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Abstract

:

The remaining historical forests are crucial for maintaining biodiversity in urban areas. However, the integrity and stability of historical forests are affected by land-use/cover change. A better understanding of these impacts can help prioritize protection and restoration. In this study, we estimated the loss of area and levels of threats and analyzed the importance of critical areas for historical forests in the built-up area of a rapidly urbanizing city—Guiyang, China. We used the threat indicator, morphological spatial pattern analysis, and probability of connectivity based on InVEST, GuidosToolbox, and Conefor software. The results based on remote sensing image classification showed that 1988.46 ha of historical forestlands was transformed into other land-use/cover types. The mean value of the threat index of all the historical forest patches increased by 33% compared to the baseline year. The area of cores and bridges, considered as key nodes and links for the connectivity of forest networks, decreased by 193.32 and 353.61 ha, respectively. Most of the critical areas with high importance values for connectivity were located in the central part of the city and were severely threatened by the surrounding areas. We recommend that effective measures be implemented to control the further loss of historical forests and to increase the connectivity and buffering capacity of the remaining forests by creating tree belts and corridors in key locations.
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1. Introduction


Rapid urbanization causes the extensive transformation of land use in a city, which leads to a massive loss and fragmentation of original intact forests [1,2,3]. Historical forests are urban forests that have remained during the urbanization process and have never been transformed into other land-use/cover types [3]. They are naturally originated and different from recently established urban forests. They mainly consist of native species and are biodiversity hotspot regions in a city. Although the historical forests currently retained in urban areas are fragmented and degraded, they can still provide valuable ecosystem services to urban residents and can support high biodiversity [4,5,6]. These forests have a more complex stand structure and support more resilient and stable biological communities than newly planted forests [7]. Despite their benefits and importance, the dispersal, reproduction, and survival of plants in the remaining historical forests are impeded by the surrounding unsuitable environments due to the poor connectivity of urban forest ecosystems [8,9,10].



The remaining historical forests in a city are severely affected by urban expansion. Several studies have reported that the area of historical forests greatly decreases due to land-use change during urbanization. For example, the historical forest area remaining within the greater Chicago region in 2010 was reduced by 40% relative to that in 1939, and the core areas in 2010 were only one-third of those in 1939 [7]. There was a 15% decrease in the remnant forest cover from 1990 to 2015 in urban areas in Eastern Ghats, India [11]. Human activity (e.g., trampling, cutting, and tree injuring) reduces plant diversity and canopy density and has even led to the local extinction of some plant species in historical forests [12]. Ranta et al. [13] indicated that the edge effect of urban forest remnants facilitated new species, while some original forest species gradually disappeared, according to a survey conducted in 1980 and 2000 in Tampere, Finland. Yang et al. [14] found an increase in small stems in remnant forest from the outskirts to the inner city in Chongqing, China.



Current studies on the impacts of urbanization on historical forests have mainly focused on landscape metrics of the remnant patch itself or the surrounding matrix, which can be evaluated by patch-based computation software (e.g., Fragstats software) at the patch, class, and landscape levels. Many studies have found that the size of remnant patches has a significant impact on the plant diversity of historical forests [1,2,15]. Patch size can influence the size of habitats that remnants can provide for the survival of individuals and the buffering capacity of remnants when affected by surrounding environments [16,17,18]. The shape of the patch is also an important predictor of the biodiversity of the remaining patches because complex geometric shapes may facilitate the communication of organisms between the patch and the surrounding matrix [19,20]. Moreover, the percentage of surrounding impervious surfaces was negatively correlated with the plant diversity of the remnant due to their resistance to the flow of organisms between remnants [21,22,23]. In addition, compositional and configurational metrics of the surrounding matrix calculated by Fragstats software were associated with the productivity of urban natural remnants, and the productivity was mediated by buffer size and time [24].



