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Abstract

:

Human modification and habitat fragmentation have a substantial influence on large carnivores, which need extensive, contiguous habitats to survive in a landscape. The establishment of protected areas is an effective way to offer protection for carnivore populations by buffering them from anthropogenic impacts. In this study, we used MaxEnt to model habitat suitability and to identify conservation gaps for snow leopard (Panthera uncia) in the Qilian Mountains of China, and then assessed the impact of highways/railways and their corridors on habitat connectivity using a graph-based landscape connectivity model. Our results indicated that the study area had 51,137 km2 of potentially suitable habitat for snow leopards and that there were four protection gaps outside of Qilian Mountain National Park. The findings revealed that the investigated highway and railway resulted in a decrease in connectivity at a regional scale, and that corridor development might enhance regional connectivity, which strengthens the capacity of central habitat patches to act as stepping stones and improve connections between western and eastern habitat patches. This study emphasized the need for assessing the impact of highways and railways, as well as their role in corridor development, on species’ connectivity. Based on our results, we provide some detailed recommendations for designing protection action plans for effectively protecting snow leopard habitat and increasing habitat connectivity.
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1. Introduction


Human modification and habitat fragmentation have a substantial influence on large carnivores, which need extensive, contiguous habitats to survive [1]. When developing successful conservation plans, it is crucial to understand how species respond to such changes in order to safeguard key regions and the connectivity they offer [2].



The snow leopard (Panthera uncia) is a rare and endangered big cat species of international concern. It is an apex predator found in alpine ecosystems on the Tibetan Plateau [3]. It serves as an ecosystem health indicator, making it critical for sustaining biodiversity in vulnerable habitats threatened by climate change and human interference [4]. Snow leopards are found in the mountainous regions of 12 countries [3]. Despite their widespread distribution, there is much ambiguity surrounding the total number of snow leopards, which is roughly estimated to be between 4000 and 6500 individuals [5]. Snow leopards were downlisted to a Vulnerable classification by the IUCN in 2017 [6]. This delisting caused disagreement among experts and conservationists, who felt that population levels were exaggerated and threats to snow leopards were understated [7]. While the downlisting has been questioned, widespread consensus exists that snow leopard conservation efforts must be extended and reinforced [8].



Previously published snow leopard research covers a broad range of topics, including abundance and density [9], activity patterns [10], home range size [11], genetic diversity [12], diet [13,14], impacts of climate change [4,15], illegal trade [16], human–snow leopard conflict [17], herder attitudes [18], conservation landscapes [19], and global landscape connectivity [20]. Research on regional landscape connectivity is critical for snow leopards that dwell in a matrix of naturally fragmented and human modified landscapes, as well as for the formulation of effective conservation action plans. Unfortunately, investigation of snow leopard landscape connectivity has received minimal attention [2], particularly the influence of road/railway construction on snow leopard movement [21].



Only 2% of known snow leopard habitat in China has been properly surveyed [22]. The Qilian Mountains are a major snow leopard distribution area that cover both Qinghai and Gansu Provinces. Li et al. [19] designated the Qilian Mountains as one of the Global Snow Leopard Landscape Conservation Units (LCUs) important to the long-term preservation of snow leopard populations. The Chinese Government authorized the creation of the Qilian Mountain National Park Pilot Area in 2017, a transitional stage prior to the formal establishment of a national park. The formation of the national park enables the development of more systematic conservation action plans and the implementation of rigorous protection for the region’s flagship species, including the snow leopard. At present, past investigations in the Qilian Mountain Area have been largely confined to Gansu Province, with fewer studies conducted in Qinghai Province. Research that has been published has predominately focused on conflicts between humans and snow leopard [23], the effect of human and natural environmental variables on snow leopard site-use patterns [24], model selection for various scale species distribution models [25], and genetic structure [26]. These studies identifying the conservation gap of snow leopard habitats and the influence of major roadways on habitat connectivity have received much less attention, but are critical for targeted conservation management of this species and its sympatric species in the Qilian Mountain range.



