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Abstract


Quercus baronii Skan (Q. baronii) is an ecologically important tree species in arid and soil erosion-prone areas of northern China, and also holds significant potential as a bioenergy tree species, providing substantial ecological benefits. Global climate change has profoundly influenced the suitable habitats and habitat fragmentation of Quercus baronii forests. This study employed the Maximum Entropy (MaxEnt) model to project the current and future suitable habitats of Q. baronii forests, along with their trends of contraction and expansion. Concurrently, composite landscape indices were used to assess the fragmentation of these suitable habitats. The results indicate that the suitable habitats for Q. baronii forests are primarily located in the eastern part of Northwest China, the northern part of Central China, and the southern part of North China. Minimum temperature of the coldest month (bio6), annual precipitation (bio12), and temperature seasonality (bio4) emerged as the primary determinants of habitat suitability. Under three future climate scenarios, the centroid of suitable habitats for Q. baronii forests is projected to shift towards higher latitudes in the northwest, with the elevation of suitable habitats also gradually rising in tandem with increased carbon emissions. Under low carbon emission scenarios, the extent of suitable habitat for Q. baronii forests is expected to expand; under medium and high carbon emission scenarios, it is expected to first increase and then decline. Although over two-thirds of the suitable habitat for Q. baronii forests is projected to remain relatively intact, future suitable habitats are expected to be more fragmented compared to the present. This fragmentation is projected to intensify with increasing carbon emissions, primarily occurring at the edges of the suitable areas. The results of this study lay the groundwork for both the preservation of forest biodiversity and the ecological conservation and sustainable management of temperate broad-leaved forest ecosystems.
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1. Introduction


Climate change is directly and profoundly reshaping the geographical distribution of species worldwide by altering the spatiotemporal patterns of key climatic elements such as temperature and precipitation [1,2]. Many species are gradually shifting towards higher latitudes or elevations in pursuit of suitable climates. With rapid climate change, forests, which are the mainstay of terrestrial ecosystems and carriers of biodiversity, are facing habitat loss and even species extinction [3,4]. These changes pose significant challenges to terrestrial ecosystems, including potential productivity declines and biodiversity loss [5,6]. Simultaneously, they contribute to the loss of terrestrial ecosystem carbon sinks, exacerbating climate change [7].



Species of the genus Quercus are important components of many forest ecosystems in the Northern Hemisphere [8]. Quercus baronii Skan (Q. baronii), a species endemic to China, is classified under the genus Quercus L. within the Fagaceae family and typically grows as a semi-evergreen tree or shrub [9]. Quercus baronii has multiple uses; its seeds can be used for food, wine-making, textile sizing, and feed processing; its bark and cupules are important chemical raw materials for extracting tannin; its wood is a high-quality material for vehicle and furniture manufacturing, and also serves as good fuelwood [10]. Quercus baronii provides significant ecological benefits and can be used ecologically for vegetation restoration and soil and water conservation. It is not only an excellent ecological tree species in arid and soil erosion-prone areas of northern China but also a promising bioenergy tree species [11]. Despite its broad prospects for comprehensive utilization, research on Q. baronii is relatively scarce [12,13]. Existing studies primarily focus on physiological characteristics and genetic diversity [14,15], but few have predicted changes in its suitable habitat and fragmentation under future climate conditions. Therefore, in the context of global climate change, projecting suitable habitat shifts of Q. baronii forests and associated habitat fragmentation has become crucial for guiding conservation strategies and the sustainable management of temperate broad-leaved forest ecosystems.



Species Distribution Models (SDMs) predict and evaluate habitat suitability by integrating species distribution data with environmental factors [16]. Among these, MaxEnt stands out due to its low data requirements, high predictive accuracy, and ease of use [17]. Leveraging its superior predictive capability, MaxEnt has found extensive use across multiple disciplines, such as the conservation of endangered plants, scientific cultivation of medicinal plants, assessment of species richness, management of invasive alien species, and pest prevention and control [18,19,20,21,22]. Furthermore, landscape pattern analysis tools have become key methods for assessing the degree of species habitat fragmentation [23,24]. Fragstats 4.3 is extensively used for landscape pattern analysis; its moving window approach enables the visualization of landscape indices, thereby enabling the evaluation of species habitat fragmentation. Compared to quantitative evaluation using a single index, this method more accurately reflects the actual degree of fragmentation in suitable habitats [25], and is now widely employed to assess species habitat fragmentation [26,27].