While existing studies have provided useful knowledge about the effect of urbanization on historical forests, some issues are worth addressing to improve our understanding. First, existing studies have mainly concentrated on the impact of landscape patterns based on the current situation of urban land use [9,15,25]. Although there have been some studies investigating the temporal dynamics of landscape connectivity at regional scale [26], few studies have considered the association between temporal changes in urban land use and the formation process of historical forest patches in a city [27]. Understanding the historical information of remaining forests during the process of urbanization in a city is beneficial for the development of more effective conservation activities based on historical trends and patterns [28]. Second, most studies have quantified the direct effect of urban land-use change (area loss, habitat fragmentation) but have not estimated the potential risks to historical forests threatened by these changes [11,29]. The remaining forests surrounded by urban matrices also have different levels of degradation risk, even without the further loss of area [30]. Threat levels can be used to quantify the levels of degradation risk, which are measurements of potential risk posed by surrounding areas, such as pollution, heat island, and biological invasion [31]. Furthermore, most previous studies used landscape metrics, which measure only the structural connectivity of habitats but seldom consider both structural and functional connectivity [32,33]. The degrees of importance for individual forest patches to the overall connectivity of the historical forest ecosystem in a city were also unclear in these studies. This lack of information is unfavorable for determining priority protection targets and developing effective conservation measures.



In this study, we aimed to explore the impact of temporal changes in land use during urbanization on historical forests. We used the built-up area of a rapidly urbanizing mountainous city in the subtropical climate zone—Guiyang, China—as our study site. The historical forests in Guiyang city are degraded natural forests, caused by human interference, including direct (i.e., cutting, trampling) and indirect (i.e., pollution, heat island) impact. However, they still have some characteristics of subtropical vegetation. The specific objectives of this study were as follows: (1) to evaluate how the variation in loss and threat levels of historical forests is mediated by temporal changes in urban land use/cover; (2) to determine the importance of critical areas of historical forests combined with the measurement of both structural and functional connectivity; (3) to discuss the implications of the findings for managing historical forests in rapidly urbanized areas in the case of Guiyang.




2. Materials and Methods


2.1. Study Area


The city of Guiyang is famous in China for its karst landform and mountainous landscape. As the capital city of Guizhou Province, Guiyang is located in the central part of Guizhou, 106°30′ to 106°59′ E and 26°10′ to 26°49′ N. The forested mountain landscapes of Guiyang have been damaged by rapid urban expansion since 1996. The population has increased from 1.35 million in 1996 to 3.59 million in 2018. However, due to the city’s steep topography, many remaining and fragmented historical forest patches are scattered throughout the metropolitan area. This study was conducted in the built-up area of Guiyang, covering approximately 360 km2, including six districts (Figure 1).




2.2. Methods


The methods this study used can be summarized as follows: (1) analysis of the transition of land use/cover; (2) identification of historical forest patches; (3) analysis of impact of land-use/cover change on historical forests; (4) determination of the critical areas for conservation (Figure 2).



2.2.1. Identification of Historical Forest Patches


We used the land-use/cover maps for 1976, 1993, 2001, 2009, and 2018, which were obtained from the Data Center for Resource and Environmental Science, Chinese Academy of Sciences (http://www.resdc.cn, accessed on 21 January 2021). The land-cover data contain forestlands, grasslands, water bodies, urban lands (infrastructure and residential land, industrial land), and farmlands (irrigated cropland and rainfed cropland) [34]. The classification accuracy of each land-use/cover type was above 80%, and the kappa coefficient was above 0.8 [34]. The gridded land-cover data have a resolution of 30 m and an Albers Conic Equal Area projection. We referred the forest resources inventory data collected by Guiyang Ecological Environment Bureau, which classified the origin of forest stands into “natural”, “planted”, and “aerial seeding”. We identified the original forestlands in 1976 with natural origin and those remaining in 1993, 2001, 2009, and 2018 that were not transformed into other land-use/cover types; these sites were defined as historical forests. The forestlands in 2018 that were not present in 1976 were regarded as new forests, including newly planted forests and forests that spontaneously grew in abandoned areas.



There are three types of forests in the study area—coniferous, broadleaf, and mixed forests. The main canopy species in the coniferous forest stands is Pinus massoniana. The dominant trees in the broadleaf forests mainly consist of species from the Fagaceae and Lauraceae families. P. massoniana and species from the Quercus and Carpinus genera are the main dominant overstory tree species in the mixed forests. The average canopy density of these forests is nearly 55% and the age of most forest stands is above 40 years. More details about these forests can be found in the Supplementary Materials.



To evaluate the loss of original forestlands, we extracted the original forestlands that existed in 1976 and did not remain in 2018 using ArcGIS (version 10.2.2). Then, we estimated the area of these forestlands that was transformed into other land-use/cover types during four periods: 1976–1993, 1993–2001, 2001–2009, and 2009–2018. We also calculated the number and area of the original forest patches that were completely transformed during the four periods.