Ecological niche models (ENMs) are currently the primary modeling tool used for forecasting and resolving issues related to sustainable ecological development [27]. The MaxEnt model, one type of ENM, has become increasingly popular in conservation biology [28]. It is commonly used to anticipate the influence of global climate change on the geographical distribution of target species, as well as to quantify species’ habitat suitability and to analyze species’ niche drift [29,30]. The majority of landscape connectivity modeling tools rely on expert opinion to assign resistance values and estimate landscape connectivity across a resistance surface. These methods do not involve a formal evaluation of the focus species’ biological reactions to landscape variables based on field data. Furthermore, landscape connectivity is species specific [2], necessitating parameterization based on actual movement data in response to landscape characteristics in order to map credible connectivity. The significant expense of acquiring adequate movement data of dispersed individuals or genetic data across landscapes makes this difficult. While ENMs might be used to identify habitat distribution, they could also be used to generate resistance maps based on a habitat suitability index. This is a preferable method over the more subjective way of assigning values based on expert opinion. This resistance degree takes a variety of variables impacting species distribution into account and enables rapid assessment of a species’ connectivity [31].



The use of graph theory to represent ecological networks is becoming a more popular tool for assessing connectivity [32]. Landscape graphs enable the modeling of functional connectivity among habitat patches. Graph-based studies have been used to analyze the role of connectivity for species occurrence [33], examine the influence of a specific road and its development on connectivity [32], and compare various forest management scenarios [34]. Land and conservation planning may benefit greatly from their use [35].



In this work, we developed a distribution model for snow leopards and a landscape connectivity model based on occurrences related with environmental factors. We aimed to (i) analyze potentially suitable habitat for snow leopards in the Qilian Mountain area, (ii) identify current protection gaps within snow leopard habitats, (iii) assess the impact of highways and railways and their corridors on habitat connectivity, and (iv) make conservation recommendations for the snow leopard based upon findings.




2. Methods


2.1. Study Area


The Qilian Mountains are a mountain range in China that is situated on the border of Gansu and Qinghai Provinces. It occupies the boundary between the arid and semi-arid parts of northwest China and the alpine zone of Qinghai–Tibet [36]. Its key roles include serving as a buffer between three deserts, Tengger, Badain Jaran, and Kumtag, and habitat to the south, ensuring the stability of the Hexi Corridor oasis, and ensuring the Yellow River and continental rivers’ runoff supplies [37]. In 2017, the Chinese government authorized the establishment of the Qilian Mountain National Park Pilot Area, which included the Qilian Mountain National Nature Reserve and Yanchiwan Nature Reserve in Gansu Province, as well as the Qilian Mountain Provincial Nature Reserve in Qinghai Province. The pilot area encompasses 50,200 square kilometers in total, with 34,400 square kilometers in Gansu Province, accounting for 68.5% of the overall area. In Qinghai Province, it covers 15,800 square kilometers, representing 31.5% of the total area. Subei, Aksay, Sunan, Minle, Yongchang, Tianzhu, Shandan County, and Liangzhou District are located in Gansu Province, whereas Delinha City, Tianjun, Qilian, and Menyuan county are located in Qinghai Province. We define the research area as the rectangle created by the Qilian Mountain National Park’s 30 km buffer zone, which covers 324,414 square kilometers (Figure 1). Thirty kilometers is somewhat more than the furthest distance (27.9 km) that snow leopards have been seen traveling from one point to another on consecutive days [19,38].




2.2. Occurrence Records


Snow leopard occurrence records (N = 640) included camera trap data and genetically verified fecal samples from 2017 to 2020. To mitigate the effect of spatial autocorrelation, we reduced multiple occurrence data to a single record within a radius of 1 km using SDMtoolbox 2.4 [39]. This study employed a total of 365 occurrence records (Figure 1).




