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Abstract

:

Coastal wetlands form a transition zone between terrestrial and marine environments and provide important ecosystem services. Land-use change in the coastal zone has a substantial effect on habitat connectivity and biodiversity. However, few studies have characterized the effects of land-use change on coastal habitat connectivity. We conducted remote sensing analysis, modeling with the Integrated Valuation of Ecosystem Services and Trade-offs model, geospatial analysis, and habitat connectivity analysis to evaluate historical spatiotemporal changes in the habitat quality and habitat connectivity of migratory shorebirds in the Yellow River Delta, which is an important stopover site along the East Asian–Australasian Flyway migratory route. Several high- and medium-quality areas have been converted to industrial mining and mariculture sites because of land reclamation. The probability of connectivity decreased by −66.7% between 1975 and 2020. Approximately 71.0%, 11.6%, and 5.8% of patches with high importance have been converted to non-habitat patches, habitat patches with medium importance, and habitat patches with low importance, respectively; approximately 58.9% and 11.7% of the patches with medium importance have been converted to non-habitat patches and habitat patches with low importance, respectively. The total priority conservation area was 389.4 km2, and 125.0 km2 (32.1%) of this area remains unprotected; these unprotected areas are mainly distributed in the northwestern and eastern parts of the Yellow River Delta. We recommend that the boundary of the Yellow River Delta National Nature Reserve be expanded to incorporate these unprotected areas.
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1. Introduction


Migratory birds rely on habitat networks to travel between breeding and non-breeding grounds [1]. Migratory waterbirds frequently use multiple stopover sites to rest and refuel before arriving at a breeding area [2]. Therefore, maintaining habitat connectivity among sites along migratory routes is key for enhancing the stability of natural populations of migratory bird species [3]. Coastal wetlands in China provide important stopover sites for migratory shorebirds along the East Asian–Australasian Flyway (EAAF) migratory route [4,5]. However, land-use change has affected the size and structure of available habitat, as well as ecosystem functions [6,7], and this has implications for habitat connectivity. The effects of land-use change on coastal habitat connectivity have not yet been clarified.



Habitat connectivity is defined as the extent of structural and functional contiguity in the landscape [8]. The maintenance and improvement of habitat connectivity can increase the adaptive capacity of species to external disturbance and improve population stability [9]. Habitat patches play different roles in network connectivity depending on their location, quality, and size [10]. The selection of important habitat patches that maintain network connectivity is important for identifying priority conservation areas and can greatly aid the management of biodiversity. Previous studies aimed at identifying conservation priority areas have mainly focused on habitat patch suitability [11]; however, patch configuration and the role of patches in maintaining network connectivity have received less attention by comparison.



The Yellow River Delta is the largest estuarine wetland area in China, and it provides critically important foraging sites for shorebird species along the EAAF migratory route [12]. Most coastal wetlands in this region have been lost and fragmented because of human activities [13,14]. Such human activities can alter the area and structure of habitat, which can affect habitat connectivity [15]. Although these coastal wetlands have undergone drastic changes, few studies have characterized the effects of coastal wetland change caused by land-use change on habitat connectivity. Moreover, priority conservation areas that contain critically important habitat patches that support network connectivity require identification.



We used the InVEST model and habitat connectivity analysis to explore changes in habitat connectivity for shorebirds in the Yellow River Delta from 1975 to 2020; we then identified priority conservation areas and conservation gap areas by locating habitat patches of high importance. Specifically, we attempted to determine (1) how the habitat connectivity of shorebirds in the Yellow River Delta has changed over the last half century (between 1975 and 2020) and identify (2) areas with habitat patches of conservation significance because of their role in maintaining habitat connectivity.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Yellow River Delta, which is located along the coast of Dongying (Figure 1). The Yellow River Delta is an important breeding, stopover, and wintering site for migratory waterbirds along the EAAF migratory route. It is a particularly important stopover site for migratory shorebirds, and populations of more than 20 shorebird species meet the Ramsar 1% criterion (exceeding 1% of the total population in the flyway) [16]. Land reclamation [17] and invasion of Spartina alterniflora [18] are responsible for the loss and degradation of coastal wetlands, reductions in habitat patch area, and increases in the distance between habitat patches. These changes pose serious threats to shorebird populations [13].