2.2.2. Assessment of Threat Levels


We estimated the levels of threat posed by the surrounding matrix to historical forestlands using the Habitat Quality Model of InVEST (version 3.3.3). Infrastructure and residential land, industrial land, irrigated cropland, and rainfed cropland were regarded as threat sources (Figure 3).



The threat indicator (  T  I x   ) was calculated using the approach developed by Sharp et al. [35], which is expressed in Equation (1).


  T  I x  =   ∑   r = 1  R    ∑   y = 1    Y r     (     W r      ∑   r = 1  R   W r     )   r y   I  x y r    S r  ,  



(1)




where r is the threat source—infrastructure and residential land, industrial land, irrigated cropland and rainfed cropland, R is the total number of all threat sources, y is a grid in the raster map of threat source r,    Y r    is the total number of grids in the raster map of threat source r, and    W r    is the weight of the threat level of threat source r to the historical forest, which is the relative destructiveness of different anthropogenic threats to historical forests. The values of    W r    range from 0 to 1, where 1 indicates a high risk of impairing the habitat quality of historical forests. Moreover,    r y    is used to identify whether grid y is from threat source r,    S r    is the relative sensitivity of historical forests to threat source r, x is a grid of historical forest, and    I  x y r     is the impact of grid y from threat source r on a grid of historical forest x, which is expressed inas Equation (2).


   I  x y r   = 1 −  (     D  x y      D  r   m a x      )  ,  



(2)




where    D  x y     is the distance between threat grid y and historical forest grid x.    D  r   m a x     is the maximum effective distance of threat source r’s reach across space. The values used in Equations (1) and (2) refer to previous studies [36,37,38,39,40,41,42], and the medians of values are reported in Table 1.




2.2.3. Morphological Spatial Pattern Analysis


According to the land-use/cover data for 2018, we identified different spatial elements of historical forests using morphological spatial pattern analysis (MSPA) [43]. The MSPA was implemented by the GuidosToolbox available at http://forest.jrc.ec.europa.eu/ (accessed on 19 February 2021). The foundation of GuidosToolbox is mathematical morphology, and MSPA detects the morphometric feature classes of image objects as a function of their shape, connectivity, and spatial configuration [44]. The spatial patterns of historical forests were divided into seven classes at the pixel level by MSPA (Figure 4): core, bridge, edge, branch, islet, loop, and perforation [45]. Core is the interior area excluding internal and external perimeters. Bridge is the link connected at more than one end to different cores. Loop is the link connected at more than one end to the same core. Perforation and edge are the internal and external perimeter, respectively. Branch is the link connected at one end to bridge, edge, perforation, or loop. Islet is the disjointed and small patches, not connected with cores. The edge width was set to a value of 120 m (four pixels) because many studies recommended 100–200 m as the edge width to support edge-intolerant species [46,47,48].




2.2.4. Measurement of Probability of Connectivity


To measure the connectivity of historical forests and identify the important core areas and bridges in the landscape, the probability of connectivity (PC) index and the importance values of the patches (dPC) were calculated with Conefor software [49]. PC measures individual patch importance while dPC evaluates the contribution of each patch to the overall landscape connectivity based on habitat availability and interpatch dispersal probability [50]. These connectivity indices can reflect habitat loss and landscape fragmentation well and are widely used in connectivity analysis [51,52,53]. They are beneficial for planning decision making [50]. In this study, the dPC values of cores and bridges were evaluated for the connectivity of historical forests in the built-up area, because they are important for maintaining connectivity as nodes and links, respectively, in landscape graph theory [54]. The analysis also included some relatively large islets because of their role as steppingstones in improving connectivity. The threshold of islets was set as 3 ha according to Gao et al. (2019) [55]. The PC and dPC values were calculated using the following equations:


  P C =   ∑   i = 1  n    ∑   j = 1  n   a i   a j   p  i j  *  ,  



(3)






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



(4)




where    a i    and    a j    are the areas of patch i and patch j, respectively, and    p  i j  *    is the maximum product probability of all paths between patches i and j. The threshold of distance for the connection between patches was set to 500 m, because many previous studies concluded that a 500 m distance can ensure the migration of urban animals between patches, including birds, small mammals, and insect pollinators [55,56,57]. If the distance between patch i and j is smaller than the distance threshold,    p  i j  *    is simply equal to the distance between patches i and j. If patch i and j are more distant, the maximum probability path comprises several steps through intermediate steppingstone nodes [49].   P  C  r e m o v e     is the PC value after removing the patch.






