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Abstract

:

Cupressus funebris Endl. (C. funebris) is an evergreen tree endemic to China that is classified as a national second-class endangered plant. This species plays critical roles in soil and humidity conservation, climate regulation, and ecological restoration. It is also important in silvicultural production, which is crucial for maintaining the stability of the ecosystem in Southwest China. In this study, an integrated modeling approach was used to integrate 10 species distribution models to simulate the potential distribution of C. funebris and predict the impact of future climate change on its distribution and ecological niche. Field surveys were conducted to compare the forest stands of C. funebris under different habitat suitability levels. The results showed that the most suitable areas for C. funebris were mainly located in Sichuan, Chongqing, and Guizhou, covering an area of approximately 15.651 × 104 km2. The productivity of the C. funebris forest stands in these highly suitable areas and was significantly higher than that in low and moderately suitable areas, although understory plant diversity did not show a competitive advantage. Under future climate scenarios, the potential distribution of C. funebris in China will expand and the geographical range of the niche will shift to higher latitudes in northern China as temperatures increase. The extent of this change in the niche’s geographical range intensified as warming increased. Specifically, under the 2090s-SSP585 climate scenario, the highly suitable area for C. funebris is projected to double, suggesting a significant expansion of the geographical range of the niche under this climate model, with more than half of the niche experiencing separation. In summary, the potential distribution of C. funebris may continue to expand and shift to higher latitudes in the context of global warming and its ecological niche’s geographical range will be adjusted accordingly. These findings provide a theoretical basis and practical guidance for in situ conservation, ex situ conservation, and rational utilization of C. funebris genetic resources by conducting niche modeling and climate suitability assessments.
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1. Introduction


Human activities have significantly increased greenhouse gas emissions, resulting in a notable rise in Earth’s average temperature [1]. As industrialization progresses, global warming is anticipated to persist. By the late 21st century, global average annual temperatures are projected to be 1.5–4.0 °C higher than pre-industrial levels. Mainland China is likely to experience a greater temperature increase than the global average [2,3]. As greenhouse gas concentrations continue to rise and global warming advances, the habitats, livelihoods, and geographic ranges of all species are expected to be affected. It is estimated that in the event of a global temperature rise of 4 °C, more than one-third (35%) of the world’s land surface could change biomes [4,5,6]. Empirical evidence has indicated that global climate change influences the survival, reproduction, and ecological habits of plants, resulting in shifts in the geographical distribution of tree species. These changes may significantly impact future productivity and the overall health of ecosystems [3]. Recently, analyzing the effects of climate change on species distribution has emerged as a prominent ecological research focus [7]. Therefore, forecasting the dynamic changes in the distribution range of forest tree species under current and future climate scenarios is becoming a vital tool for forest tree breeding management, which is crucial for developing strategies to address future climate change and for choosing species introduction and cultivation plans.



Species distribution models (SDMs) are essential tools for predicting species distributions under climate change conditions, and are crucial for studying ecological evolution and conservation planning [3,8,9]. SDMs simulate species distributions and ecological requirements based on known distribution data and relevant environmental parameters [10]. Currently, there are more than ten popular SDMs, including the random forest (RF), generalized linear model (GLM), generalized additive model (GAM), and maximum entropy model (MAXent). These models have been widely applied in various fields such as biological invasions, conservation of endangered plants and animals, biological distribution during paleoclimatic periods, and dynamic changes in species distribution under climate change [11,12,13]. Ecological niche models also have uncertainties in their predictions, as they depend on the actual location of species distribution, environmental variables, and algorithms [5,14]. Different models for the same species can produce different prediction results because each has its own strengths and weaknesses. The use of a single model can lead to significant uncertainties [15].



Ensemble forecasting, which integrates multiple models, is considered an effective approach for improving the reliability of species distribution predictions [16,17]. Biomod2 is a multi-model integration platform based on the R language, which can run ten different models simultaneously, including GLM, GAM, and classification tree analysis (CTA). Through multiple repetitions, models with strong predictive power were selected in a study and weighted to obtain the final ensemble prediction [18]. Compared with single models, ensemble models combine the advantages of different models and enhance the robustness and transferability of predictions [19,20]. Therefore, Biomod2 has been widely used for invasive species risk assessment [21], climate suitability analysis for endangered species [14], and conservation gap identification [22]. Although the model cannot avoid the inherent defects of various models, assigning weights to each model in the ensemble based on the true skill statistic (TSS) or receiver operating characteristic (ROC) can yield the best simulation results [5].