2.3. Environmental Variables


We selected environmental variables that were associated with snow leopard ecological traits, including land cover (Figure S1), topography, Normalized Difference Vegetation Index (NDVI), river density, distance from a major road, and human population density data derived from the China population spatial distribution kilometer grid data set (POP). Topography-related variables included elevation, slope, aspect, curvature, and ruggedness. The elevation data were extracted from a WorldClim digital elevation model (DEM) with a resolution of 30”. Slope, aspect, curvature, and ruggedness were extracted based on DEM. Ruggedness was calculated from elevation using the terrain ruggedness index tools in ArcMap with a moving window size of 3 × 3 [19]. We obtained land cover, NDVI, and POP from Resource and Environment Science and Data Center (http://www.resdc.cn/, accessed on 25 January 2022). Snow leopards can cross general roads, so only highways and railways were taken into account when calculating distance from roads [21] (Figure S1). Road and river data were derived from the OpenStreetMap database (the source of all environmental variables is detailed in Table S1).



We projected all variables into the same projection using ArcGIS 10.6 (ESRI Inc., Redlands, CA, USA), and resampled at a resolution of 1 × 1 km. A modified version was created by deleting Pearson’s correlation coefficients with |r| larger than 0.8 to decrease multicollinearity [40] (Table S2). After that, we excluded factors that contributed less than 1% to the MaxEnt model, leaving us with eight variables to build the snow leopard distribution model (DEM, slope, POP, river density, distance from road, NDVI, land cover, and ruggedness).




2.4. Species Distribution Model


We utilized the maximum entropy technique (MaxEnt 3.3.3k), one of the best performing approaches in modeling species distribution, using presence-only data to generate the habitat suitability for snow leopard [41]. MaxEnt has been used extensively to assess habitat suitability for a wide variety of rare or endangered species [27,31,42]. MaxEnt determines species distributions by calculating the probability distribution of maximum entropy while taking into account data restrictions [43]. MaxEnt also uses jackknife tests to determine the importance of variables and their contributions, which show the degree to which each variable contributed to the model. A total of 75% of the occurrence data were put into a training set for model development and the remaining 25% were put into a random test set for assessing model performance. We used most of the MaxEnt model’s default parameters [43] with the number of background points set to 10,000. The prevalence value was set to 0.7. Random fivefold cross-validation was used to test the model [19].



To assess the model’s performance, we used the threshold-independent area under the receiver operating characteristic curve (AUC) with value ranges of 0–1. AUC values close to 1 imply that the models are in perfect agreement [43]. The importance of variables was estimated using the permutation importance approach [44]. The MaxEnt model’s logistic outputs were used to depict the probabilities of species occurrence [45]. Based on the average of the maximum training sensitivity plus specificity, the results were categorized into presence and absence [46]. Suitable habitats were defined as locations with probability values above the threshold [31].




2.5. Landscape Connectivity Modeling


To quantify landscape connectivity, we employed a landscape graph-based method. This method creates a graph, which is a collection of nodes connected by links or edges, using habitat patches (nodes) and a landscape resistance layer. By calculating the least cost pathways between nodes using a resistance layer, the network edges depict a biologically species-specific landscape. Landscape connectivity indices were then calculated using the characteristics of edges, nodes, and their connections. The program Graphab v2.6 was used to complete all steps of the landscape connectivity analysis [33]. The landscape resistance layer was derived from the habitat suitability index from the MaxEnt model to measure the degree of resistance to the movement of snow leopard. The resistance layer was created by rescaling the inverse of the logistic output from our MaxEnt model from 1 to 100 [4]. Resistance was set to 1 for cells having a value greater than the threshold (the MaxEnt model provided maximum training sensitivity plus specificity). The resistance value for the cell with a value less than the threshold was set to (threshold − “value”) × 100/threshold [31].



Three scenarios were investigated to assess the influence of highways and railways and their potential corridor development on connectivity. The highways and railways were the only changes made between S0 and S1 scenarios in order to examine their effect directly. Scenario S2 was then modeled in accordance with the potential corridor’s construction of the highway and railway.



S0: the landscape resistance layer was created using the habitat suitability index to represent the initial state of connectivity in the study area.