3. Results


3.1. Transformation into Other Land-Use/Cover Types


The transition matrix of the area between each land-use/cover type in the built-up area of Guiyang from 1978 to 2018 is shown in Table 2. Other transition matrices of four investigated periods can be found in the Supplementary Materials. The area of historical forests decreased from 4920.21 ha in 1976 to 2958.66 ha in 2018. The most severe loss of forests occurred in the eastern and southwestern regions of the built-up area (Figure 5). The forest patches located in the middle region were preserved and are still relatively intact.



The number of historical forest patches increased to 256 from 222 during the 1976–2018 period. In particular, the increase in small patches (<10 ha) was approximately 51%, while the decreases in middle patches (10–50 ha) and large patches (>50 ha) were 21% and 53%, respectively, from 1976 to 2018 (Figure 6).



By 2018, a total of 1988.46 ha of forestlands in 91 patches were transformed into other land-use/cover types, mainly into urban lands (Table 3). During the four periods, the transformation that occurred in the first two periods was relatively minor. Notably, a large area of forest loss occurred during the period of 2009–2018. Thirty-five of the original forest patches from 1976 were fully transformed into other land-use/cover types by 2018. However, only eight forest patches suffered a full loss by 2009, while 27 forest patches were completely transformed from 2009 to 2018 (Figure 7).




3.2. Threats to Historical Forests


Most historical forest patches (unchanged forest areas in 2018) were threatened by surrounding environments to a much greater extent than the forest patches were in 1976, as shown by the location of threat levels in Figure 8. The mean TI value of historical forest patches increased by 33% from 1976 to 2018. In 1979, 67 forest patches (30%) had a TI value lower than 0.1; however, this number decreased to only three historical forest patches (1%) in 2018. In 2018, 18 historical forest patches (7%) were seriously threatened (TI value > 0.2). The TI values of forest patches showed a declining trend from downtown to the urban fringe regions.




3.3. Morphological Spatial Patterns


In the study area, the forest patches in 1976 were classified as follows: 106 cores, 33 bridges, 131 edges, 426 branches, 226 islets, and 13 loops (Figure 9a, Table 4). In 2018, the historical forests were composed of 62 cores, 21 bridges, 67 edges, 238 branches, and 275 islets (Figure 9b, Table 4). There were no perforations in the study area. Among the six morphological spatial pattern classes, the area of islets accounted for the majority of the total forest area (Figure 10). The proportion of islets was 24.1% and 38.5% in 1976 and 2018, respectively. Cores and bridges, which are two indispensable patterns, decreased considerably from 1976 to 2018. Compared to 1976, the area of cores decreased by 48%, while that of bridges decreased by 55%.




3.4. Probability of Connectivity


The dPC values (%) of cores, bridges, and some islets are presented in Figure 11. The top 10 most important elements of spatial patterns only included one core, which was located in the center of the city. Its dPC value was 13.5%, which is a very high value because, upon removing this core patch, the connectivity of the overall landscape would decrease by 13.5%. Five important bridges were all in the downtown area (2.23–11.87%). Four islets were far from the city center, but they also had relatively high dPC values (2.86–6.81%). Most cores, bridges, and islets next to the urban fringe had relatively low dPC values.



Table 5 shows the area, dPC values, and threat levels of the top 10 important cores, bridges, and islets. The most important core was in the interior of the largest patch in the built-up area, due to its large area and central position. The areas of most important bridges were relatively small (except B1), but they were vital for connecting cores in the center of the study area. It is remarkable, however, that the important core and bridges were severely threatened by the surroundings. The islet located in the northwest (I3) was threatened the most. The   T  I x    values of most important patterns (except I1, I2) were all above 0.15 (the average value of all the historical patches).





