driven by three mechanisms. Island-

602 concentrated hotspots rely on relatively isolated habitats and strict ecological redline 

603 controls, where industrial transformation and low human disturbance help maintain 

604 strong-resilience. Coastal conservation-driven hotspots enhance resilience from strong 

605 to stronger through wetland restoration and the synergy of green development, 

606 consolidating the northern hotspot zones. Restoration-driven hotspots improve 

607 resilience from weak to strong via measures, such as aquaculture-to-tidal-flat 

608 conversion and mangrove afforestation, forming new localized hotspot areas. In 

609 contrast, the expansion of cold spots has resulted from the combined effects of intensive 
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610 development in the south and long-standing ecological deficits. Despite localized 

611 restoration efforts, the tension between development and conservation remains 

612 unresolved, making the southern coastal areas key targets for future enhancement of 

613 landscape-level resilience.

614

615 Fig 7. Spatial and temporal change of the spatial resilience of the man–land regional 

616 system at the landscape level during 1990-2020

617

618 Spatiotemporal evolution of spatial resilience in coastal man–

619 land systems at the system level
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620 Based on the hierarchical results of the natural breakpoint method, the 

621 spatiotemporal evolution of spatial resilience at the system-level exhibits distinct 

622 characteristics (Fig 8). Temporally, it follows a pattern of “initial increase, subsequent 

623 decline, and then fluctuation.” While spatially, it is characterized by “stronger resilience 

624 in the north, weaker in the south, with localized oscillations.” From 1990 to 2000, 

625 average spatial resilience increased from 0.4479 to 0.4922. Along the Zhejiang and 

626 Fujian coasts, favorable ecological foundations—such as subtropical coastal wetlands 

627 and mangrove ecosystems—combined with an early policy orientation of “moderate 

628 development with priority on conservation” in the National Marine Development Plan, 

629 maintained relatively low development intensity and a stable proportion of strong-

630 resilience areas. In the southern Pearl River Delta, the overall scale of development was 

631 constrained by the early stages of an export-oriented economy, resulting in limited 

632 human disturbance of coastal habitats. Regional resilience showed a gradual upward 

633 trend, with scattered weakly resilient patches appearing on some islands due to 

634 disorderly traditional aquaculture. From 2000 to 2010, the average spatial resilience 

635 decreased to 0.4526. Northern Zhejiang and coastal Fujian generally retained strong 

636 resilience, supported by coastal development controls and ecological redline 

637 demarcations. In contrast, the southern Pearl River Delta is under increasing pressure 

638 from port-cluster construction and port-adjacent industrial agglomeration, as promoted 

639 by the Outline of the Pearl River Delta Region Reform and Development Plan (2008–

640 2020). Port expansion and the growth of industrial land in areas such as Nansha 

641 (Guangzhou) and Bao’an (Shenzhen) have intensified habitat fragmentation. Weak-
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642 resilience areas are spread along coastal belts, and some islands are affected by cross-

643 regional fishery pollution, leading to concurrent declines in resilience and a reduction 

644 in the regional average. From 2010 to 2020, the average spatial resilience decreased 

645 slightly to 0.4510. Along the Zhejiang and Fujian coasts, implementation of the 

646 National Marine Ecological Civilization Construction Implementation Plan—through 

647 initiatives such as “Blue Bay” remediation and large-scale mangrove restoration—

648 concentrated strong-resilience areas. In the southern region, although development 

649 inertia allowed weak-resilience patches to continue encroaching toward the coastline, 

650 enforcement of the Measures for the Control of Land Reclamation and Filling and the 

651 Guangdong-Hong Kong-Macao Greater Bay Area Ecological Environment Protection 

652 Plan helped arrest the continuous decline in resilience. These policies established a 

653 dynamic equilibrium between development pressures and regulatory interventions 

654 through measures such as returning farmland to tidal flats and shoreline restoration. 

655

656 Fig 8. Spatial and temporal change of the spatial resilience of the man–land regional 

657 system at the system level during 1990-2020

658

659 Influencing factors

660 Feature importance
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661 Fig 9 shows the relative importance of the variables influencing spatial resilience 

662 at element, landscape, and system levels. At the element level, habitat quality (35.17%) 

663 had the highest relative importance, followed by the human impact index (23.86%), and 

664 marine carbon sequestration (23.37%), underscoring the central role of ecological 

665 foundation elements in supporting and regulating resilience in the man–land system. 