Cupressus funebris Endl. (C. funebris), a primary coniferous tree native to China, is classified as a national second-class endangered protected plant (Figure 1). It is mainly distributed in central and southern China and northern Vietnam [23]. C. funebris has important medicinal value as it is the main source of cedarwood oil which possesses anti-inflammatory, free radical scavenging, and antioxidant properties [24]. C. funebris is a valuable timber tree species, which has the status of a scarce national strategic resource like oil. It is also suitable for timber forests and ecological landscape construction, and occupies an important position in afforestation production [25,26]. In recent years, it has been widely promoted and planted in southern China, providing great opportunities for the selection and breeding of fast-growing, high-quality, high-carbon sequestration varieties [27]. In addition, C. funebris is involved in soil and humidity conservation, climate regulation, and ecological restoration, which are crucial for maintaining ecosystem stability in southwestern China [28]. In summary, C. funebris has a highly comprehensive utilization value. Given its significant economic, medicinal, and ecological value, it is essential to conduct ecological niche modeling and climate suitability assessments for C. funebris.



In this study, China’s heterogeneous geographical and climatic environments were used as the natural testing grounds. The first attempt to combine the biomod2 ensemble model with the field survey data from the team simulated the potential geographic distribution of C. funebris under modern climate conditions and predicted its distribution under future climate change scenarios. This study also explored the changes in the geographical range of the niche of C. funebris under future climate change scenarios and the stand characteristics of C. funebris at different habitat suitability levels. This study aimed to (1) predict suitable habitats for C. funebris under different climate scenarios, (2) analyze the key environmental factors influencing its distribution, (3) analyze shifts in the ecological niche of C. funebris under future climate conditions, and (4) analyze the impact of habitat suitability on the productivity and understory biodiversity of C. funebris stands. This study will provide theoretical references for the development, utilization, and scientific management of C. funebris, and it holds significant practical implications for achieving “Ecological China” and “Green China”.




2. Materials and Methods


2.1. Study Area


The study’s regional coverage includes all of China, which is situated on the western edge of the Pacific Ocean in East Asia, and boasts a vast area spanning multiple latitudes with significant variations in distance from the sea. Diverse topography, including varying elevations and mountain orientations, results in a wide array of climate types and complex temperature and precipitation patterns. In terms of climate, eastern China experiences monsoon climates, which include subtropical, temperate, and tropical monsoon climates. Northwestern China has a temperate continental climate, whereas the Qinghai–Tibet Plateau has a high-altitude climate. The temperature zones range from tropical and subtropical to warm temperate, temperate, cold temperate, and the unique Qinghai–Tibet Plateau zone. China also boasts of a rich diversity of soil types, making its soil resources suitable for various agricultural, forestry, and pastoral activities. Particularly in mountainous areas, abundant soil resources are conducive to the growth of economically important trees and wood [29].




2.2. Collection of Sample and Species Distribution Records


From 2019 to 2024, the Innovation Team for Precision Improvement of C. funebris Plantation Quality at Mianyang Normal University conducted extensive field surveys and consulted resources such as the China Virtual Herbarium (http://www.cvh.ac.cn/, accessed on 16 December 2023), the National Specimen Information Infrastructure of China (http://www.nsii.org.cn/, accessed on 20 December 2023), and relevant research literature on C. funebris. This study verified and removed any incorrectly identified specimen points to ensure the accuracy of the data. To prevent model overfitting due to excessive clustering of distribution points, only one distribution point was selected from each of the 123 grids with a size of 5 km × 5 km. Ultimately, 368 valid occurrence records were obtained (Figure 2).




2.3. Selection and Processing of Environmental Variables for Modeling


There were 34 environmental variables included in this study, including 19 climatic variables, 14 soil variables, and one topographic variable. The current climate data used in the study were obtained from the WorldClim database [30]. Future climate projections were obtained using the Beijing Climate Center Climate System Model (BCC-CSM2-MR) and considered three shared socioeconomic pathway (SSP) scenarios: SSP126, SSP245, and SSP585, representing low-, medium-, and high-greenhouse gas emission scenarios, respectively [31]. Soil and topographic data were obtained from the Harmonized World Soil Database (HWSD, version 1.21) provided by the International Institute for Applied Systems Analysis [32]. The variables in the dataset possessed a spatial resolution of 2.5 arc-minutes, corresponding to a geographic coverage of approximately 25 km.



