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Habitat suitability assessment is the basis for wildlife conservation management and habitat restoration. It is a useful tool to understand the quality of wildlife habitat and its potential spatial distribution. In order to reveal the habitat suitability and connectivity of sambar (Rusa unicolor) to promote species and biodiversity conservation, this study collected records of sambar (Rusa unicolor) from over 2,000 camera traps in the forests of Southwest China in the past 5 years to assess the overall situation of their habitat. The results of the species distribution model revealed that the suitable habitat area for sambar in the five major mountain ranges (Minshan, Qionglai, Daxiangling, Xiaoxiangling, and Liangshan) in Southwest China is 18,231 km2, accounting for 17.02% of the total area. The most suitable habitat of sambar is primarily distributed in Qionglai, as well as the intersection areas of Daxiangling, Xiaoxiangling, and Minshan. The temperature annual range, temperature seasonality, elevation, and distance to road were important factors affecting the distribution of suitable habitat for sambar. Analysis of landscape pattern shows that there were 273 habitat patches, with a maximum patch area of 9,983 km2, accounting for 54.8% of the total suitable habitat area. However, the segmentation index and separation index of each habitat patch were 0.99 and 106.58, respectively, indicating a relatively high habitat fragmentation in the study area. The results of habitat connectivity analysis showed that the Qionglai mountains have the largest suitable habitat area and the highest connectivity among habitat patches. However, habitat connectivity between the five mountains is very low, suggesting that gene flow among these mountain ranges is probably limited. We therefore recommend strengthening protection of sambar and their habitat, with special attention to the establishment of corridors between the different mountain populations.
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1 Introduction

Ungulates are one of the most important animal groups, playing an irreplaceable role in the ecosystem (Chanchani et al., 2010). Ungulates have a significant impact on the growth of forest vegetation, especially on the restoration of secondary forest vegetation. Furthermore, ungulates occupy a specific ecological niche, playing a key role in the food chain. Ungulates provide an important link between material circulation and energy flow (Hobbs, 1996). Due in part to their important ecological roles, wild ungulate research is the subject of substantial conservation research, integrating species, community (Dar et al., 2012; Ofstad et al., 2016), and molecular and macroecology levels (Kreulen, 1985; Webb et al., 2010). Macroecological studies based on 3s (Remote Sensing, Global Position System, and Geographic Information System) technology are valuable for evaluating the status of habitat, and studies of habitat selection and habitat suitability can play a crucial role in ungulate conservation. Ungulate species richness and abundance are good indicators of habitat quality, size, quality, and connectivity (Jun and Ming, 2003; Xiao et al., 2008).

Factors affecting the distribution of forest ungulates are especially complex due to the complexity of the topography and vegetation structure of the forest ecosystem (Augustine and Mcnaughton, 1998). Habitat evaluation is based on assessments of occupied habitat, key factors affecting survival and reproduction, and analysis of the ecological drivers influencing the distribution of suitable habitat for the species (Jun and Ming, 2003). Because the choice of factors can directly affect the results of habitat evaluation (Wang, 2006), it is necessary to consider information such as scale, landscape patterns, and habitat connectivity.

Sambar (Rusa unicolor) is a social forest-dwelling ungulate with migratory habits (Dar et al., 2012; Dahlan and Dawend, 2013) native to South Asia. It is classified as a national secondary protected animal in China and was listed as Endangered on the IUCN Red List in 2013. There are four sambar subspecies (Rusa unicolor dejeani, Rusa unicolor equina, Rusa unicolor hainana, Rusa unicolor swimhoi) in China (He et al., 2019). According to historical records, the sambar historically had a wide distribution in China, extending across the area south of the Qinling Mountains and the Huaihe River (He, 1983). However, due to anthropogenic activities (habitat destruction, hunting, etc.), climate change, and other factors, the population and habitat for sambar have gradually diminished (Wang and Sheng, 1995), with its distribution shifting from the northeast to southwest mountains (He, 1983). As a species sympatric with giant pandas in Southwest China (Wang et al., 2018), sambar have benefited from the network of protected areas established for giant pandas. Under this protective umbrella, the sambar population in its core distribution has increased significantly in the past few decades (Zhang et al., 2015). However, certain local populations remain endangered. For example, the sambar population in Liangshan Mountain has been reported to be locally extinct (Mao et al., 2021).