666 Water conservation, climate-related factors (precipitation and temperature), and the 

667 vegetation coverage index exert comparatively weaker influences on element-level 

668 resilience. At the landscape level, landscape pattern characteristics and regulation of 

669 human activity jointly constitute the primary drivers of resilience. Among these, the 

670 landscape connectivity index (29.24%) and built-up area greening coverage (26.55%) 

671 were particularly influential, whereas variables such as environmental governance 

672 investment, park green space area, and the landscape pressure index also contributed to 

673 landscape-level resilience. The landscape fragmentation, landscape aggregation, and 

674 marine environmental quality indices have relatively limited effects on landscape scale 

675 spatial resilience. System-level analysis showed that socio-economic pressure factors, 

676 marine resource utilization, and ecological protection collectively dominated the 

677 changes in spatial resilience. Within this group, marine aquaculture area (28.87%) and 

678 natural population growth rate (22.22%) exhibited the highest relative importance. The 

679 effects of the mineral resource standard volume (9.12%), total number of coastal 

680 pollution control projects (5.77%), and ecological pressure index (5.63%) on system-

681 level resilience were relatively weak.
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682

683 Fig 9. Summary of the characteristics importance of variables of spatial resilience in 

684 coastal man–land systems: Based on SHAP analysis

685 Nonlinear effects and threshold effects

686 Partial dependency plots and threshold detection results indicated that all variables 

687 showed significant nonlinear characteristics and threshold effects on the spatial 

688 resilience of the man–land system. At the element level, spatial resilience is driven by 

689 “ecological baseline dominance with auxiliary regulation by human and climatic factors” 

690 (Fig 10). The ecological baseline variables were the core support for spatial resilience, 

691 showing stable influencing trends with clear thresholds. Habitat quality had a 

692 monotonically positive effect on resilience, with a threshold of 0.69. Above this value, 

693 the system is vulnerable and has limited regulatory capacity. Above this value, 

694 biodiversity maintenance and self-repair markedly improve, forming a virtuous cycle. 

695 Water conservation (threshold 0.26) and marine carbon sequestration (threshold 0.35) 

696 show “increasing marginal benefits” and “saturation effects,” respectively. Once the 

697 water conservation threshold is exceeded, basin hydrological regulation and ecological 

698 water replenishment increase significantly, which is consistent with the concentrated 

699 precipitation and hydrologically sensitive coastlines in the southeast coastal region. 

700 Marine carbon sequestration levels off after this threshold, reflecting the upper limit of 
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701 the ecological carrying capacity for carbon-sequestering vegetation such as mangroves 

702 and salt marshes. Human activities and climatic factors act as auxiliary regulators with 

703 a relatively limited overall influence. The human impact index displays a complex 

704 pattern: below 0.60, moderate human activities (e.g., rational aquaculture and eco-

705 tourism) slightly enhance resilience; above this threshold, intensive activities such as 

706 land reclamation and industrial pollution reduce the restoration capacity and cause a 

707 continuous decline in resilience, mirroring man–land conflicts under rapid 

708 industrialization and urbanization on the southeast coastal region. Among climatic 

709 factors, precipitation shows an “optimal moderate” pattern. Below 0.70, water scarcity 

710 constrains resilience improvement; above it, issues such as shoreline erosion and 

711 wetland flooding may occur, which is consistent with the uneven spatiotemporal 

712 distribution of precipitation under the monsoon climate of the southeastern coastal 

713 region. Temperature and vegetation coverage index exerted relatively gradual effects 

714 on spatial resilience.
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715

716 Fig 10. Partial dependence analysis of the element level

717

718 At the landscape level, which is distinct from the elemental level, with an emphasis 

719 on ecological foundation support, the focus is on an intermediate scale linking micro-

720 ecological processes to macro-spatial patterns. At this scale, the influence of key 

721 variables on the spatial resilience of man–land systems was characterized by “human 

722 regulation dominance and spatial configuration coordination” (Fig 11). Environmental 

723 governance investment is a key regulatory variable on this scale. It has a 0.67 threshold 

724 with a narrow 95% confidence interval, indicating a stable effect. Below 0.67, the 

725 SHAP values remained low, indicating that underinvestment in pollution control 
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726 facilities prevents economies of scale and constrains collaborative environmental 

727 governance. Above 0.67, the SHAP values increased sharply, implying that centralized, 

728 large-scale investments can effectively reduce pollution from industrial clusters and 

729 dense port areas in southeastern coastal cities, improving both ecological environmental 

730 quality and system resilience. The landscape pressure index has a threshold of 0.91 and 