To mitigate the effects of multicollinearity on the accuracy of predictions, we used the R software (version 4.1.3) to perform Spearman correlation analysis and Variance Inflation Factor (VIF) evaluations on all examined environmental variables. This study chose those environmental variables that exhibited a Spearman correlation coefficient below 0.7 and a VIF lower than 5 [5,33]. Finally, the ensemble model allowed for six climatic factors (mean diurnal range, max temperature of warmest month, min temperature of coldest month, mean temperature of wettest quarter, precipitation of driest month, and precipitation seasonality), along with three soil factors (topsoil sodicity; topsoil organic carbon; topsoil base saturation) and one topographic factor (elevation).




2.4. Construction of the Ensemble Model and Evaluation


The model allows for the construction of integrated models using species distribution and pseudo-distribution data. This tool provides multiple strategies for generating non-presence points (pseudo-presence points) from environmental background data. For example, using the ‘random’ command, it is possible to generate 1200 random pseudo-presence points for simulation analysis. Additionally, the ‘bio mod-tuning’ command helps users optimize model parameters by selecting 75% of the data as the training set, and the remaining 25% is used to verify model accuracy [5]. In biomod2, there are 11 different algorithms, including artificial neural network (ANN), CTA, flexible discriminant analysis (FDA), GAM, gradient boosting machine (GBM), generalized linear model (GLM), multivariate adaptive regression spline (MARS), MAXent, maximum picking neural net (MAXnet), RF, and species range expansion (SRE). The distribution and pseudo-distribution data were assigned equal weight. To avoid biased results, this study repeated the process 21 times, generating a total of 231 model simulations. Prediction accuracy was assessed using AUC and TSS metrics, and only models with a TSS score greater than or equal to 0.7 were retained. These models were combined using the weighted averaging method [5,34]. In the model output, a 0/1 decision threshold was set to identify areas with lower suitability, whereas areas exceeding the threshold were divided into three levels: low, medium, and high suitability. Finally, ArcGIS v10.4.1 software was used to provide a detailed visualization of these areas.




2.5. The Change in the Geographical Range of the Niche


Under current climate conditions, the distribution points of C. funebris and a 1-degree buffer zone around them were selected as the background point selection area. Under the predicted future climate conditions, the background points for C. funebris were determined based on suitable areas predicted by the ensemble model. By combining the distribution points with various climate data, the R package “ecospat” was used to analyze and calculate the degree of overlap between the ecological niches of C. funebris under current and future climate conditions. Additionally, the software can visualize changes in the ecological niche and calculate the ecological niche overlap parameter D (observed value), which ranges from 0 to 1, representing the overlap of the ecological niche from none to complete. This allowed for the analysis and assessment of the potential impact of climate change on the ecological niche of C. funebris [5,35].




2.6. Analysis of Stand Characteristics


In 2023, this study established 15 sample plots (20 × 20 m) of C. funebris in the Zitong forest area of Mianyang City, Sichuan Province, with five plots each in high-, medium-, and low-suitability areas. The diameter at breast height (DBH) threshold for trees in the plots was 5 cm. DBH, tree height, and number of trees were surveyed. The volume per unit area was calculated using a binary volume table, and tree biomass was estimated using the relative growth method. The formula [5,36,37] is as follows:


Y = a(D2H)b



(1)




where Y represents tree biomass, D represents DBH, H represents tree height, and a and b are constants obtained from regression.



Three 5 m × 5 m shrub quadrats were set up at the diagonals of each plot, and one 1 m × 1 m quadrat was established in the upper-right corner of each of the three shrub quadrats. The species and quantity of the shrubs and herbs were surveyed and recorded. The ‘spaa’ package in R software was used to calculate the Shannon–Wiener, Pielou, Simpson, and Margalef indices of shrub and herb species biodiversity.



This study utilized the ‘two-way ANOVA’ function in IBM SPSS Statistics 20 to evaluate variations in C. funebris stand productivity and understory plant diversity across various suitability areas, and to examine the potential influence of environmental suitability on both stand productivity and understory plant diversity.





3. Results and Analysis


3.1. Model Accuracy Evaluation


Through simulations, all models were run successfully, producing 231 (3 × 7 × 11) results. In this study, the ‘biomod_tuning’ function was used to tune the model parameters and optimize the models using ROC, kappa, or TSS) metrics. By comparing the evaluated accuracies of the models (ANN, CTA, FDA, GAM, GBM, GLM, MARS, MAXent, MAXnet, RF, and SRE), it was concluded that the best predictor of the distribution of C. funebris was the RF model (average kappa: 0.98, average TSS: 0.99, and average ROC: 1.00) (Figures S1 and S2), followed by MAXent, GBM, GAM, and MAXnet. Among them, the SRE did not pass the model accuracy test. Based on the evaluation results, an ensemble model consisting of the 35 best models (kappa coefficient 0.99, TSS 0.99, ROC, 1.00) was built. In summary, the ensemble model could effectively predict the potential geographic distribution of C. funebris.