This study, based on vegetation distribution data and environmental factor data, utilized the MaxEnt model in combination with FragStats 4.3 to conduct a comprehensive analysis of suitable habitats and influencing factors of Q. baronii forests, while also assessing their habitat fragmentation. We propose the following research hypotheses: the distribution of Q. baronii forests is predominantly controlled by climatic factors; future climate change will shift its suitable habitats toward higher latitudes and elevations, and will also increase habitat fragmentation, thereby reducing habitat connectivity and impeding species dispersal. The research set out to (1) identify the primary environmental drivers of suitable habitat distribution for Q. baronii forests; (2) project the contraction, expansion, and spatial shifts of suitable habitats for Q. baronii forests across different carbon emission scenarios; and (3) quantify the spatial extent and severity of habitat fragmentation for Q. baronii forests under various climate scenarios. To achieve these objectives, we performed environmental variable screening and correlation analysis, multi-climate-scenario predictions using an optimized MaxEnt model, and landscape pattern analysis using a moving window approach in FragStats 4.3. The findings of this work offer a scientific reference for the long-term conservation and stewardship of Q. baronii forests, and advance the understanding of how to enhance carbon sinks in temperate forest ecosystems.




2. Materials and Methods


2.1. Data Screening and Preprocessing


The baseline map of China was sourced from the Resource and Environmental Science and Data Center [28]. Distribution records of Q. baronii forests came from the Vegetation Atlas of China (1:1,000,000) (Science Press, 2001) [29]. Polygons representing Q. baronii forest stands in the atlas were digitized and converted to raster data using ArcGIS 10.8, from which the geographic coordinates of each grid cell were obtained. To reduce spatial autocorrelation and associated model biases, ENMtools (version 1.3) was applied to thin the occurrence records, keeping only one occurrence point within each 1 km × 1 km raster cell. After screening, a total of 953 spatial distribution points for Q. baronii forests were obtained (Figure 1).



For this study, 40 environmental variables were selected (Table S1). Among them, current and future bioclimatic variables and the elevation data were retrieved from the WorldClim database [30]; the future climate data in the WorldClim dataset have been bias-corrected and downscaled; soil variable data were extracted from the Harmonized World Soil Database [31]; slope and aspect data were computed from this same elevation layer processed in ArcGIS 10.8; and human activity variables were retrieved from the global human footprint dataset, version 3 [32]. The resolution for all the above data was 1 km.



This study used future bioclimatic variables from the BCC-CSM2-MR model, which performs strongly among CMIP6 models in simulating East Asian summer monsoon precipitation patterns and has shown high overall accuracy in topographically complex river basins in China [33,34]. Three Shared Socioeconomic Pathway (SSP) scenarios—SSP126, SSP370, and SSP585—represent low, medium, and high carbon emission climate scenarios, respectively [35,36]. For each scenario, three time periods were analyzed: 2041–2060, 2061–2080, and 2081–2100.



ArcGIS 10.8.2 was used to extract, clip, resample, and reproject the data, ensuring that the resolution, spatial reference, and boundaries of the environmental layers were consistent with the species occurrence point data. All layers were resampled to a uniform 1 km resolution for subsequent analysis and modeling. Given the focus on future climatic scenarios, the role of topography and soil variables was assumed to be very limited over the temporal scale considered. Therefore, terrain and soil conditions were held constant in future projections.




2.2. Selection of Environment Variables


To minimize the multicollinearity among environmental variables and its impact on model performance correlation analysis was performed. An initial MaxEnt (version 3.4.4) run incorporated all 40 environmental predictors and the species occurrence points [37,38], and variables with a contribution rate ≤ 0.5% were excluded (Table S1). Subsequently, the retained variables were tested for Pearson correlations in SPSS 27.0. When the absolute Pearson’s r between any two variables was greater than 0.8, their percent contributions of the two variables (from the initial MaxEnt run) were compared, and the one with the lower contribution was excluded [19]. This procedure produced a final selection of 11 environmental variables for model building (Table S1).