731 exhibits a “critical constraint” effect. Below 0.91, SHAP values are near zero, 

732 indicating that development intensity generally remains within the ecosystem carrying 

733 capacity and landscape integrity is maintained. Beyond 0.91, SHAP values became 

734 negative and their absolute values grew as confidence intervals narrowed, indicating 

735 escalating disruption of landscape connectivity and irreversible damage to ecological 

736 corridors from activities such as land reclamation and the expansion of construction 

737 land. Among the landscape pattern variables, the landscape connectivity and landscape 

738 aggregation indices displayed strong threshold effects related to the spatial distribution 

739 of wetlands and coastlines along the southeastern coastal region. When the connectivity 

740 was below 0.77, the Partial Dependence Plot (PDP) curve was flat, reflecting weak links 

741 between habitat patches, constrained species movements, and ecological processes. 

742 Above 0.77, the curve becomes steep, indicating that continuous landscape corridors 

743 markedly enhance disturbance resilience and material cycling efficiency. The landscape 

744 aggregation index shows an “optimal moderation” effect: moderate aggregation 

745 supports ecological clustering and efficient resource use, whereas excessive 

746 aggregation can cause local ecological overload. This aligns with the fragmented patch 

747 structure and artificially interspersed natural landscapes typical of the southeastern 
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748 coastal region. In contrast, variables such as the marine environmental quality index 

749 and park green space area showed moderate threshold effects, whereas the wide 95% 

750 confidence intervals for the landscape fragmentation index and built-up area with green 

751 coverage indicated relatively weak threshold behavior.

752

753 Fig 11. Partial dependence analysis of the landscape level

754

755 As a key scale linking micro-ecological processes and macro-regional 

756 development, system-level variables exert a dual influence on the spatial resilience of 

757 man–land systems in the southeastern coastal provinces: a “resource utilization versus 

758 ecological conservation trade-off” and a “synergy between socio-economic pressures 
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759 and ecological regulation” (Fig 12). Two variables, natural population growth rate and 

760 marine aquaculture area, are particularly important, exhibiting marked threshold effects. 

761 The natural population growth rate showed a strong negative nonlinear effect on 

762 resilience, with a threshold of 0.54. Below this threshold, the negative contribution of 

763 SHAP values is relatively weak, implying that population growth pressures remain 

764 within the regional resource-environment carrying capacity and can be buffered 

765 through system self-regulation. Above this threshold, negative SHAP values effect 

766 significantly increased. Under conditions of high population concentration and dense 

767 urbanization in the southeastern coastal provinces, continued population growth leads 

768 to resource depletion and spatial crowding that surpasses the ecological carrying 

769 capacity such that self-regulatory mechanisms can no longer offset the resulting 

770 negative impacts. The marine aquaculture area has a threshold at 0.07, displaying a 

771 nonlinear “ecological benefits first” pattern. Below this threshold, the positive 

772 contribution of SHAP values was minimal, suggesting that moderate aquaculture can 

773 balance economic returns and ecological effects. Beyond the threshold, the PDP curve 

774 rose steeply in the negative direction, and the SHAP values became strongly negative. 

775 This indicates that the adverse effects of large-scale aquaculture, such as water pollution 

776 and habitat degradation, override its economic benefits and cause a sustained decline in 

777 system resilience. The ecological pressure index had a threshold of 0.95. Below this 

778 value, the PDP curve is relatively flat and the SHAP values are close to zero, indicating 

779 that the pressures from industrial expansion and human activity intensity remain 

780 generally manageable. Above this threshold, the curve steepens, the negative impacts 
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781 increase substantially, and the 95% confidence interval narrows, reflecting the 

782 cumulative structural damage to ecosystems caused by overlapping pressures. This 

783 pattern is consistent with the accumulation of ecological stress under rapid 

784 industrialization and urbanization in southeastern coastal provinces. In comparison, the 

785 threshold effects associated with the marine ecological reserve area, sea-level rise 

786 height, mineral resource standard volume, and total number of coastal pollution control 

787 projects are relatively moderate, with lower impact intensity on system resilience.