3.2. Current Potential Geographical Distributions of C. funebris


Based on data from the Flora of China (iPlant, https://www.iplant.cn, accessed on 2 July 2024) and the Chinese Virtual Herbarium (CVH, https://www.cvh.ac.cn, accessed on 16 December 2023), C. funebris thrives in warm, humid climates with annual temperatures of 10–20 °C and rainfall of 800–1600 mm, mainly distributed in Sichuan, Chongqing, and Guizhou provinces in China. It grows at elevations of 500–2000 m and adapts to various soil types. It is known for its rapid growth and resistance to drought, cold, and pollution; it is commonly used in protective forestations, promotes local biodiversity, and has significant economic value.



The potential geographic distribution of C. funebris under modern climatic conditions was simulated using the biomod2 ensemble model (Figure 3). C. funebris has a total area of 180.76 km2, of which 15.651 km2 is highly suitable, accounting for 8.66% of the total area. Part of the area is located in eastern Sichuan, and the rest is densely distributed in Chongqing and Guizhou provinces. The medium suitability area covers 86.601 × 104 km2, accounting for 47.91% of the total suitable area. Most of this region is located in the Hunan, Jiangxi, and Guizhou provinces around the high-suitability area. The low-suitability provinces include Guangxi, Fujian, Guangdong, and Yunnan provinces, representing 43.65% of the total suitable area.



In summary, the predicted geographic range of C. funebris based on the biomod2 ensemble model closely aligns with its observed distribution under current climate conditions, suggesting a high level of accuracy in the simulation outcomes.




3.3. Future Potential Geographical Distributions of C. funebris


The potential future distribution areas of C. funebris are shown in Figure 4 and Table 1. Figure 4 and Table 1 depict the forecasted distribution areas for C. funebris under future SSP.



For the SSP126 pathway, the total suitable area is expected to increase by 11.32% in the 2050s and 20.08% by the 2090s. Highly suitable zones could increase significantly by 122.39% in the 2050s and 104.72% in the 2090s. Moderate suitability areas may see a modest growth of 4.64% in the 2050s and 14.61% in the 2090s. Areas of low suitability are projected to decrease slightly by 3.45% in the 2050s, followed by an increase of 9.25% in the 2090s.



According to the SSP245 scenario, there is a notable increase in the total suitable area by 31.90% in the 2050s and 39.37% in the 2090s. Additionally, the highly suitable area saw an increase of 88.58% in the 2050s and 48.66% in the 2090s, whereas the moderately suitable area experienced a growth of 27.65% in the 2050s and 33.43% in the 2090s. The low-suitability area also saw an increase of 25.29% in the 2050s and 44.07% in the 2090s.



Under the SSP585 scenario, there was a notable increase in the total suitable area by 30.15% in the 2050s and by 42.06% in the 2090s. Additionally, the highly suitable area saw a significant increase of 123.12% in the 2050s and 85.20% in the 2090s, whereas the moderately suitable area experienced an increase of 20.95% in the 2050s and 27.80% in the 2090s. The low-suitability area also saw an increase of 21.76% in the 2050s and 49.19% in the 2090s.



In conclusion, the potential distribution of C. funebris was significantly affected by climate change. Under various emission concentration scenarios projected for the future, specifically in the 2050s and the 2090s, the potential distribution areas exhibited an expansion trend, except for a 3.45% decrease in the low-suitability area under the 2050s-SSP126 scenario. In the other climate scenarios, the distribution areas increased to different extents. This expansion was primarily observed in the mid-to-high-latitude provinces, including Henan, Shandong, and Hebei. The most significant increase in highly suitable areas was noted under the 2050s-SSP585 scenario, which saw an increase of 123.12%, covering an area of approximately 19.27 × 104 km2.