2.3. Estimating Suitable Habitats and Centroid Shift for Q. baronii Forests


To select appropriate model parameters, this study considered 29 possible combinations of five basic feature types and eight regularization multiplier settings (0.5–4, step 0.5). A total of 232 parameter configurations were tested using the ‘kuenm’ R package (version 1.1.10) [39]. Low omission error (omission rate < 5%) and minimal model complexity guided the selection of the optimal parameter combination [40]. The optimal model configuration was achieved by setting the regularization multiplier (RM) to 1 and the feature class (FC) to QTH. After optimization, the AICc values were minimized, and the AUC value was 0.964 ± 0.002 (Figure S4). The occurrence data and environmental predictors were then loaded into MaxEnt under the optimized parameter settings. The presence points were randomly split into a training set (75%) and a testing set (25%); this procedure was repeated across 10 replicate runs. The jackknife test [41], percent contribution, and permutation importance were applied to assess variable importance. Generally, a probability value > 0.5 for an environmental variable indicates suitable conditions. Model performance was evaluated using the Area Under the Receiver Operating Characteristic Curve (AUC). AUC values range from 0 to 1, with higher values indicating better predictive performance. Generally, model performance was classified as poor (AUC 0.5–0.7), acceptable (0.7–0.8), good (0.8–0.9), or excellent (>0.9) following standard conventions [16].



The MaxEnt output layers were transferred to ArcGIS for post-processing. The reclassification method was used to categorize suitable habitats based on occurrence probability. The four categories of suitability were delineated based on occurrence probability: unsuitable (0–0.1), poorly suitable (0.1–0.3), moderately suitable (0.3–0.5), and highly suitable (0.5–1). The area of each category of suitability was computed using the Raster Calculator. Subsequently, the suitable areas from different time periods were exported. Employing ArcGIS 10.8’s SDM toolbox, current and future suitable areas were compared, yielding three categories of change: expansion, stable, and contraction. Finally, the centroids of suitable habitats for each period were determined via the mean center approach. The centroid trajectories were then analyzed to determine the horizontal migration trends of suitable habitats. By integrating elevation data with suitable area data, the area of suitable habitat at different elevations was calculated. Changes in suitable area within the same elevation gradients and the median elevation weighted by suitable area were used to investigate vertical migration trends.




2.4. Calculation of Habitat Fragmentation of Q. baronii Forests


Habitat fragmentation within the suitable habitat of Q. baronii forests was quantified using Fragstats 4.3. The MaxEnt predictions were reclassified into two categories: suitable areas and others. The resulting raster file was then imported into Fragstats 4.3. The moving window spatial analysis method was employed [42], with selected landscape metrics including Edge Density (ED), Patch Density (PD), and Mean Patch Area (MPA) [43]. This allowed for the derivation of spatial distribution patterns for these three landscape metrics under both current and future climate scenarios. Subsequently, ArcGIS 10.8 was used to apply range standardization to the resulting landscape pattern analysis outputs. The three standardized landscape indices were then integrated to obtain a final habitat fragmentation result [27]. This fragmentation result was classified into four levels: 0–0.2 (not fragmented), 0.2–0.4 (low fragmentation), 0.4–0.7 (moderate fragmentation), and 0.7–1.0 (high fragmentation).





3. Results


3.1. Habitat Suitability and Dominant Environmental Variables


Currently, the potential suitable habitats for Q. baronii forests are primarily distributed in the eastern part of Northwest China, the northern part of Central China, and the southern part of North China, with scattered occurrences also in East and Northwest China. A total of 1.96% of the study area was classified as suitable habitat (Figure 2). The centroid of the suitable habitats for Q. baronii forests is located in the southeastern part of Shaanxi Province, China. The spatial pattern of habitat suitability was markedly heterogeneous. Highly suitable areas constituted only 10.28% of the overall suitable extent, and were predominantly clustered in eastern North China, with sporadic records in East and Northwest China. The majority of the suitable range consisted of poorly suitable habitats (64.58%), which were widespread across the eastern part of Northwest China and had scattered distributions in North, Central, East, and Southwest China. Moderately suitable habitats (25.14%) occupied a transitional zone, primarily in eastern Northwest China and northern Central China (Figure 2).