2.2. Habitat Patch Identification


2.2.1. Land-Use/Land-Cover Data


We used an object-oriented classification method to make land-use/land-cover maps in 1975, 1980, 1985, 1990, 1995, 2000, 2005, 2010, 2015, and 2020, with a cell size of 30 m × 30 m. The data sources included Landsat Thematic Mapper/Landsat Enhanced Thematic Mapper satellite images and Landsat 8 Operational Land Images, which were acquired from Geospatial Data Cloud (www.gscloud.cn/sources/, accessed on 15 March 2021) and the USGS Global Visualization Viewer (GloVis) (http://glovis.usgs.gov, accessed on 15 March 2021). The land-use/land-cover map classification system was derived from Di et al. (2014). We used object-based image analysis and support vector machine methods to classify Landsat Thematic Mapper/Landsat Enhanced Thematic Mapper satellite images and Landsat Operational Land Images; we also included information from field investigations of S. alterniflora land cover in the Yellow River Delta for 2010, 2015, and 2020 (S. alterniflora was not common before 2010) [18]. S. alterniflora distribution data were obtained from the Northeast Institute of Geography and Agroecology, Chinese Academy Sciences, with a spatial resolution of 30 m × 30 m. We used ArcGIS 10.5 to incorporate the S. alterniflora land-cover data into land-use/land-cover maps in 2010, 2015, and 2020 (Figure 1).




2.2.2. Habitat Simulation and Conversion


We used the habitat module in InVEST 3.7.0 to estimate shorebird habitat quality between 1975 and 2020 (1975, 1980, 1985, 1990, 1995, 2000, 2005, 2010, 2015, and 2020). The habitat quality module includes two elements: land-cover maps and biodiversity threat factors. It is calculated by Equation (1):


   Q  i j   =  H j    1 −      D  i j     z     D  i j     z  +  k z         



(1)




where Qij is the habitat quality of the ith grid cell in land type j; Hj is the habitat suitability of land type j; Dij represents the effects of threat factors on the ith grid cell in land type j; and z and k are the scaling constant and half-saturation constant, which were 2.5 and 0.5 in this study, respectively, because these values are frequently used in the habitat module of the InVEST model [19].



Habitat quality mainly depends on habitat suitability, which in turn depends on land use and land cover, distance between habitat and threat factors (i.e., threat distance), threat intensity, habitat sensitivity to various threat factors, and the accessibility of degraded sources [19]. Habitat suitability ranged from 0 (lowest habitat suitability) to 1 (highest habitat suitability). Land types included farmland, reservoirs/ponds, bottomlands, tidal flats, estuarine waters, estuarine deltas, saltpans, mariculture, and unused land. These habitat types were extracted from land-use data between 1975 and 2020 with a raster resolution 30 m × 30 m. Habitat suitability values were developed by [15], and input files were in .csv format (Table 1). Data on threat distance, threat intensity, and habitat sensitivity to threat factors were also collected from [15] (Table 1), and these input files were in .csv format. Threat intensity ranged from 0 (lowest threat intensity) to 1 (highest threat intensity). The accessibility of degraded sources is the relative accessibility of the protected areas to threat sources. We divided the Yellow River Delta National Nature Reserve into three parts, the core area, experimental area, and buffer zone, according to the level of human activity permitted. The shapefile boundaries of these three parts were obtained from the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences. We set the accessibility values for the core area, experimental area, and buffer zone to 0.1, 0.5, and 1.0, respectively, with higher values indicating greater habitat accessibility.