3.4. Future Ecological Change in the Geographical Range of the Niche Analysis


The spatial range of C. funebris is partially determined by its essential niche, which includes a variety of environmental conditions that allow the survival of the species. By assessing niche spaces in the present and projected future climates, the niche overlap of C. funebris was examined. Figure 5 shows the results of this analysis. The dynamics of the ecological niche revealed that Schoener’s D metrics for the climate scenarios SSP50126, SSP50245, SSP50585, SSP90126, SSP90245, and SSP90585 were 0.67, 0.64, 0.58, 0.68, 0.52, and 0.42, respectively. Shifting climatic niches under current and future climatic conditions correspond to general trends in climate evolution. In comparison to SSP126 and SSP245, the SSP585 scenario predicted a broader shift in the climate niche and reduced niche similarity. In the scenario SSP90585, the C. funebris niche demonstrated a divergence of greater than 50% from its former state. The magnitude of the impending climate change will significantly influence the niche dynamics of C. funebris, with a steady decrease in niche overlap, indicating that the species is likely to experience substantial changes in the geographical range of the niche as climate change progresses.



The analysis conducted through principal component analysis (PCA) revealed that a substantial portion of the variance within environmental factors, amounting to 79.45%–84.77%, is accounted for by the initial two principal components within the study locale (with PC1 contributing 58.12%–61.59% and PC2 contributing 21.33%–23.18%). It has been determined that the pivotal elements dictating the change in the ecological niche of C. funebris include the minimum temperature of the coldest month, average diurnal temperature range (calculated as the monthly difference between maximum and minimum temperatures), and precipitation of the driest month. In the future, predictions of the climatic niche of C. funebris indicate a shift towards regions with lower minimum temperatures in the coldest month and a wider range of daytime temperatures, conditions that favor the reproduction of the species.




3.5. Forest Stand Characteristics Analysis under Different Habitat Suitability Scenarios


Significant variations were observed in both the productivity attributes of the stands and the diversity of understory vegetation across sample plots situated in areas of high, moderate, and low suitability (Figure 6). In terms of stand productivity traits, such as forest stock volume, biomass, and density, C. funebris exhibited a gradient variation across areas of differing suitability, following the sequence: highly suitable area > moderately suitable area > low suitable area. The area with the highest suitability had superior forest stock volume, biomass, and stand density, suggesting that it offers optimal conditions for C. funebris growth, markedly surpassing the moderately and lowly suitable areas for productivity traits. Regarding understory plant diversity, despite variations in the indices for the shrub layer, significant differences were only observed in the species richness index (Margalef index) (p < 0.05). In the context of the herbaceous layer, while the diversity indices displayed fluctuations, significant disparities were observed solely in the species richness and Pielou indices (p < 0.05). Specifically, the species richness index for understory shrubs in the less suitable region was notably higher than that in the moderately and highly suitable regions, whereas the species richness index for understory herbs in the less suitable region exceeded that in the highly suitable region. Thus, the diversity of shrub and herbaceous species in response to habitat suitability changes for C. funebris showed different patterns, with the highly suitable area exhibiting lower diversity in both shrub and herbaceous species.





4. Discussion


Climate change has the potential to hasten species extinction, diminish species diversity, and increase the vulnerability of regional ecosystems. Nevertheless, certain species may exhibit adaptations in their physiological characteristics in response to climate change [38,39,40]. In recent years, there has been growing acknowledgment within the scientific community regarding the significance of research on global climate and environmental change [41,42]. This study identified and managed sensitive species in areas where climate change is likely to affect ecosystems, utilizing scientific methods to mitigate the effects of climate change on ecosystems [43,44].



This study used the biomod2 ensemble model to investigate the potential distribution of C. funebris in China in the context of climate change. The predictive findings indicate that the total suitable habitat for C. funebris spans 180.76 × 104 km2 and is primarily concentrated in Sichuan, Chongqing, Hunan, Jiangxi, and Guizhou. Notably, the highly suitable area covered 15.651 × 104 km2, representing 8.66% of the total suitable habitat, and was predominantly located in eastern Sichuan, Chongqing, and Guizhou. According to the findings of field surveys, literature sources [45], and data obtained from the Chinese Virtual Herbarium (CVH, https://www.cvh.ac.cn, accessed on 16 December 2023), it can be confirmed that C. funebris is present in the provinces and municipalities of Sichuan, Chongqing, Hunan, Jiangxi, and Guizhou. These regions fall within the anticipated suitable habitats, as identified in this study, suggesting the validity of predictive outcomes for C. funebris.