Among the 11 environmental variables influencing the distribution of Q. baronii forests, the minimum temperature of the coldest month (bio6) was the most critical limiting factor, with an individual contribution of 33.1% (Figure 3a). The combined contribution of climatic factors was 84.4%, while the impacts of topography, soil, and human activities were relatively minor. According to the regularized training gain, the factors identified with the highest contributions were the minimum temperature of the coldest month (bio6), annual precipitation (bio12), temperature seasonality (bio4), and precipitation seasonality (bio15) (Figure 3b). Among the climatic variables, the three contributors were bio6, bio12 and bio4, which together explained 81.3% of the total contribution. Integrating the results of environmental factor contributions and the jackknife test, climatic factors emerged as the primary determinants of habitat suitability for Q. baronii forests. Among these, temperature variables were the primary determinants of the potential distribution, suggesting that temperature influences the distribution of Q. baronii forests more strongly than precipitation does. The suitable habitats of Q. baronii forests were primarily controlled by bio6, bio12 and bio4. The optimal environmental conditions for the survival of Q. baronii forests were bio6 ranging from −10.5 °C to −4.5 °C (Figure 4a), bio12 between 590 and 673 mm (Figure 4b), and bio4 between 916 and 970 (Figure 4c).




3.2. Shrinkage, Expansion, and Spatial Shifts of Suitable Habitats for Q. baronii Forests


Global climate change profoundly influences the suitable habitats of Q. baronii forests. Under the three future climate scenarios, the expansion of suitable habitats for Q. baronii forests is projected to be mainly concentrated at the northwestern edges of their current range, while habitat loss is expected to occur primarily at the southern and eastern margins of the total suitable area (Figure 5 and Figures S1). Under SSP126, the extent of suitable habitat for Q. baronii forests shows an overall expansion trend, with the most pronounced increase occurring during 2041–2060, when it expands by 13.6%. In contrast, for SSP370 and SSP585, the suitable areas first expand and then contract, with the most substantial reduction (12.9%) projected during 2081–2100 under SSP585. To adapt to climate change, the suitable habitat centroid for Q. baronii forests is projected to migrate towards higher latitudes in northwestern China under different emission scenarios, moving from southeastern Shaanxi Province to northwestern Shaanxi Province, Gansu Province, and the Inner Mongolia region (Figure 6). Simultaneously, with increasing carbon emissions, the elevation of suitable habitats for Q. baronii forests is projected to gradually rise (Figure S2). Under the SSP585 climate scenario during 2081–2100, the habitat migration elevation reaches its maximum, rising from the current 1255 m to 2111 m.




3.3. Fragmentation of Suitable Habitat


Habitat fragmentation of Q. baronii forests is primarily concentrated at the edges of suitable areas, while the interior of these habitats remains relatively intact (Figure 7). Currently, 22.4% of the suitable habitat area for Q. baronii forests exhibits low fragmentation, 7.8% exhibits moderate fragmentation, and 0.2% exhibits high fragmentation. Under the SSP126 low-emission pathway, fragmentation within the suitable range for Q. baronii forests decreases as the potential suitable area expands. During 2081–2100, the total proportion of the three fragmentation categories decreases by 2.6% (Figure 8a–c and Figure S3). With intensifying climate change, the suitable habitat area for Q. baronii forests gradually diminishes, and fragmentation becomes increasingly apparent. For both SSP370 and SSP585, the degree of fragmentation in suitable habitats for Q. baronii forests reaches its peak during 2081–2100, with the total proportion of the three fragmentation categories reaching 37.4% and 34.2%, respectively (Figure 8d–i and Figure S3). The proportion of highly fragmented area remains largely unchanged, while low- and moderate-fragmentation areas expanded by 6.9% and 3.8%, respectively.





4. Discussion


The prevalence of MaxEnt in ecological niche modeling is largely attributed to its robust performance in predicting species distributions. Previous studies using the MaxEnt model for predictions often employed default parameters, which can lead to overfitting, increased complexity, reduced accuracy, and sometimes yield results that are difficult to interpret [44]. To address these issues, the model can be optimized to enhance predictive accuracy [44,45,46,47]. Parameter optimization for the model was performed employing the ‘kuenm’ R package. Furthermore, the predicted distribution was largely consistent with the current distribution of Q. baronii forests, indicating that the optimized MaxEnt model effectively avoided overfitting and reliably simulated the potential geographical distribution of Q. baronii forests.