S1: the current state of connectivity as determined by superposing the resistance of the highways and railways on S0. To simulate the barrier of highways and railways, we placed a resistance value of 100 for the highways and railways on the S0 resistance layer.



S2: S1 + corridors were constructed for highways and railways to facilitate snow leopard dispersal between suitable habitats, and the corridor location was selected from areas with a high habitat suitability index (Cost = 1).



To analyze their contribution to connectivity, the S1 scenario was compared to the S0 scenario and the S2 scenario to the S1 scenario. Only the resistance map was altered for each scenario by incorporating changes. Three steps were used to construct our landscape graph. First, the nodes (hereinafter referred to as a “habitat patch”) were defined. The next step was to create a collection of edges. We utilized the resistance surface created for the three scenarios, respectively, to calculate the least-cost distance edges (using cumulative cost along least cost pathways) [32]. The final step was to create a landscape graph using the habitat patches and edges discussed earlier.



We calculated two connectivity metrics at different spatial scales, i.e., regional-scale and local-scale. The probability of connectivity (PC) developed by Saura and Pascual-Hortal [47] was used in the regional study and gave insight into the overall connectivity changes of the study area. The PC was set according to the species’ maximum dispersal distance in a number of studies. However, because snow leopard dispersal events were unknown, a variety of distances by increments of 10 km were investigated to see how sensitive the results were to the distance parameter. To build graphs, the Euclidean distance was transformed to the cumulative cost distance using the following equation: Cumulative Cost Distance = e^(intercept + β × log(Euclidean Distance)) [32]. Their rates of variation were then computed and compared. The extent of the difference between PC values allowed for an evaluation of the effect of highways and railways, as well as potential corridor projects on habitat connectivity.



Betweenness centrality (BC) was determined at the local scale. BC is a measure of route-specific flux and is used to investigate the role of any particular habitat patch as a stepping stone between two other patches [48]. BC was calculated using a maximum movement distance of 30 km to reflect the distance traveled in consecutive days by a snow leopard.




2.6. Conservation Gap Analysis


Conservation gap analysis was conducted to determine habitat area that had not been adequately conserved. Conservation gaps were defined as habitat patches that were distributed continuously but were not included within boundaries of the national park and remained functionally connected after the connectivity graph was built at 30 km. Conservation gaps were identified by an overlay analysis of the suitable habitats, national park boundaries, and connectivity graph.





3. Results


3.1. Habitat Suitability Model


With an average training AUC value of 0.930 (±0.0013) and average testing AUC value of 0.907 (±0.018, Figure 2a), the MaxEnt model for snow leopard produced satisfactory results. According to the jackknife test results (Figure 2b) and the permutation importance, DEM (26.8%) contributed the most to the model, followed by slope (25.3%), POP (12.7%), river density (10.1%), distance from road (8.3%), NDVI (8.1%), land cover (4.8%), and ruggedness (3.9%). The average threshold value of 0.2288 was used to define suitable habitat. The suitable habitat of snow leopard was found between 3500 and 4100 m above sea level with terrain slope greater than 13° (Figure S2). Snow leopards preferred areas with high elevations and low population densities that are far from major roads.




3.2. Potential Suitable Habitat


The region had 51,137 square kilometers of potentially suitable habitat (TA, Figure 3a), representing 16% of the study area, with measures of high habitat suitability index concentrated mostly in the western Qilian Mountains (Figure S3). The potentially suitable habitats could be divided into midwestern and eastern regions. The midwestern habitats were continuous large patches, with the five largest patches totaling 38,120 square kilometers (accounting for 74.54% of TA). Subei, Sunan, Tianjun, and Qilian County were the counties with the most suitable habitat patches. In contrast to the midwestern habitats, the eastern habitat patches were small and fragmented. The Qilian Mountain National Park has a total of 22,640 square kilometers of suitable habitat (accounting for 44.27% of TA).