The distribution of plants has been affected by climate change for a long time. Nowadays, as planets experience heightened temperatures and increasingly severe erratic climatic incidents due to global warming, ecosystems are undergoing rapid transformation. This situation presents a dire predicament for a diverse array of life forms on Earth [46]. The extinction risk of biota in sampled areas covering 20% of the Earth’s surface was estimated at 15%–37% under the medium emissions scenario by Thomas et al. However, not all species are equally vulnerable; some are less susceptible to extinction, whereas others may even thrive in warmer climates. This highlights the duality of global temperature increases in species’ potential habitat ranges, asserting that the consequences of such climatic shifts are not universally detrimental or advantageous [47]. According to the analysis of environmental factors and three emission scenarios for the years 2050 and 2090, in conjunction with contemporary climatic conditions, the potential geographic distribution of C. funebris is projected to exhibit an overall upward trend compared to its potential distribution under current climatic conditions. It is evident that C. funebris experiences favorable growth and distribution under climate warming, making it a beneficiary of climate change. The shared socioeconomic pathways (SSP) scenarios outlined in the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) suggest that climate warming and temperature rise will be more substantial. Given the significant impact of temperature on the growth of C. funebris, the projected temperature increase resulting from heightened emission concentrations in the 2050s-SSP585 emission scenario may result in a more pronounced shift in suitable habitats for C. funebris. This could explain the notable expansion of highly suitable areas for C. funebris in this particular scenario. This might also explain the slight decrease in the low-suitability area for C. funebris under the 2050s-SSP126 scenario. The expected changes in the distribution and location of C. funebris are likely to have profound multifaceted effects. These changes can affect species survival and reproduction, disrupt ecological interactions, and alter ecosystem function. It is essential to closely monitor these shifts and develop strategies to mitigate the potential negative effects on both species and ecosystems.



In terms of distribution changes, the potential distribution area of C. funebris shows an expansion trend, mainly extending to mid-to-high-latitude regions, such as Henan, Shandong, and Hebei provinces. The highly suitable areas showed the most significant increase, suggesting that C. funebris benefits from climate change, likely due to its strong adaptability [48]. Concurrently, as greenhouse gas emissions increase, changes in suitable areas for C. funebris become more pronounced, highlighting the significant impact of climate change on this species. The predicted advantages of C. funebris under climate change and the migration trends of potentially suitable areas are consistent with conclusions from relevant studies. For instance, Liu employed bioclimatic, topographic, and soil variables to model the potential distribution of suitable habitats for Acer truncatum under projected future climatic conditions, revealing a decrease in suitability at lower latitudes and an increase in suitability at higher latitudes. The expansion of suitable habitats outweighed the loss [49]. Similarly, Flower et al. examined the potential shifts in the geographical distribution of three spruce and one fir species in Canada under three IPCC AR4 emission scenarios, demonstrating a notable migration of these species towards higher latitudes [50]. Leng et al. employed the random forest model to assess the effects of climate change on the potential spatial distribution of three larch species (Larix spp.) in Northeast China. Their findings suggest that, in projected future climate change scenarios, the potential distribution of these larch species is likely to shift significantly towards higher latitudes. Additionally, Bellard et al. conducted simulations to predict the potential distribution of 100 of the most invasive non-native species globally, revealing a consistent pattern of northward expansion of these species [51]. Thuiller discovered that, in the context of climate warming, the majority of species are expected to migrate northward, except for those already inhabiting northern regions. The projected changes in suitable habitats for C. funebris in future periods aligned with this pattern. The effects of climate warming on the potential geographic distribution of species primarily involve a shift towards higher latitudes or altitudes, as well as expansions and contractions of distribution areas [52]. The findings of this study indicate that the potential suitable habitat for C. funebris is projected to shift towards higher latitudes and northwest regions in response to future climate change scenarios, consistent with this observed trend.



Climate warming and changes in precipitation patterns due to rising carbon dioxide levels are anticipated to persist throughout this century [53]. The warming climate and changing precipitation patterns caused by rising carbon dioxide concentrations are expected to continue through the end of this century. Generally, the extent of species range adjustment is greater in regions that experience more intense warming [54,55]. Besides temperature, precipitation is also a crucial driving factor for shifts in species distribution [56]. The dynamic ecological change in the geographical range of the niche of C. funebris reveals that niche overlap between current and future scenarios decreases as the severity of climate change increases. This study identified the minimum temperature of the coldest month, the mean diurnal range (average monthly maximum temp-min temperature), and the precipitation of the driest month as the primary factors influencing C. funebris niche differentiation (Table S1). These findings align with the observation that both temperature and rainfall affect C. funebris growth, although temperature has a more pronounced effect [25]. Compared with the SSP126 and SSP245 scenarios, the climatic niche migration distance of C. funebris was more significant under the SSP585 scenario. In the 2090s-SSP585 scenario, the C. funebris niche was more than half separated from the current period. The magnitude of future climate change affects the niche migration of C. funebris, explaining why its potential distribution area is the largest under the 2090s-SSP585 model and why its potential distribution will continue to shift to mid-to-high latitudes in the future.