788

789 Fig 12. Partial dependence analysis of the system level

790

791 Conclusions
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792 Taking the southeastern coastal region as a case study, this study elucidates the 

793 spatial resilience of man–land systems at the macro-, meso-, and micro-scales. An 

794 evaluation framework for coastal man–land system resilience is constructed based on 

795 the “element-landscape-system” framework. Hotspot analysis was employed to 

796 examine the spatiotemporal evolution of resilience, whereas machine learning models 

797 and SHAP visualization was used to identify influencing factors and their patterns. Key 

798 findings include:

799 (1) Overall, the spatial resilience of the southeastern coastal region man–land 

800 system improved gradually, with clear spatiotemporal differences across scales. At the 

801 element level, resilience is “higher in the north, lower in the south,” with “northern 

802 hotspot clusters and expanding southern cold spots.” At the landscape level, hotspots 

803 are concentrated on the northern coastal islands (e.g., the Zhoushan Archipelago and 

804 Pingtan Island), whereas cold spots form a belt along the Pearl River Delta Bay coast. 

805 At the system level, resilience follows a pattern of “strong in the north, weak in the 

806 south, with local oscillations.” Strong-resilience areas such as Zhejiang and Fujian 

807 continued to cluster, whereas weak-resilience areas in the south showed no fundamental 

808 shift in spatial patterns. 

809 (2) XGBoost and SHAP analyses showed that the drivers of coastal man–land 

810 resilience were clearly scale-dependent. At the elemental level, ecological baselines 

811 dominated, with habitat quality and the human impact index contributing 35.17% and 

812 23.86%. At the landscape level, human activity regulation and landscape configuration 

813 prevailed, with landscape connectivity and green coverage of built-up areas 
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814 contributing 29.24% and 26.55%, respectively. At the system level, socio-economic 

815 pressure and marine resource use dominate, with marine aquaculture area and natural 

816 population growth contributing 28.87% and 22.22%. This scale-progressive influence 

817 mechanism reveals intrinsic patterns in the human–sea system complexity.

818 (3) High-contributing variables exhibited marked threshold effects on spatial 

819 resilience. Similar variables at the same scale shared convergent thresholds, indicating 

820 common rules for enhancing ecosystem services. The thresholds differ significantly 

821 across scales because of variations in the spatial scope and functional roles of the 

822 evaluated objects, leading to different system sensitivities and tolerance limits. Thus, 

823 regulating the spatial resilience of coastal man–land systems require differentiated, 

824 scale-specific threshold control strategies.

825

826 Discussion
827 Based on the above analysis, the following zoning management strategies are 

828 proposed: (1) Strong resilience consolidation zones: Zhejiang should strictly enforce 

829 ecological redlines in areas such as the Zhoushan Archipelago and Wenzhou Bay, ban 

830 new land reclamation, restore contiguous mangrove forests, and build coastal wetland 

831 ecological networks. Around the Ningbo-Zhoushan Port area, the landscape 

832 configuration should be optimized, improve compatibility between industrial land and 

833 ecological space, and include habitat quality and landscape connectivity in performance 

834 evaluations. Fujian should use the “Blue Bay” remediation project to strengthen island 

835 ecological corridors, strictly control offshore aquaculture scale, and promote ecological 
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836 upgrading of aquaculture zones. (2) Moderately resilient enhancement zones: Shanghai 

837 should restore coastal wetlands in the Yangtze River estuary, renovate ecological 

838 shorelines, enhance connectivity between parks, green spaces, and coastal corridors, 

839 strengthen integrated land–sea pollution control, and balance port-adjacent industrial 

840 development with ecological conservation. Jiangsu should address the degradation of 

841 coastal tidal flats by reducing aquaculture, replenishing ecological water, and 

842 improving wetland hydrological regulation. It should optimize the coastal industrial 

843 layout, promote the green and low-carbon transformation of port-related industries, and 

844 reduce landscape fragmentation caused by development. Southern Fujian should 

845 establish cross-county ecological protection mechanisms to address port development 

846 pressures in Xiamen Bay and Quanzhou Bay, optimize “patch-corridor-matrix” spatial 

847 patterns, and strengthen the disturbance resilience of bay ecosystems. (3) Moderate 

848 resilience improvement zones: Hainan must strictly enforce ecological protection 

849 redlines, limit the density of coastal tourism projects, restore damaged shorelines and 

850 mangroves and enhance water conservation and habitat quality. Eastern Guangdong 

851 should address aquaculture pollution and landscape fragmentation along the Shantou 

852 and Shanwei coasts by upgrading pollution control facilities, promoting the advanced 

853 treatment of industrial wastewater, phasing out inefficient aquaculture, and improving 

854 the ecological base through afforestation and wetland water replenishment. (4) Weak 

855 resilience challenge zones: The Pearl River Delta region of Guangdong should deepen 

856 ecological governance coordination within the Guangdong-Hong Kong-Macao Greater 

857 Bay Area, relocate high-polluting enterprises from the Pearl River Estuary, implement 
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858 zero-growth land reclamation policies, restore estuarine wetlands, and establish a 

859 closed-loop governance system that links “land-based reduction, coastal buffering, and 

860 marine improvement” to reconcile development and conservation. Western Guangdong 

861 should control coastal industrial expansion and aquaculture pollution in Zhanjiang and 

862 Maoming, build a network of marine ecological protection zones, strengthen land-based 

863 pollutant interception and reduction, and promote the large-scale restoration of coastal 

864 wetlands and mangroves. 