Climatic factors significantly influence the geographical distribution of plants, with hydrothermal conditions playing a key role in shaping distribution patterns [48]. The evaluation of environmental factor contributions indicated that the key drivers shaping the suitable areas of Q. baronii forests are bio6, bio12 and bio4. This indicates that temperature and precipitation predominantly control the distribution of Q. baronii forests. Although seeds of temperate oak forests can germinate at lower temperatures, suitable temperatures can promote seed germination, shorten the growing season, and mitigate the risk of mortality from prolonged desiccation [8]. The decomposition of foliar litter during winter provides essential nutrients for plant growth in the following growing season. Studies have shown that the contribution of soil fauna to litter decomposition is significantly correlated with winter temperature and soil moisture, with temperature being the primary controlling factor in foliar litter decomposition [49]. High temperature seasonality implies temperature instability. High temperatures can impair the morphological traits of woody plants, and extended periods of heat can adversely affect seed germination, growth, and development [50]. Simultaneously, prolonged low temperatures can cause freezing damage to trees, potentially damaging cellular membrane systems, metabolic functions, and fibrous network structures, and even leading to cell death [51]. Therefore, extreme temperature variations can adversely affect Q. baronii forests. Additionally, as Q. baronii forests are mainly distributed across arid and semi-arid regions of Northwest and North China, the role of precipitation cannot be overlooked [13]. When precipitation is scarce and water sources are insufficient, trees may allocate more biomass to roots to absorb soil moisture [52], thereby limiting growth. Studies have shown that bio6, bio12 and bio4 are the main bioclimatic variables influencing the distribution patterns of Quercus species richness in China [53,54], which aligns with our findings.



In response to climate change, species shift their geographic ranges to track previously suitable climatic conditions [55]. The distributions of many species are currently shifting towards higher latitudes or elevations in response to climate change [56,57]. Our study on Q. baronii forests also observed this trend, which becomes more pronounced with increasing carbon emissions. The centroid of suitable habitats for Q. baronii forests is projected to shift northwestward and to higher elevations, with the maximum elevational change occurring across the 2081–2100 time slice under the SSP585 climate scenario. However, when climate change is rapid, vegetation may struggle to respond in a timely manner, potentially leading to a gradual reduction in species habitat ranges and even species extinction [58,59,60]. With increasing carbon emissions, the suitable habitat area for Q. baronii forests undergoes significant changes. Particularly across the 2081–2100 time slice under the SSP585 scenario, the reduction in habitat area for Q. baronii forests reaches a maximum of 12.9%. Research suggests that, in response to climate warming, suitable habitats for certain Quercus species are projected to contract over time, a trend that aligns with our results [61].



Habitat fragmentation, the process where continuous, intact forests are divided into smaller, more isolated patches, poses a threat to biodiversity by hindering species movement, reducing population sizes, and altering ecosystem dynamics [62]. Studies suggest that in fragmented landscapes, rapid climate change can potentially overwhelm the adaptive capacity of many plant populations [63]. This study employed a moving window approach, integrating multiple landscape metrics to obtain the spatial distribution of fragmentation in suitable habitats for Q. baronii forests. Our results show that both current and future suitable habitats for Q. baronii forests remain relatively intact, with over two-thirds of the suitable area classified as non-fragmented. Areas with higher fragmentation are mainly distributed at periphery of the suitable range. Relative to SSP126, the extent of suitable habitat for Q. baronii forests under medium- and high-emission scenarios experiences greater loss and exhibits relatively higher fragmentation. As Q. baronii forests primarily rely on seed dispersal, habitat fragmentation can lead to the loss of seed dispersers, resulting in low forest regeneration rates and making outward diffusion difficult [64]. Concurrently, under high-emission scenarios, frequent extreme climate events can affect the stability of species’ geographical distributions [65,66,67], thereby impacting the stability of landscape metrics.