4. Discussion


4.1. The Impacts of Urbanization on Historical Forests


The historical forestlands lost a substantial amount of land area and were mainly converted into urban land-use types, especially during the 2009–2018 period. The 41% decline in the total area of historical forests was driven by urbanization from 1976 to 2018. Extensive loss of urban historical forests during recent decades has also been reported in other regions. For example, the total area of historical forests in the southern part of Seoul in 2015 decreased by 35% compared to the value in 1972 [27]; the historical forests in Rome’s metropolitan area lost 26,000 ha from 1936 to 2010 [58]. We found that the area of historical forests in Guiyang declined dramatically during the 2009–2018 period. The primary reason for this observation was that the Chinese State Council released the “Several Opinions of the State Council on Further Promoting Sound and Fast Economic and Social Development in Guizhou” in 2012 [59]. The economic situation and urbanization process of Guiyang city were relatively unadvanced before this report due to the city’s steep terrain and poor transportation, but the city entered a period of urbanization and very rapid development after 2012 [60]. The stimulus of economic policy often results in a significant influence of urban expansion on natural habitats [61].



The expansion of urban lands surrounding historical forest patches increased the threat levels to ecosystems. We found that the threat levels of historical forest patches increased from the urban fringe to the city center. The threat levels of habitats are determined by the strength of threat source and the distance between habitats and threat source. Urban land use/cover has a higher risk of impairing the habitat quality of historical forests. Therefore, even for several large and relatively intact patches in the center of the city, although less area was lost, the high urbanization intensity of the surroundings increased the risk of forest degradation, because they are fairly close to massive infrastructure and residential areas. The consequences of intensive urbanization on urban forests are oxidative stress [62], changes in biogeochemical cycles [63], biotic homogenization [64], etc. Observations from field studies also support the possibility that the compositional dissimilarity of woody plants among forest patches in Guiyang city was low when the percentage of surrounding impervious area was high [15].



The historical forest patches in the study area were fragmented, as determined by the spatial characteristics. The MSPA method can evaluate the spatial patterns simply and intuitively according to their functions [45]. The historical forest patches had a high proportion of islets, edges, and branches, which indicated high levels of fragmentation. Islets are isolated islands separated from intact and large forest patches [65]. Edges are often impacted by edge effects that are unfavorable for forest species sensitive to edge conditions [66]. Branches are interruptions of the bridge connection [53]. This landscape pattern may exist because the forest patches are fragmented due to urban expansion, and the patches in the built-up area of Guiyang were mainly in the form of irregular, elongated shapes. However, the proportion of morphological spatial patterns that facilitate landscape connectivity was relatively low. For example, loops can facilitate species movements within the same patch [53], but they had the lowest proportion in the study area, even decreasing to zero in 2018. Cores can serve as ecological source areas, while bridges can enhance the connectivity among cores [52]. It is important to note the dramatic declines in cores and bridges from 1976 to 2018, especially for the historical patches in the eastern and southwestern areas. These patches were smaller than those in the center, causing the scattered distribution and isolation among historical patches in these regions. In addition to the decline in connectivity, small patches are at high risk of being destroyed because small or moderately sized patches are less easily retained during the process of urban expansion than large patches [67].



The most important core was in the central part of the study area, but it was severely threatened by the surrounding environments. The largest forest patch located in the city center was retained relatively intact during urbanization because of its large area and steep topography. It had the highest dPC value, generally corresponding to its importance in the role of interpatch connectivity. The core area of the patch accounted for 32% of all the core areas in the study area; thus, the largest patch could provide the most ecological resources and habitats for wild species in the city. However, the patch had high threat levels for several reasons. First, it was located in the most and earliest urbanized regions that were chronically disturbed by serious human pressures. In addition, the shapes of the patches were sinuous strips that had extensive edges. Complex shapes and extensive edges increase communication with surrounding environments and decrease the buffering capacity of habitat patches [68]. Therefore, although the largest historical forest patch has a high probability of connectivity, its ecological functions may be compromised due to the high threat levels. Due to its high conservation values, protection measures should not only include impeding further shrinkage but also preventing further habitat degradation. This finding supports the necessity of integrating the evaluation of threat level, MSPA, and the PC landscape metric to identify the critical areas and recognize the potential risks to urban historical forests.