We used the above input files to run the habitat quality module of InVEST and acquired the habitat quality maps in the Yellow River Delta between 1975 and 2020. The habitat quality score in the habitat quality maps was ranked from 0 to 1, with values closer to 1 indicating higher habitat quality.



We used the “Raster Calculator” in ArcGIS 10.5 to calculate changes in the habitat quality of shorebirds in the Yellow River Delta between 1975 and 2020; we then divided the map into regions in which habitat quality has “declined,” remained “unchanged,” and “increased” and calculated the relative proportions of each category. We categorized habitat quality into three groups using the Jenks natural break method in ArcGIS 10.5 [20,21] according to the habitat quality score between 1975 and 2020: non-habitat (NH), medium- and low-quality habitat (MH), and high-quality habitat (HH). We created a transfer matrix in ArcGIS 10.5, quantified the change in the area of these three groups from 1975 to 2020, and identified the land type to which the habitat was converted.




2.2.3. Connectivity Analysis and Assessment of Patch Importance and Variation


We considered habitat with habitat quality scores above 0.7 as habitat patches. We used the analysis tool of Conefor 2.6 (http://www.conefor.org, accessed on 15 March 2021) to conduct connectivity analysis on the basis of habitat patches in 1975, 1980, 1985, 1990, 1995, 2000, 2005, 2010, 2015, and 2020. Conefor 2.6 is a simple program that quantifies the importance of habitat patches for maintaining landscape connectivity through graph structures and habitat availability indices [7]. A habitat patch file, habitat connectivity file, ecological resistance surface, and maximum dispersal distance of species are required to run this program.



Patch and connectivity files of habitats can be generated using Linkage Mapper software (https://circuitscape.org/linkagemapper, accessed on 15 March 2021) on the basis of habitat patch maps. The ecological resistance surface reflects the difficulty of species migration from one habitat patch to another, and larger resistance values indicate greater difficulty of species movement between two habitat patches [22,23]. In this study, we considered land use categories road, city, rural settlement, industrial-mining, Spartina alterniflora, shallow water, grassland, forest, and dryland have highest resistance to species movement. Because these land use categories were defined as non-habitat types. For habitat categories, we considered patches with lower habitat quality scores have higher resistance to species migration. Thus, we used the reciprocal values of the habitat quality maps as resistance maps. The maximum dispersal distance of shorebird species was set to 4 km according to the maximum home range of shorebird species was assigned on the basis of unpublished GPS tracking data.



We calculated the probability of connectivity (PC) on the basis of the habitat patches of shorebirds between 1975 and 2020. PC is defined as the extent to which there is structural and functional contiguity of the landscape, and a larger PC value indicates higher habitat connectivity [8] (Equation (2)).


  P C =     ∑   i = 1  n    ∑   j = 1  n   a i  ×  a j  ×  p  i j  *     A L 2       



(2)







n is the total number of habitat patches; ai and aj are the area of the ith and jth habitat patches, respectively; AL is the largest area of a habitat patch; and p*ij is the maximum product probability of all paths between patches i and j.



PC was calculated using the least-cost distance between two patches. Least-cost distance was transformed into the probability of connection between two patches by a decreasing exponential function (Equation (3)).


   p  i j   =  e  − α  d  i j      



(3)







α is a cost distance-decay coefficient, and dij is the linear distance between two patches that a shorebird has to fly over land or an NH patch. pij = 0.05, which corresponds to the maximum dispersal distance of species, and α is usually set to the maximum distance [24].



We calculated the change in PC between 1975 and 2020 (Equation (4)).


  P  C  c h a n g e   =   P  C  2020   − P  C  1975     P  C  1975     × 100  



(4)







PC2020 and PC1975 indicate PC in 2020 and 1975, respectively.



We calculated the number of components and their variation between 1975 and 2020. A component (or connected region) is a set of habitat patches in which a path exists between every pair of patches. Thus, there is no functional relationship between patches that belong to different components. Additionally, an isolated patch is considered a component. As a landscape gets more connected, it presents fewer components [8].