3.3. Landscape Connectivity


We discovered that snow leopard habitat was mostly isolated from the G227 National Road and the Lanzhou-Wulumuqi High-Speed Railway by superimposing highways and railroads and suitable habitats, and therefore simulated the corridor construction for the routes (S2, Figure S4). A graph was constructed for each scenario (S0 to S2). Then, the PC value was calculated at various distances. As shown in Figure 4, the PC index between the initial state (S0) and the highway and railway state (S1) indicated that highways and railways slightly decreased overall connectivity (Figure 4), with the PC index rate of variation ranging from −0.86% for a distance of 10 km to −3.90% for a distance of 80 km. The mitigation scenario (S2) promoted the connectivity of highway and railway state (S1) with a slight increase with distance (up to +4.69% for 80 km) and subsequently returned to +2.17% for 100 km.



The findings revealed that highways and railways resulted in a −1.22% decrease in connectivity over a distance of 30 km, which was thought to be indicative of the travel distance on consecutive days for snow leopard (Figure 4). When compared to the highway and railway state (S1), the corridor development (S2) might enhance regional connectivity by +1.44%. Furthermore, corridor development strengthens the capacity of those central patches to act as stepping stones and improve connections between western and eastern habitat patches (Figure 5).




3.4. Conservation Gap


Four conservation gaps (Figure 3b) were identified in the national park’s northwest (G1), north (G2), center (G3), and south regions (G4). These places are generally unprotected, leaving considerable gaps in the current conservation extent. The Qilian Mountain National Park should be expanded to meet these conservation gaps and protect snow leopard habitat integrity.





4. Discussion


This paper presents an integrated approach for identifying suitable habitat and assessing the influence of highways and railways, as well as their potential corridor construction, on the connectivity for the snow leopard in the Qilian Mountain area. This study may contribute to advancements in environmental impact assessments and conservation plans for the species.



We revealed that 16% of the study area could serve as potential snow leopard habitat (Figure 3a). The Qilian Mountain National Nature Reserve in Gansu Province was the first protected area established in Qilian Mountain area in 1988. Then, in 2005 and 2006, the Qilian Mountain Provincial Nature Reserve in Qinghai Province and Yanchiwan National Nature Reserve in Gansu Province were founded. These three nature reserves have been integrated into Qilian Mountain National Park, which has 22,640 square kilometers of potentially suitable habitat (accounting for 44.27% of total suitable habitat). Although certain protection gaps remain, a more continuous national park extent has been established than previously. The larger snow leopard habitat patches that were continuously distributed in the midwestern region of the study area were primarily concentrated in Subei, Sunan, Tianjun, and Qilian County, whereas the patches distributed in Menyuan and Tianzhu County consisted of predominantly small, fragmented patches. This is likely because Menyuan and Tianzhu County have a larger population than counties in the central and western regions. Along with grazing, agricultural areas are found in the region’s lower elevations. For generations, the traditional means of production in the area consisted of grazing sheep and yak in high-altitude pastures.



Climate conditions, topography (elevation, slope, and roughness), prey species, and land cover were all cited as factors affecting snow leopard habitat selection in previous studies. Researchers in Mongolia found that the distribution of prey and rough terrain had a substantial impact on how snow leopards used their habitat [38]. In India, research in highly grazed regions revealed that snow leopard habitat usage was mostly determined by the density of wild prey species [49]. An analysis of snow leopard habitat in the Sanjiangyuan National Nature Reserve found that the two most important factors impacting habitat selection were annual average temperature and roughness [50]. For the Qomolangma National Nature Reserve, the five most important variables impacting snow leopard habitat suitability were the precipitation in the driest quarter, ruggedness, elevation, maximum temperature of the warmest month, and annual mean temperature [51]. A few studies have mentioned human interference as the main factor affecting snow leopard habitat selection. Wolf and Ale [52] found that terrain and human activity had the greatest impact on snow leopard spatial distribution in Nepal’s Sagarmatha National Park, whereas prey resources had a minor impact. Our research revealed that elevation, slope, and human activity (population density) were the three most important variables affecting snow leopard habitat suitability in the Qilian Mountains. To improve forecasting of the snow leopard’s habitat area, the impact of human interference on snow leopard habitat selection at regional scales must be investigated further. Additionally, we may conclude that the variables influencing snow leopard habitat selection may differ in location, emphasizing the need for conducting local evaluations of snow leopard habitat selection to tailor conservation actions.