The productivity traits of C. funebris in areas with high suitability were notably superior to those in moderately and poorly suitable areas. Regions highly suitable for C. funebris had more abundant humidity resources and higher temperatures than moderately and lowly suitable areas. Humidity is a critical climatic factor influencing the growth and biomass accumulation of C. funebris forests. C. funebris thrives and matures rapidly under humid conditions [57,58]. The growth characteristics of C. funebris from different suitability areas generally corresponded to this observation. This study divided the understory plant diversity of C. funebris into shrub and herbaceous species diversity for separate analyses. The results indicated that the reactions of shrub species diversity and herbaceous species diversity to habitat suitability changes in C. funebris were somewhat different. In highly suitable areas, both herbaceous species and shrub diversity were lower than those in the other two suitable areas, which might be because C. funebris in highly suitable areas grew robustly and absorbed more nutrients, consumed more light, and intercepted more precipitation. Various environmental factors influence changes in species diversity. Species diversity commonly decreases with increasing latitude [59]. However, specific studies have shown that species diversity may increase with latitude under favorable microclimatic conditions [60]. Altitude strongly impacts species diversity, usually leading to a decline in diversity with increasing altitude [61]. Nevertheless, some studies have found that diversity peaks might occur at mid-altitudes [62], perhaps because of the overlap of different climatic areas. These complex patterns of latitude and altitude influence species diversity and reflect the multifaceted impact of environmental factors on ecosystems. Further detailed exploration of the mechanisms underlying these patterns will enhance the understanding and prediction of biodiversity distribution patterns. The analysis in this study of the understory species diversity of C. funebris differs to some degree from the conclusions of previous studies. The reason for this difference might be variations in the microclimate within C. funebris forests of different habitat suitability, which affect understory plant species diversity. However, the mechanism by which the varying stand structures of C. funebris influence understory plant species diversity requires further study. These findings align with the existing literature, indicating that species diversity typically decreases with increasing latitude and altitude but may peak at mid-latitudes or mid-altitudes due to overlapping climatic zones in these regions [63].



This study aimed to forecast the potential geographic distribution of C. funebris in China. The findings of this research serve as an initial phase in macro-level strategizing and are essential for scientific oversight and facilitation of appropriate habitats for species sustenance and propagation. Alterations in the scope of the study area could potentially modify the array of environmental variables that constrain growth. Furthermore, additional environmental factors, such as vegetation cover, exert a discernible influence on the potential geographic distribution of plants [64]. Owing to the inherent uncertainty in accurately forecasting future vegetation cover in China, it was omitted from the geographic distribution prediction. Consequently, certain regions within the projected geographic distribution outlined in this study might not be conducive to species survival. The analysis was limited to 37 environmental factor variables for the years 2050 and 2090. Hence, for future studies investigating the impact of climate change on the potential geographic distributions of species, multiple temporal intervals should be considered, including a broader range of environmental variables, and delineate study areas based on practical considerations. This approach will facilitate a comprehensive analysis of evolving trends in the potential geographic distribution of the species under investigation.



Distribution records of C. funebris were collected from both artificial and natural habitats in this study. The inclusion of distribution records from artificial habitats may potentially influence the predictive outcomes of the niche model. Consequently, it is recommended that future research take into account the implications of incorporating artificial habitat distribution records on predictive results.




5. Conclusions


This study utilized the varied geographic and climatic conditions in China as a natural experimental environment. The biomod2 ensemble model was employed to simulate the potential geographic range of the important afforestation tree species, C. funebris, under current climatic conditions and to predict its distribution under future climate change scenarios. This study examined potential shifts in the ecological niche and stand attributes of C. funebris in response to varying habitat suitability levels in future climates. The findings indicate that under current conditions, the most conducive regions for C. funebris growth are Sichuan, Chongqing, and Guizhou. In anticipated future climate projections, with the exception of a modest reduction of 3.45% in less favorable habitats under the 2050 SSP126 scenario, there is an overall expansion of potential distribution areas that shift towards the northeast, particularly concentrated in mid–high latitude provinces such as Henan, Shandong, and Hebei, indicating a gradual migration of climatic niches. This study explored the fluctuations and biodiversity of C. funebris throughout different regions of China, indicating its robust ability to acclimate to climate changes. This study also offers a theoretical framework and technological assistance for the preservation, reforestation, and economic advancement of this species. Subsequent studies should prioritize the identification of appropriate locations according to practical production requirements, increase the frequency of research intervals, and consider a wider array of environmental variables to thoroughly assess the potential geographic distribution of the species.
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	ANN
	Artificial neural network