The patch importance indicates the importance of a patch for maintaining habitat connectivity in the landscape network (Equation (5)).


  d P C = 100 % ×   P C − P  C  r e m o v e     P C    



(5)







dPC is the importance of a patch in the landscape, and larger dPC values indicate higher patch importance. PC is the index value before patch i loss, and PCremove is the index value considering patch i loss.



We divided levels of patch importance into high patch importance (HPI), medium patch importance (MPI), and low patch importance (LPI) by the Jenks natural break method in ArcGIS 10.5. We calculated changes in the number of patches and area of patches of HPI, MPI, and LPI from 1975 to 2020.




2.2.4. Priority Conservation Areas and Conservation Gaps


We defined the habitat patches in the Yellow River Delta in 2020 with HPI and MPI as priority conservation areas. We overlapped the distributions of the Yellow River Delta National Nature Reserve with priority conservation areas and quantified conservation gaps. The boundary of the Yellow River Delta National Nature Reserve was obtained from the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences.



The technical flowchart of our method is provided in Figure 2.






3. Results


3.1. Changes in Habitat Patches


Shorebird habitat modeled by InVEST was mainly distributed throughout the coastal regions of the Yellow River Delta from 1975 to 2020. Generally, mean habitat quality gradually declined from 0.42 to 0.20 from 1975 to 2020. Overall, 47.0%, 42.0%, and 11.0% of habitat remained unchanged, decreased, and increased in quality, respectively (Figure 3).



Medium- and low-quality habitat (MH) and high-quality habitat (HH) accounted for 0.3% and 42.1% of all habitat in 1975 and 16.0% and 14.5% of all habitat in 2020, respectively. A total of 53.0% of HH and 60.3% of MH were converted to non-habitat (NH), and 21.5% of HH was converted to MH. In contrast, only 9.0% of NH improved to HH and 9.4% to MH (Figure 4). The transfer matrix of land use between 1975 and 2020 showed that habitat loss and degradation (e.g., HH to NH, MH to NH) were mainly caused by the occupation of construction sites and the degradation of artificial wetlands. Among the area of HH that was converted to NH, 13.4% was converted to industrial mining areas. Among the area of HH that was converted to MH, 52.3% was converted to mariculture and 25.2% to reservoirs/ponds. Among the area of MH that was converted to NH, 26.9% was converted to industrial mining areas (Figure 4).




3.2. Change in Habitat Connectivity


The habitat connectivity analysis showed that the number of graph components decreased from 18 to 11 (−38.9%) between 1975 and 2020. The probability of connectivity (PC) decreased from 0.15 to 0.05 (−66.7%). The number of habitat patches significantly increased from 93 to 846 (809.7%), whereas the area of habitat patches decreased by 65.7% (Table 2).



Generally, the patch importance of habitats located in the northern Yellow River Delta declined from high patch importance (HPI) to low patch importance (LPI) (Figure 5). The number of habitats with HPI and medium patch importance (MPI) remained unchanged from 1975 to 2020, whereas the number of habitats with LPI significantly increased from 91 to 842 (825.3%). The area of patches with HPI, MPI, and LPI declined between 1975 and 2020; in particular, areas of patches with HPI and MPI declined by 74.7% and 78.6%, respectively (Table 3).



From 1975 to 2020, 71.0%, 11.6%, and 5.8% of the habitat area with HPI were converted to NH, habitat with LPI, and habitat with MPI, respectively. The area converted was mainly distributed in the northwestern part of the Yellow River Delta. A large intact patch with HPI was segmented into a single patch with MPI and 306 patches with LPI (Figure 6). A total of 58.9%, 11.7%, and 29.4% of the area with MPI was converted to non-habitat patches, habitat with LPI, and habitat with HPI, respectively. A large intact patch with MPI was segmented into 168 patches with LPI and one patch with HPI (Figure 6). The area converted was mainly distributed in the eastern part of the Yellow River Delta.