Impact assessments of highway and railway infrastructure were carried out at the regional level for global connectivity and at the local level for each patch. Highway and railways slightly reduced overall connectivity (−1.22%) for a distance of 30 km, which is representative of the travel distance on consecutive days for snow leopard. This minimal difference is likely because snow leopard habitat is relatively complete and continuous, with the exception of separation caused by the G227 National Road and the Lanzhou-Wulumuqi High-Speed Railway. Enhanced connectivity (+1.44%) may be achieved by corridor restoration initiatives. Additionally, development strengthens the potential of central habitat patches to serve as stepping stones and improves overall connectivity between western and eastern habitat patches (Figure 5).



Clearly, this connectivity approach has limits, and cautions should be addressed. The differences in connectivity between the three scenarios underline the need of enhancing our understanding of movement ability and further emphasizes the need of evaluating a variety of possible distances in the face of uncertainty [53]. Modeling the correlation between movement patterns and landscape characteristics and modeling of multivariate optimization based on gene flow [54] should be taken into account for improving the resistance model using empirical data in future research [55]. Additionally, future research should strive to improve ecological knowledge of how landscape conditions impact the occurrence and dispersal of snow leopard. Hence, it is necessary to develop and conduct targeted research efforts on the effects of large roads on the gene flow of populations [21].



We provide some recommendations for snow leopard protection in the Qilian Mountain National Park based on our study findings. While protected areas (PAs) can safeguard carnivore populations by buffering them from anthropogenic influences, they are useless for long-term conservation of wide-ranging carnivores because they require large territories [2]. The four conservation gaps identified (Figure 3) should be fully considered for inclusion in the management of the Qilian Mountain National Park in order to prevent the degradation and fragmentation of suitable snow leopard habitat in the absence of protection. It is suggested that human activities in conservation gap areas be monitored more closely. Additionally, corridors should be established to mitigate the effect of the G227 National Road and Lanzhou-Wulumuqi High-Speed Railway on the dispersal of snow leopards between habitats. The national park administrators must incorporate multi-species dispersal characteristics into corridor conservation action planning. Thirdly, preservation efforts should concentrate on establishing interprovincial cooperation mechanisms to guarantee that protection aims are met and that protective methods are consistent. While our presentation focuses on a single species, it might be applied to other habitats or multi-species investigations.




5. Conclusions


The distribution and extent of snow leopard habitat in the Qilian Mountains were investigated in this study. The area of potentially suitable habitat was primarily found in the midwestern and eastern regions of the study area. Habitats in the midwestern region present continuously large patches, while habitats in the eastern region showed small, fragmented patches. Snow leopard conservation continues to face substantial protection gaps. Additionally, this study emphasized the need for assessments on the influence of highways and railways, as well as their corridor development, on the connectivity for the species. Our analysis offers a method to investigate protection gaps while taking potential dispersal ability into account and proposing targeted planning based on species characteristics.
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Figure 1. Modeling areas of spatial extent and occurrence points of snow leopards. 
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Figure 2. (a) Area under the receiver operating characteristic curve area. (b) Jackknife test of environmental factors in forecasting potential snow leopard habitat distribution. 
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Figure 3. (a) The suitable habitat for snow leopards and (b) the four conservation gaps identified in the Qilian Mountain area. 
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Figure 4. Variation in connectivity according to the distance parameters and the comparative scenarios. PC index measures the degree of connectivity. The values show the rate of variation in the PC-index value from comparing the different scenarios. The S1/S0 curve depicts the effect of the highway and railway on initial connectivity. The S2/S1 curves indicate the impact of the corridor construction scenario on current connectivity. 
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Figure 5. The local-scale connectivity uses an ecological network of (a) current scenario (S1) and (b) of the corridor scenario (S1) using the betweenness centrality (BC) value for each patch and the component represented functionally connected at a distance of 30 km. 
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