At present, most habitat evaluations on sambar in China have been based on single reserves and little information is available at larger scales across reserves, creating a knowledge gap that impedes conservation action. Range-wide studies of landscape features and species occupancy are needed to reveal important information about sambar habitat requirements, dispersal and migratory patterns, spatial and temporal population dynamics, and the degree of remaining habitat connectivity. To address these information needs, we developed a species distribution model constructed with sambar occurrence records from camera traps. Our results provide basic data useful for the conservation, management, and restoration of habitat for sambar and help illuminate their role in the ecosystem.



2 Materials and methods


2.1 Study area

The study area was located in Southwest China, including five mountains: Minshan, Qionglai, Daxiangling, Xiaoxiangling, and Liangshan (101°00′34″~105°37′33″E, 27°49′04″~34°18′59″N) located on the eastern edge of the Qinghai–Tibet Plateau. Most of this area was characterized by high mountains and deep valleys (elevation ranging from 70 to 6,250 m) (Via et al., 2010; Yang et al., 2017). Environmental factors such as elevation, temperature, rainfall, and soil type contribute to the diversity of ecosystems that range from arid to subtropical to alpine (Yang et al., 2017).

This region is considered one of the 34 global biodiversity hot spots (Myers et al., 2000), with rich animal and plant resources and containing vulnerable and endangered wild animals such as giant panda (Ailuropoda melanoleuca), golden monkey (Rhinopithecus roxellanae), and snow leopard (Panthera uncia). Moreover, due to its rich vegetation types and extensive forest ecosystems, there are a number of large forest-dwelling ungulates in this area including Sichuan takin (Budorcas tibetanus), forest musk deer (Moschus berezovskii), Chinese serow (Capricornis milneedwardsii), Chinese goral (Naemorhedus griseus), and sambar deer (Wang et al., 2021).



2.2 Data collection


2.2.1 Occurrence data

We collected sambar occurrence data obtained from 2,099 camera traps (
Figure 1
, 
2
) installed across five major mountain ranges (Minshan, Qionglai, Daxiangling, Xiaoxiangling, and Liangshan) in Southwest China from 2015 to 2021. Camera traps were placed on a 1-km2 grid in key protected areas. Camera trap placement was in some cases constrained by terrain, and locations in excessively steep and dangerous terrain were avoided. We extracted location information from all photographs containing sambar to construct presence-only species distribution models.




Figure 1 | 
Camera traps and sambar in the study area.






Figure 2 | 
Photos of sambar from camera traps.





2.2.2 Environment variables

Five environmental variables were selected to construct species distribution models, namely, climate, terrain, water source, vegetation, and disturbance. Climate variables included 19 bioclimatic factors (http://www.worldclim.org). Terrain variables included elevation, slope, and aspect and were extracted from the digital terrain elevation model (DEM) (http://www.gscloud.cn). The water source variable was the European distance layer generated based on the river and lake distribution layer of the five mountain systems to reflect the distance from each grid to the nearest water source. Vegetation variables included the normalized vegetation index (NDVI) (https://modis.gsfc.nasa.gov/) and surface vegetation classification (http://data.tpdc.ac.cn). The disturbance variables were the Euclidean distance layers of each grid from the nearest highway generated based on the road layer of the study area.




2.3 Data processing and model setting


2.3.1 Modeling potential distribution of habitat

We used the maximum entropy model (MaxEnt) to assess sambar habitat suitability. We used a 1-km2 occupancy grid, with each cell containing one or more camera traps with a sambar occurrence incorporated into a presence-only species distribution model. Surplus occurrence records from each grid cell were deleted based on the “ENMTools” package in R 4.0.3 to avoid spatial autocorrelation (Dan et al., 2010). We estimated the variance expansion factor (VIF) between the environmental variables and removed the environmental variables with VIF >10 to avoid multiple collinearities (Wang et al., 2021). The remaining variables were then used to build the preanalysis model, and environmental variables with contribution <1 were removed from the final MaxEnt model (Yang et al., 2020).

Construction and analysis of habitat suitability models were performed using software MaxEnt 3.4.1. Species occurrence points and environmental variables were introduced into the model, with 75% randomly selected as a model training set and the remaining 25% as a test set. The model regulation rate, convergence threshold, and maximum iterations were maintained as default. To ensure model stability, the model was performed with 10 bootstrap replicates and the mean value was used as model results. Model performance was assessed using the area under the subject operating characteristic curve (AUC) (Phillips et al., 2017). The contribution rate of environmental variables was estimated by a jackknife method to determine the importance of each environmental variable. Based on the habitat prediction results of the MaxEnt model, the habitat was divided into unsuitable habitat, suitable habitat, and highly suitable habitat. We define three categories by maximizing the sum of sensitivity and specificity, and the average of habitat suitability index for all suitable habitat (suitable habitat and highly suitable habitat).