3.3. Identification of Priority Conservation Areas


We defined habitat patches in the Yellow River Delta with HPI and MPI as priority conservation areas. The total size of priority conservation areas was 389.4 km2, and these areas were mainly distributed in the northwestern and eastern parts of the Yellow River Delta; 125.0 km2 (32.1%) of this area remains unprotected (Figure 7).





4. Discussion


4.1. Change in Shorebird Habitat Quality


The quality of shorebird habitat in the Yellow River Delta modeled by InVEST continuously decreased from 1975 to 2020, and the decrease was greater than 40%. A previous study has shown that the mean habitat quality in the Yellow River Delta declined by more than 20% during 2000–2015, and the area of optimal habitat declined by more than 19% [18]. Shorebird habitat quality in the Yellow River Delta declined from 2000 to 2015 [11], and most waterbird habitat declined in quality in the Yellow and Bohai Seas between 1990 and 2015 [2]. Our results confirmed these findings. Most high-quality habitat (HH) and medium- and low-quality habitat (MH) were degraded because these areas were converted to industrial mining sites and artificial wetlands for mariculture. These results indicate that land reclamation caused by human activities has had a substantial effect on the quality of shorebird habitat in the Yellow River Delta over the past half century. This finding supports the results of a previous study showing that urban development is a major threat to biodiversity [25]. The habitat quality of a small portion of inland edge areas has increased, and these new MHs have been converted to mariculture. Most of these mariculture areas were derived from inland grasslands; this suggests that land reclamation occurs in both inland and coastal regions. In addition, natural factors have altered habitats; for example, new HH has been generated via the expansion of the Yellow River delta during the last few decades [26].




4.2. Change in Habitat Connectivity


The quality of shorebird habitat has declined because land reclamation has significantly altered the spatial structure of habitats. The probability of connectivity gradually declined from 1975 to 2020 and declined by more than 60% between 1975 (0.15) and 2020 (0.05). The number of habitat patches significantly increased nine-fold from 1975 (93) to 2020 (846). This might be the most important reason why the habitat connectivity in this habitat network has declined [9,24]. Changes in land use and land cover stemming from land reclamation have resulted in the conversion of large habitat patches to small habitat patches, and this has increased the patch number but reduced the connectivity between habitat patches.



The analysis of habitat patch importance corroborates these findings. From 1975 to 2020, the number of patches with HPI and MPI remained unchanged, whereas the number of patches with LPI sharply increased. These findings are mainly attributed to the decline in habitat quality and the separation of larger patches into numerous smaller patches [27]; these patches were mainly distributed in the northwestern and eastern parts of the Yellow River Delta. Our results showed that more than 70% of the area with HPI was converted to non-habitat patches and 11.6% was converted to patches with Low patch importance (LPI). More than 50% of the area of patches with medium patch importance (MPI) was converted to non-habitat patches, and 11.7% was converted to patches with LPI. Large intact patches with high patch importance (HPI) and MPI were segmented into 474 patches with LPI. These regions were mainly distributed along the northwestern and eastern parts of the Yellow River Delta. These findings are consistent with the results of previous studies [15,17,28] and indicate that land reclamation poses a serious threat to shorebird habitat connectivity.




4.3. Habitat Conservation and Management


Habitat patches with high connectivity are important for improving the stability of waterbird populations. For example, the middle and lower reaches of the Yangtze River are key wintering sites of waterbirds along the EAAF migratory route [29], and the maintenance of connectivity among habitat patches in this migratory network is critically important [10]. A previous study suggests that the loss of habitat connectivity in the middle and lower reaches of the Yangtze River has induced a rapid population decline in populations of migratory geese [1]. The Yellow River Delta is an important stopover site for highly mobile shorebirds that connects breeding areas and non-breeding areas. Previous studies have confirmed that habitat loss in the Yellow River Delta has greatly contributed to reductions in the numbers of shorebirds [30]. Thus, consideration of the relative contributions of habitat quality scores and habitat patch importance to maintaining habitat connectivity is important for the identification of priority conservation areas and conservation gaps in the Yellow River Delta.