865 Building on this foundation, further policy recommendations are proposed. 

866 ①Policies for removing barriers to factor mobility. Addressing the “strong in the 

867 north, weak in the south” spatial pattern identified in this study, a multi-tiered policy 

868 system will be implemented to remove obstacles to the flow of ecological, industrial 

869 and policy elements across scales. At the element level, cross-regional transfer of 

870 ecological compensation funds will be promoted from regions meeting habitat quality 

871 thresholds (≥0.69), and a “north protects, south compensates” horizontal compensation 

872 mechanism will be established. At the landscape level, landscape connectivity 

873 optimization standards for coastal cities (≥0.77) will be unified to break down 

874 administrative boundaries fragmenting ecological corridors, facilitating cross-regional 

875 integration of ecological elements such as parks, green spaces and wetlands. At the 

876 system level, approval procedures for seawater aquaculture, port construction and other 

877 projects will be streamlined, and a cross-provincial linkage mechanism between 

878 industrial relocation and ecological conservation will be set up to guide capital, 
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879 technology and other production factors toward low-disturbance and high-efficiency 

880 sectors.

881 ②Synergistic policies for ecological conservation and industrial upgrading.  

882 Leveraging the advantages of marine resources, wetland ecosystems and port locations 

883 in the southeastern coastal region, and combining spatial resilience thresholds, 

884 industrial structure optimization will be promoted in a coordinated manner. In strong-

885 resilience areas, green industries including eco-tourism and marine carbon sinks will 

886 be prioritized, integrating mangrove and wetland conservation into blue carbon trading. 

887 In moderately strong-resilience areas, circular transformation of port-adjacent 

888 industries will be advanced, while industrial development intensity will be strictly 

889 controlled below the landscape pressure index threshold (0.91). In moderately weak-

890 resilience areas, inefficient and polluting aquaculture as well as high-energy-consuming 

891 industries will be phased out, and the region will shift toward low-disturbance and high-

892 value-added sectors such as seawater desalination and marine biomedicine, so as to 

893 achieve a win-win between ecological conservation and economic development.

894 ③Policies for strengthening cross-regional collaborative governance. Focusing 

895 on the “strong in the north, weak in the south” spatial pattern revealed in this study, a 

896 multi-tiered collaborative governance system will be constructed. At the provincial 

897 level, a monitoring and early warning platform for coastal spatial resilience will be built 

898 in the southeastern coastal region, with standardized control indicators including 

899 ecological pressure index (threshold 0.95) and marine aquaculture coverage (threshold 

900 0.07). At the regional level, ecological joint prevention and control will be deepened 
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901 among coastal cities in the Guangdong-Hong Kong-Macao Greater Bay Area and the 

902 Yangtze River Delta, with shared pollution monitoring data and coordinated wetland 

903 restoration. At the national level, spatial resilience enhancement will be integrated into 

904 integrated land-sea development planning; special cross-regional ecological protection 

905 funds will be established to support weak-resilience areas in carrying out key projects 

906 such as mangrove restoration and pollution control, so as to promote overall regional 

907 sustainable development.

908 The study still has several limitations that require further refinement. First, the 

909 indicator system inadequately captures processes unique to the coastal zone. Owing to 

910 limited marine spatial data, indicators such as reclamation intensity and shoreline 

911 artificialization rate were omitted, which may have reduced the precision of assessing 

912 human impacts on nearshore ecosystems. Second, the model assumptions contained 

913 potential biases. The study simplifies the “linear relationship between human activities 

914 and ecological responses” and the “homogeneity of internal system elements,” which 

915 differs from the actual complex nonlinear interactions within ecosystems. Third, spatial 

916 unit boundary effects were insufficiently considered. Fixed administrative boundaries 

917 do not capture the continuity and integrity of coastal ecosystems and may overlook 

918 cross-regional ecological linkages and impact transmission, weakening the explanatory 

919 power of resilience evolution from an integrated land–sea perspective.

920

921

922
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