2.3.2 Landscape pattern analysis

Based on the results of the species distribution model, the landscape pattern index of suitable habitat for sambar was calculated by using the landscape pattern analysis software Fragstats 4.2, including number of patches (NP), patch density (PD), mean patch size (MPS), largest patch size (LPS), and largest patch index (LPI). Habitat convergence and dispersion indicators included patch cohesion index (COHESION), segmentation index (DIVI-SION), and separation index (SPLIT). The definition, calculation method, and ecological significance of each landscape pattern index followed McGarigal and Marks (1995).



2.3.3 Habitat connectivity analysis

Based on the results of the species distribution model, we use the raster calculator in ArcGIS 10.4.2 to obtain the habitat connectivity resistance layer, by subtracting the habitat suitability index layer from 1. The habitat connectivity analysis software Circuitscape 4.0 was then used to calculate the habitat connectivity of sambar in the five major mountain ranges, and then the pairwise mode operation model was selected. The output of the circuit model was a probability graph representing species dispersal or movement in the landscape by current diffusion, describing the chance of the species moving between two or more predefined sites in the landscape (Liang et al., 2021).





3 Results


3.1 Suitable habitat evaluation for sambar

A total of 405 camera traps captured photos of sambar (
Figure 1
) in the five mountains, with presence detected in the Qionglai, Daxiangling, and Xiaoxiangling mountains. Sambar suitable habitat evaluation using the MaxEnt model showed that the model prediction accuracy (AUC = 0.958) is recognized as excellent model performance (Phillips et al., 2006; Phillips and Dudík, 2008).

The results of MaxEnt operation were reclassified by ArcGis10.4.2 to classify the suitable habitat of sambar. The model yielded estimates of 2,692 km2 (HSI >0.652) of highly suitable habitat, 15,539 km2 (0.331≤ HSI ≤0.652) of suitable habitat, and 88,872 km2 (HSI <0.331) of unsuitable habitat for sambar in the study area (
Figure 3
). The total suitable habitat area of sambar was 18,231 km2, accounting for 17.02% of the study area. The largest suitable habitat area was in the Qionglai mountains (8,176 km2), followed by Xiaoxiangling (4,474 km2), Minshan (3,174 km2), Liangshan (1,317 km2), and Daxiangling (1,090 km2). As shown in 
Figure 3
, the most suitable habitat of sambar is mainly distributed in Qionglai mountains as well as the intersection area of three mountains of Xiaoxiangling, Minshan, and Qionglai.




Figure 3 | 
Suitable habitat of sambar, obtained from the MaxEnt species distribution model.



In the MaxEnt model, the importance of environmental variables was determined by jackknife resampling analysis to obtain the contribution rate of each environmental factor (
Table 1
). The four variables with the highest contribution rate were temperature annual range, temperature seasonality, altitude, and distance from the road, and their total contribution rate reached 82%. It showed that these four environmental factors were the key factors affecting the suitable habitat distribution of sambar.


Table 1 | 
Contribution rate of variables.





3.2 Landscape pattern

Eight indexes were selected to analyze the landscape pattern of sambar habitat (
Table 2
), including 273 habitat patches throughout the study area. The results show that the maximum area of habitat patches is 9,983 km2, accounting for 54.8% of the total suitable habitat area. It indicates the high quality of habitat patches suitable for sambar survival in the study area. However, overall, the segmentation index and separation index of each habitat patch were 0.99 and 106.58, respectively, indicating a relatively high habitat fragmentation of sambar in the study area.


Table 2 | 
Analysis of sambar habitat landscape pattern.



The number of patches in the Qionglai mountains was relatively small compared with the rest of the study area, and the mean patch size, largest patch size, largest patch index, and patch cohesion index were all significantly higher, indicating that the landscape pattern and habitat quality in the Qionglai mountains were better. Overall, the data from Daxiangling and Xiaoxiangling were similar and the quality of habitat patches suitable for sambar survival was lower than that of Qionglai. Minshan and Liangshan had higher patch numbers, the lowest patch density, and a significantly higher separation index than the other mountain ranges, which indicated that habitat patches in the two mountains were mainly dispersed as small patches with the highest habitat fragmentation and the lowest habitat quality.