Our results showed that the total size of priority conservation areas for shorebirds was 389.4 km2, and 32.1% of this area remains unprotected; these conservation gaps are distributed along the northwestern and eastern parts of the Yellow River Delta. Our conclusions were made under the guidance of government files, including the No. 42 File issued by the General Office of the Communist Party of China Central Committee in 2019, the No. 48 File issued by the General Office of the Communist Party of China Central Committee in 2019, and the No. 71 File issued by the National Forestry and Grassland Administration of the Ministry of Natural Resources in 2020, which stipulate “at least maintaining the size of protected areas, the protection intensity and the protection property” [31]. To protect the conservation gaps in shorebird habitat in the northwestern and eastern parts of the Yellow River Delta defined in our study, we suggest that the boundary of the protected areas of the Yellow River Delta National Nature Reserve be further expanded to incorporate these areas. The restoration of marine aquaculture ponds to mudflats could also increase the area of natural wetlands. Natural wetland loss is caused by increases in the mariculture area in the Yellow River Delta [32]. The conversion of mariculture to mudflats and the recovery of mudflat wetlands and their ecological functions can be achieved via regulation of hydrology and pollution control. These actions could facilitate the merging of many small habitat patches into a large intact patch and increase shorebird habitat connectivity.




4.4. Limitations and Future Research


Although the InVEST model can assess habitat quality over large spatial and temporal scales, there is still some error and uncertainty associated with these estimates. Sources of degradation, habitat sensitivity to threat sources, habitat quality score, distance between the threat source and habitat, and threat weight were all determined on the basis of expert judgment, which can be inherently subjective. Future analyses should consider using analytical hierarchy process modeling to enhance objectivity. In addition, ecological resistance surfaces were generated on the basis of habitat quality maps because we lack information on the dispersal processes of species; additional field observations of dispersal would greatly aid future analyses.





5. Conclusions


We used the InVEST model and habitat network connectivity analysis to explore spatial–temporal variation in shorebird habitat in the Yellow River Delta; we identified priority conservation areas and conservation gap areas by determining the importance of habitat patches. The quality of shorebird habitat in the Yellow River Delta gradually declined from 1975 to 2020, and high-quality habitat and medium- and low-quality habitat were converted to industrial mining areas and mariculture sites because of land reclamation. The probability of connectivity significantly decreased by 66.7% because of habitat fragmentation. The number of habitat patches significantly increased by 809.7%, whereas the area of habitat patches decreased by 65.7%. Large habitat patches with high patch importance (HPI) and medium patch importance (MPI) were converted to numerous small habitat patches with low patch importance and non-habitat patches. The total priority conservation area with HPI and MPI was 389.4 km2, and 125.0 km2 (32.1%) of this area remains unprotected; these areas were mainly distributed in the northwestern and eastern parts of the Yellow River Delta. We recommend expanding the boundary of the Yellow River Delta National Nature Reserve to incorporate these unprotected areas.
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Figure 1. The Yellow River Delta and its land use and land cover in 2020. 
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Figure 2. Methodological framework. 
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Figure 3. InVEST habitat quality model of the Yellow River Delta between 1975 and 2020. 
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Figure 4. Conversion ratio between different habitat quality categories and causes of habitat conversion. Non-habitat (NH), medium- and low-quality habitat (MH), and high-quality habitat (HH). 
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Figure 5. Habitat patch importance for maintaining habitat connectivity between 1975 and 2020. 
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Figure 6. Change in the area and number of patches with high patch importance (A) and medium patch importance (B) between 1975 and 2020. LPI: Low patch importance, MPI: Medium patch importance, HPI: High patch importance, NHP: Non-habitat patch. 
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Figure 7. Priority conservation and gap areas in the Yellow River Delta and their percentages. 
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Table 1. Input data for the habitat quality module in the InVEST model.
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Threats