Bridges accounted for a smaller portion of spatial patterns in the study area, causing the cores to be more isolated. The area of bridges was only 9% of the total area of historical forests. A total of 62 cores in the study area had only 21 bridges connecting one another; thus, the ecological resources did not flow smoothly between most cores. In urban landscapes, corridors tend to be small in size compared to those in natural landscapes, as they are often neglected in preservation efforts. For example, the percentage of bridges in the urban forest landscape of Zhaoyuan city, China, was only 8% [55], while 35% of forests were considered as bridges in the Cantabrian Mountains of Asturias and León regions, Spain [52]. In addition, the most important bridges in the present study were found in the central region, which played a vital role in connecting the important cores and the connectivity of the whole landscape; however, similarly, these bridges were seriously threatened by their urban surroundings. In contrast, there were many corridor-lacking areas in the southwestern, northwestern, and eastern regions. The historical forest fragments in these regions need to be improved by the addition of corridors.



Islets were the most common spatial pattern in the study area, and some of them played an important role in improving connectivity of the whole landscape as steppingstones. The area of islets accounted for 38% of historical forests, and 107 islets were larger than 3 ha. In urban landscapes, most remnant patches are mainly presented in the form of isolated islands embedded in the urban matrix [65]. According to the Theory of Island Biogeography, the species diversity is positively related with the island size [69]. The results of this study also found that some large islets had high dPC values. Therefore, large islets, especially those located in the regions where cores and bridges were fewer, should be protected better to prevent further shrinkage.




4.2. Implications for the Management of Urban Historical Forests


Our finding that urbanization caused significant impacts on historical forests in Guiyang, China, can provide useful information for managing these historical forests, especially in the following aspects: (1) preventing the further massive loss of historical forestlands; (2) increasing the buffer area to protect the core areas; (3) optimizing the corridor networks of urban forests.



Urban expansion has had significant impacts on historical forests. In the study area, 41% of historical forests were lost from 1976 to 2018, and 75% of historical forest patches in 2018 were smaller than 10 ha. An area of 10 ha is regarded as a critical threshold size for maintaining the stability of urban forest patches [1], and small habitat patches are more likely than large habitat patches to be lost in urban regions. Therefore, conservation agencies should develop new ways to strictly control urban expansion into historical forestlands, such as establishing ecological red lines for protecting urban historical forests [70], especially small forests. To meet residents’ demands for outdoor recreation, some large historical forest patches can be converted into mountain parks. Trail networks should be carefully planned in these patches, and the number of impervious trails should be minimized to avoid disturbing areas with high conservation value [71]. However, small patches are often more vulnerable and susceptible to human disturbance [16]; thus, it is suggested that these areas be enclosed by protective barriers to allow fewer residents to enter the forests.



Core areas of forests can provide important habitats and resources for interior wildlife [72]. However, core areas accounted for only 7% of the urban historical forest in the study area, and the most important core was seriously threatened by the surroundings. The loss of historical forests is irreversible, but intentionally planted forests can also provide many ecosystem services and facilitate the remaining historical forests [24]. Creating tree belts surrounding historical patches as buffer areas is recommended to protect these forests. On the one hand, this measure can increase the size of integrated forest patches and enhance the buffer capability of historical forests. On the other hand, intentionally creating tree belts may adjust the shape of the habitat patches and reduce the proportion of historical forests that are classified as edge areas, simultaneously increasing the core areas and alleviating the threat levels of historical forests.



Corridors can form connections in the landscape, link isolated habitat patches, and facilitate ecological flows [73]. Bridges connecting cores estimated in the study area were grossly insufficient. Increasing ecological networks by creating forest corridors connecting core areas, especially for the small and isolated cores located in the eastern and southwestern regions, is also suggested to enhance the connectivity of the whole historical forest ecosystem. Plantations with single vegetation types should be avoided because of their poor resistance and weak ecological value [74]. Most of the remaining bridges of historical forests are narrow, sensitive, and easily damaged; thus, they require strict and special protection by human intervention. In addition, some large remaining islets also deserve more attention due to their role as steppingstones and important supplements where cores and bridges are fewer.