	AR6
	Sixth assessment report



	CTA
	Classification tree analysis



	FDA
	Flexible discriminant analysis



	GAM
	Generalized additive models



	GBM
	Gradient boosting model



	GLM
	Generalized linear model



	IPCC
	Intergovernmental panel on climate change



	MARS
	Multivariate adaptive regression spline



	MAXent
	Maximum entropy model



	MAXnet
	maximum picking neural net



	PCA
	Principal component analysis



	RF
	Random forest



	ROC
	Receiver operating characteristic



	SDMs
	Species distribution models



	SRE
	Species range expansion



	SSP
	Shared socioeconomic pathways



	TSS
	True skill statistic
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Figure 1. C. funebris photographed from a wild habitat in China. (a) Protected ancient C. funebris-king tree; (b) highly suitable habitat; (c) moderately suitable habitat; (d) marginally suitable habitat). 
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Figure 2. Occurrence records of C. funebris in China. 
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Figure 3. Current suitable distribution range for C. funebris in China. 
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Figure 4. Potential distributions of C. funebris in different future periods. (a) 2050s, SSP126; (b) 2090s, SSP126; (c) 2050s, SSP245; (d) 2090s, SSP245; (e) 2050s, SSP585; (f) 2090s, SSP585. 
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Figure 5. Ecological changes in C. funebris under different future climate scenarios. (a), (b), (c), (d), (e) and (f) respectively represent the future climate scenarios SSP50126, SSP50245, SSP50585, SSP90126, SSP90245, and SSP90585. The first two axes of the PCA are represented by PC1 and PC2. The density of species occurrence under current and future scenarios is indicated by green and red shading, respectively, while blue shading denotes overlapping areas. The solid contours encompass 100% of the available environmental space, whereas the dashed contours represent 50% of the space. The movement of the climatic ecological niche of C. funebris (solid line) and its background range center (dashed line) between the two extents are illustrated by red arrows. 






Figure 5. Ecological changes in C. funebris under different future climate scenarios. (a), (b), (c), (d), (e) and (f) respectively represent the future climate scenarios SSP50126, SSP50245, SSP50585, SSP90126, SSP90245, and SSP90585. The first two axes of the PCA are represented by PC1 and PC2. The density of species occurrence under current and future scenarios is indicated by green and red shading, respectively, while blue shading denotes overlapping areas. The solid contours encompass 100% of the available environmental space, whereas the dashed contours represent 50% of the space. The movement of the climatic ecological niche of C. funebris (solid line) and its background range center (dashed line) between the two extents are illustrated by red arrows.



[image: Forests 15 01280 g005]







[image: Forests 15 01280 g006] 





Figure 6. Stand characteristics: (a) stand productivity and (b) species diversity of shrubs; (c) species diversity of herbs for C. funebris in different habitats. Note: different letters indicate significant differences (p < 0.05) between different stand densities. 
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Table 1. Dynamic changes in areas of C. funebris in various suitable areas under different climate scenarios.
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Climate

Scenarios

	
Highly Suitable Area

	
Moderately Suitable Area

	
Lowly Suitable Area

	
Total Suitable Area




	
Area

(104 km2)

	
Increase

Rate (%)

	
Area

(104 km2)

	
Increase

Rate (%)

	
Area

(104 km2)

	
Increase

Rate (%)

	
Area

(104 km2)

	
Increase

Rate (%)






	
Current

	
15.651

	
-

	
86.601

	
-

	
78.509

	
-

	
180.760

	
-




	
2050s-SSP126

	
34.807

	
122.39%

	
90.616

	
4.64%

	
75.797

	
−3.45%

	
201.220

	
11.32%




	
2050s-SSP245

	
29.514

	
88.58%

	
110.542

	
27.65%

	
98.361

	
25.29%

	
238.417

	
31.90%




	
2050s-SSP585

	
34.920

	
123.12%

	
104.740

	
20.95%

	
95.595

	
21.76%

	
235.255

	
30.15%




	
2090s-SSP126

	
32.040

	
104.72%

	
99.250

	
14.61%

	
85.771

	
9.25%

	
217.061

	
20.08%




	
2090s-SSP245

	
23.267

	
48.66%

	
115.556

	
33.43%

	
113.106

	
44.07%

	
251.929

	
39.37%




	
2090s-SSP585

	
28.986

	
85.20%

	
110.679

	
27.80%

	
117.130

	
49.19%

	
256.795

	
42.06%
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