	
Threat Distance (km)

	
Weight

	
Land Cover Maps Considered as Habitat




	
Farmland

	
Reservoir/Pond

	
Bottomland

	
Tidal Flats

	
Estuarine Waters

	
Estuarine Delta

	
Saltpan

	
Mariculture

	
Unused






	

	
Habitat suitability




	
0.40

	
0.25

	
0.18

	
1.00

	
0.89

	
1.00

	
0.70

	
0.55

	
0.19




	
Habitat sensitivity for threats




	
City

	
7.10

	
0.90

	
1.00

	
0.41

	
1.00

	
0.80

	
0.70

	
0.75

	
0.31

	
0.41

	
0.90




	
Rural settlement

	
4.00

	
0.68

	
0.80

	
0.40

	
0.50

	
0.29

	
0.21

	
0.39

	
0.30

	
0.40

	
0.75




	
Industrial-mining

	
5.60

	
0.80

	
0.60

	
0.01

	
0.40

	
0.35

	
0.34

	
0.32

	
0.01

	
0.01

	
0.95




	
Mariculture

	
14.0

	
0.92

	
0.10

	
0.01

	
0.10

	
0.95

	
0.70

	
0.80

	
0.01

	
0.01

	
0.30




	
Road

	
0.50

	
0.71

	
0.80

	
0.50

	
0.30

	
1.00

	
0.80

	
0.80

	
0.60

	
0.50

	
0.50




	
Unused

	
0.10

	
0.50

	
0.01

	
0.10

	
0.10

	
0.20

	
0.10

	
0.10

	
0.01

	
0.10

	
0.01




	
Spartina alterniflora

	
0.50

	
1.00

	
0.10

	
0.10

	
0.10

	
0.90

	
0.90

	
0.90

	
0.30

	
0.30

	
0.30
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Table 2. Assessment of habitat connectivity in the Yellow River Delta between 1975 and 2020.
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	Graph Characteristics
	1975
	1980
	1985
	1990
	1995
	2000
	2005
	2010
	2015
	2020
	Change between 1975 and 2020





	Number of components
	18
	26
	18
	20
	28
	22
	19
	21
	18
	11
	−38.9%



	Number of habitat patches
	93
	82
	321
	142
	150
	189
	515
	330
	401
	846
	809.7%



	Mean size of habitat patches (km2)
	2014.7
	1520.2
	1514.0
	1298.8
	1064.8
	1141.5
	1329.2
	1121.9
	536.5
	691.5
	−65.7%



	Probability of connectivity
	0.15
	0.11
	0.08
	0.07
	0.05
	0.07
	0.06
	0.05
	0.06
	0.05
	−66.7%
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Table 3. Number and area of patches with low, medium, and high patch importance in the Yellow River Delta between 1975 and 2020.
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	1975
	1980
	1985
	1990
	1995
	2000
	2005
	2010
	2015
	2020
	Change between 1975 and 2020





	Numbers of low patch importance
	91
	80
	318
	139
	146
	187
	513
	328
	398
	842
	825.3%



	Numbers of medium patch importance
	1
	1
	1
	1
	2
	1
	1
	1
	2
	2
	100%



	Numbers of high patch importance
	1
	1
	2
	2
	2
	1
	1
	1
	1
	2
	100%



	Area of low patch importance (km2)
	394.9
	161.6
	208.5
	64.4
	47.1
	53.4
	267.9
	153
	130.9
	302.1
	−23.5%



	Area of medium patch importance (km2)
	514.3
	393
	86.8
	56.6
	57
	314.1
	385.1
	399.6
	230.7
	110.1
	−78.6%



	Area of high patch importance (km2)
	1105.5
	965.6
	1236.5
	1177.9
	960.7
	774
	76.2
	569.3
	174.8
	279.2
	−74.7%
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