5. Conclusions


Knowledge about the impacts of urban land-use/cover change during urbanization on the characteristics of historical forests is needed to improve the management and conservation of these forests. In this study, we evaluated the area loss and threat levels of historical forests and identified the critical areas for historical forests in Guiyang. Our results showed that urban expansion caused significant loss and an increase in threat levels for historical forests. The degradation risks of many of the most important core and bridges for the connectivity of historical forest ecosystems were high due to the high urban intensity of the surrounding areas. On the basis of our results, we recommended active and efficient measures, such as preventing urban expansion into the remaining forestlands and planting tree belts to increase the buffer areas and forest corridors, which can enhance the connectivity of historical forests. We call for integrating the remaining historical forests into urban planning and nature conservation plans. While Guiyang is presented as a case study, the findings from our study will be useful for prioritizing the protection and restoration of historical forests in other rapidly urbanizing cities. Future studies can build upon this study by further exploring conservation priority areas combined with species distribution data.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Workflow of the methods. 
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Figure 3. Location of threat sources in (a) 1976 and (b) 2018. 
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Figure 4. Seven classes of morphological spatial patterns. 
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Figure 5. The locations of historical forests. (a) The administrative boundary (black line) and boundary of the built-up area (red line); (b) locations of historical forests that were retained, those that were transformed, and new forests. 
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Figure 6. The number of historical forest patches. 
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Figure 7. The cumulative numbers and areas of loss for forest patches that were fully transformed into other land-use/cover types. 
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Figure 8. Levels of threat to historical forest patches in (a) 1976 and (b) 2018. 






Figure 8. Levels of threat to historical forest patches in (a) 1976 and (b) 2018.



[image: Forests 13 00146 g008]







[image: Forests 13 00146 g009 550] 





Figure 9. Morphological spatial patterns of historical forests in (a) 1976 and (b) 2018. 
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Figure 10. The areas of different morphological spatial pattern classes of historical forests in 1976 and 2018. 
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Figure 11. Probability of connectivity values of cores, bridges, and islets for historical forest patches. 
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Table 1. Parameters of different threat sources.
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	Threat Source
	     W r     
	     D  r   m a x      
	     S r     





	Infrastructure and residential land
	1
	7.1
	0.85



	Industrial land
	0.80
	5.6
	0.72



	Irrigated cropland
	0.68
	4.00
	0.70



	Rainfed cropland
	0.50
	4.00
	0.70
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Table 2. Transition matrix of land use/cover from 1978 to 2018 in the built-up area of Guiyang (ha).
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1978

	
2018




	
Forestland

	
Grassland

	
Water Body

	
Urban Land

	
Farmland

	
Total






	
Forestland

	
2930.76

	
1.17

	
0

	
1983.69

	
4.59

	
4920.21




	
Grassland

	
3.33

	
1349.19

	
0

	
2921.94

	
145.62

	
4420.08




	
Water body

	
0

	
0

	
68.13

	
0

	
0

	
68.13




	
Urban land

	
0

	
0

	
0

	
13,329.81

	
805.23

	
14,626.08




	
Farmland

	
24.57

	
17.37

	
1.53

	
6009.57

	
1804.41

	
7857.45




	
Total

	
2958.66

	
1367.73

	
69.66

	
24,245.01

	
2759.85
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Table 3. The temporal changes in transformed area (ha).
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	Period
	Urban Land
	Cropland
	Grassland





	1976–1993
	124.65
	8.73
	0



	1993–2001
	131.34
	2.43
	0



	2001–2009
	237.24
	0.45
	1.08



	2009–2018
	1490.13
	3.51
	1.17










[image: Table] 





Table 4. Number of morphological spatial patterns.






Table 4. Number of morphological spatial patterns.





	Year
	Core
	Bridge
	Edge
	Branch
	Islet
	Loop





	1976
	106
	33
	131
	426
	226
	13



	2018
	62
	21
	67
	238
	275
	0
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Table 5. Area, dPC values, threat levels, and spatial patterns of important cores, bridges and islets.
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	ID
	Pattern
	Area (ha)
	dPC Value (%)
	    T  I x     





	C1
	Core
	67.14
	13.05
	0.20



	B1
	bridge
	57.24
	11.87
	0.19



	I1
	islet
	41.31
	6.81
	0.13



	I2
	islet
	39.69
	5.97
	0.14



	B2
	bridge
	29.25
	5.56
	0.19



	B3
	bridge
	16.29
	3.28
	0.19



	I3
	islet
	29.61
	3.13
	0.23



	B4
	bridge
	23.40
	2.88
	0.18



	I4
	islet
	27.45
	2.86
	0.16



	B5
	bridge
	13.23
	2.23
	0.20
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