3.3 Assessing sambar habitat connectivity

The results showed that most of the Qionglai mountains were characterized by high landscape connectivity, whereas the northern areas of the Daxiangling and Xiaoxiangling mountains adjoining Qionglai also contained high connectivity (
Figure 4
). Outside of these areas, the remaining area in Daxiangling and Xiaoxiangling had relatively low landscape connectivity. There was no evidence for high connectivity in the Minshan and Liangshan mountains. There was a disconnection between the three mountains. Connectivity between mountain ranges other than Qionglai was low, indicating that populations in these ranges are isolated from each other.




Figure 4 | 
Habitat connectivity of sambar.






4 Discussion

The quantity and quality of habitat are closely related to animal survival and reproduction, and, consequently, habitat evaluation research is a foundational activity for biodiversity conservation (Yang et al., 2017). To reveal the drivers of animal movements for species that migrate or occupy large ranges, it is important to understand the distribution of suitable habitats and the ecological processes that underlay them. A thorough understanding of habitat quality requires knowledge of the potential extent of habitat area and the degree of connectivity among habitat patches to inform effective conservation policies.

Our findings on a scale of several mountain ranges indicate that sambar have suitable habitat distributed across all five mountain ranges, with suitable habitat for sambar comprising 17.02% of the total study area, a relatively small proportion. Qionglai, and the area at the intersection of three mountain ranges—Xiaoxiangling, Minshan, and Qionglai—contained the highest proportion of highly suitable habitat for sambar. These findings are consistent with previous studies indicating high population density of sambar in the Wolong, Saddle River, and Gongga mountains in Qionglai (Zhang et al., 2015; He et al., 2019), matching the distribution of highly suitable habitat in the present study.

It is well documented that the distribution of key environmental factors affects the distribution of animal populations (Elith and Leathwick, 2009). The most influential variables predicting sambar distribution in this study were annual temperature range, temperature seasonality, altitude, and distance from the road, which combined to account for 82% of model variance. These most highly ranked variables contributing to the model were both climatic factors, annual temperature range and temperature seasonality, indicating a key role for climate affecting the distribution of suitable habitat for sambar. Our findings obtained over a broad regional scale are consistent with previous results for studies conducted on a smaller scale, reinforcing and expanding on conclusions drawn from these studies. Important variables associated with sambar distribution include vegetation, elevation, slope, and climate (Kushwaha et al., 2004; Wang et al., 2018), and at least one study has found that climatic variables are the most influential in sambar habitat suitability models (Gong, 2020). In addition, the effect of elevation on the distribution of sambar in the present study is consistent with previous research indicating high habitat suitability at lower elevations (<3,000 m) (Pant et al., 1999; Hu et al., 2018).

Landscape pattern analysis showed that there were few large habitat patches suitable for sambar remaining in Southwest China. Habitat patches were distributed in an irregular and isolated pattern, indicating highly fragmented suitable habitat. The five mountain ranges included in this study varied substantively in the landscape’s suitability to support sambar survival. Sambar are large social, migratory forest ungulates (Dar et al., 2012) that require large home ranges to meet their foraging needs (Dahlan and Dawend, 2013). Species that are more sensitive to habitat area size are prone to greater negative impacts from habitat fragmentation, which may compromise range size, migration patterns, dispersal, and interspecies communication (Li et al., 2021). Qionglai, with its larger contiguous areas of suitable habitat, will likely support sambar populations much better than the fragmented landscape prevalent in Daxiangling, Xiaoxiangling, and Liangshan in Southwest China, where dispersal and long-term survival of sambar is compromised.

Evaluation of habitat connectivity was performed to assess the impact of habitat fragmentation on regional species persistence (Bowne et al., 1999; Tischendorf and Fahrig, 2000). This study found that habitat with high landscape connectivity was centrally distributed in the Qionglai mountains. Habitat in the region of Daxiangling and Xiaoxiangling adjacent to Qionglai also had high habitat connectivity, indicating that these regions are suitable for the survival and dispersal of sambar populations. It is helpful to fully understand the habitat situation of the species and develop a scientific conservation plan by combining evaluation of habitat suitability and connectivity (Ahmadi et al., 2017). We found that evidence of sambar presence was limited to Qionglai, Daxiangling, and Xiaoxiangling, which were characterized by high habitat suitability and habitat connectivity and low degree of habitat fragmentation, and the distribution of the species was associated with multiple factors. The poor connectivity between Qionglai, Daxiangling, and Xiaoxiangling will impede sambar migration, limiting gene flow between populations, and may eventually compromise population viability due to the loss of genetic diversity within small, isolated populations. Thus, our studies of landscape pattern and connectivity combined lead to the recommendation to establish an ecological corridor between the three mountains to improve habitat connectivity and promote sambar dispersal, migration, and gene flow.
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