Habitat fragmentation diminishes species diversity and can undermine critical ecosystem processes by reducing biomass and disrupting nutrient cycling [68]. Areas with higher fragmentation for Q. baronii forests are mainly located at the edges of suitable habitats. Research indicates that distance from the forest edge significantly influences seed dispersal and predation by rodents, with seed removal rates increasing significantly with distance from the edge, thereby hindering forest regeneration [69]. Moreover, average temperatures at forest edges are consistently higher than in the interior, often exceeding the optimal temperature for vegetation productivity, which can impede ecosystem productivity and resilience [70]. Forest fragmentation creates edges, and as forest fragments shrink, the influence of these edges intensifies. Ignoring the effects of forest edges could lead to significant overestimation of carbon sink potential. Spatially optimized afforestation can maximize climate mitigation and ecological benefits. To better protect the habitats of Q. baronii forests and enhance forest ecosystem carbon sinks, artificial afforestation should be carried out in suitable areas. Studies suggest that afforestation optimized for edge effects could increase carbon sink growth by 51% [71]. Therefore, protected areas should be established within current distribution ranges and highly suitable zones to mitigate the threat of forest loss from climate change and human disturbance. Simultaneously, the impacts of suitable habitat and its fragmentation should be comprehensively considered. Afforestation at the edges of suitable areas could help reduce the negative effects of fragmentation and forest edges. We acknowledge that using only a single species distribution model (MaxEnt) in this study may introduce bias and uncertainty. To formulate more refined management and conservation policies, future research could incorporate plant phenological responses into species distribution models, develop ensemble models, apply deep learning for species distribution prediction, or integrate historical biogeographical processes, dispersal limitations, and interspecific interactions into the modeling framework to validate the accuracy of distribution forecasts.




5. Conclusions


Quercus baronii is an ecologically significant tree in arid and soil erosion-prone areas of northern China, and also holds significant potential as a bioenergy tree species. Quercus baronii forests play an important role in mitigating climate change and maintaining ecosystem stability. Global climate change has profoundly influenced the suitable habitats and habitat fragmentation of Q. baronii forests. The MaxEnt model was applied to conduct a comprehensive analysis and projection of the suitable habitats, environmental drivers, and spatial shifts of Q. baronii forests across three emission pathways (SSP126, SSP370, SSP585) for current and future conditions. Concurrently, Fragstats 4.3 was used to quantify fragmentation of suitable habitats of Q. baronii forests. The following conclusions were drawn: (1) Currently, the suitable habitats for Q. baronii forests are primarily distributed in Northwest, Central, and North China. The center of the suitable range falls within the eastern part of Northwest China. (2) Quercus baronii forests are susceptible to temperature and precipitation factors, while the impacts of topography, soil, and human activities are relatively minor. The primary environmental determinants of Q. baronii forest distribution and their optimal ranges are: minimum temperature of the coldest month (bio6, −10.5 °C to −4.5 °C), followed by annual precipitation (bio12, 590–673 mm) and temperature seasonality (bio4, 916–970). (3) Compared to the present, the suitable habitat area for Q. baronii forests is projected to expand under the low carbon emission scenario, but initially increase and then decrease across the medium- and high-emission pathways. With rising carbon emissions, the extent of suitable habitats for Q. baronii forests gradually decreases. The distribution center of Q. baronii forests is projected to shift towards higher latitudes in Northwest China and also towards higher elevations. (4) Over two-thirds of the suitable habitat for Q. baronii forests remains relatively intact, with fragmentation primarily occurring along the margins of suitable habitats. The intensity of habitat fragmentation for Q. baronii forests is projected to rise above present levels under future climate conditions, with a continued upward trend that strengthens as carbon emissions rise. These findings lay the groundwork for both the preservation of forest biodiversity and the ecological conservation and sustainable management of temperate broad-leaved forest ecosystems.
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Figure 1. Spatial distribution of Quercus baronii Skan (Q. baronii) forests occurrence points in China. 
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Figure 2. Suitable habitats of Q. baronii forests under current climate in China. 
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Figure 3. (a) Variable contributions to habitat suitability for Q. baronii forests; (b) results of Jackknife test (see Table S1 for full variable names). 
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Figure 4. Response curves for the main factors affecting the distribution of Q. baronii forests (a–c). (Variable abbreviations are listed in Table S1). 
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Figure 5. Spatial changes in suitable areas for Q. baronii forests over different time periods and under climate scenarios in China (a–i). 
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Figure 6. Centroid shift of suitable habitats for Q. baronii forests across multiple time periods and climate scenarios. 
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Figure 7. Current fragmentation patterns in suitable areas for Q. baronii forests. 
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Figure 8. Fragmentation patterns of suitable habitats of Q. baronii forests across multiple time periods and climate scenarios (a–i). 
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