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Abstract

:

Future climate change will have serious impacts on species survival and distribution and will likely lead to the extinction of some species classified as endangered. Carpinus tientaiensis (Betulaceae), a unique and endangered species in China, has restricted distribution and a small population, indicating an urgent need for its protection. However, research on its current distribution or the influence that climate change will have on its future survival and distribution is limited. We used a MaxEnt model and ArcGIS software to predict the current and future niches of C. tientaiensis. The current suitable distribution area of C. tientaiensis is small, mainly in east China, south Zhejiang and Anhui, and central and southern mountainous areas of Taiwan province. The core suitable areas are concentrated in the Xianxialing and Kuocang mountains in south Zhejiang, the southern mountains of Taiwan, and the Dabie, Huangshan and Jiuhua mountains in south Anhui. Among the 15 BIOCLIM variables examined, the precipitation of the driest quarter (bio17) was found to be the most important factor limiting C. tientaiensis survival and distribution. Future field investigations will focus on the Xianxialing and Kuocang mountains, as they may have unidentified wild C. tientaiensis communities. In the future, the Kuocang, Dapan and Tiantai mountains in east Zhejiang, and the high-altitude areas of Dabie and Jiuhua mountains in south Anhui, will be suitable for C. tientaiensis ex situ conservation and cultivation. However, the suitable distribution and core suitable areas for C. tientaiensis will decrease sharply as they are susceptible to climate shocks. Moreover, the suitable distribution area of C. tientaiensis is predicted to move slightly north and obviously eastward. Therefore, we suggest that strengthen conservation and management efforts for C. tientaiensis in its original habitats, and actively carry out ex situ conservation and artificial breeding in botanical gardens.
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1. Introduction


The geographical distribution of species, including plants, is closely related to the environmental conditions, and climatic factors play a decisive role in this [1]. In recent years, climate warming has increased because of climate change [2], and this has already had a serious impact on species distributions [3]. Research has shown that as climate change continues to increase in the future, species will gradually migrate to higher altitude or latitude areas [4], resulting in a decrease in species habitats [5]. Consequently, for endangered species, this may lead to extinction or the increased risk thereof [6,7]. In addition, habitat fragmentation can have adverse effects on the survival and distribution of a species, leading to the loss of biodiversity and species extinction [8,9]. Generally, endangered species have a small number of individuals; they also have special environmental needs, and their habitats often show obvious fragmentation. It is important to evaluate the influence of the climate and other environmental factors on the habitats and distributions of endangered plants with appropriate scientific methods, to help prevent the extinction of species and preserve biodiversity.



With the development of geographic information technologies, species distribution models (SDMs) have become an important technical means by which to predict species distribution ranges and potential distributions of species [10]. However, at present, there have only been a few studies on endangered trees [11], as data about the distribution of endangered plants are scarce and difficult to obtain [12,13]. The MaxEnt model [14] is a niche model based on the principle of maximum entropy; the model can achieve good results even when the data about the distribution of a species are scarce [13,15]. It has previously been widely used to predict the distributions of endangered species [16,17]. It also provides further reference information that can help to protect endangered species, such as predicting species distributions, assessing how they are constrained by environmental conditions, identifying the impact of environmental changes on their distributions, and determining potential areas for the reintroduction of rare species.



Carpinus tientaiensis Cheng is a deciduous tree from the Betulaceae family (Figure 1). It is a unique and endangered Tertiary relict plant species from China [18,19]. Currently, wild C. tientaiensis are only known to be distributed in parts of Zhejiang province—Tiantai mountain in Tiantai county, Dapan mountain in Pan’an county, Yangtianhe in Qingtian county, and Shangshantou in Jingning She Autonomous county. It is listed on the Red List of critically endangered species of the International Union for the Conservation of Nature (IUCN, http://www.iucnredlist.org) [20], as its wild populations are small and its habitat is currently decreasing, leaving the species facing a risk of extinction. C. tientaiensis also has a high level of scientific research value for the fields of plant geography and species diversity formation [21]. The habitat of C. tientaiensis is restricted and seriously threatened, and the species also has a weak ability to adapt to new environments; this means there is an urgent need for its current distribution to be understood and for its natural habitats to be preserved.



At present, it is not clear how climate change will affect the distribution of C. tientaiensis in the future. Based on field investigations, this study used a MaxEnt model to project the current and future distribution of C. tientaiensis. The aim was to further understand the distribution patterns and potential distribution areas of C. tientaiensis, to provide reference data to help locate unknown wild communities. The suitable distribution areas and core suitable areas of C. tientaiensis, as well as the main environmental factors limiting its survival and distribution were also identified. This information will facilitate the species introduction, conservation, and cultivation in the future. Based on the impacts that climate change will have on the suitable distribution areas for C. tientaiensis, corresponding protection strategies could reduce the impacts of climate change on the wild communities of C. tientaiensis.




2. Materials and Methods


2.1. Species Distribution Data


C. tientaiensis is an endemic and endangered plant in China and its only known distribution area is in Zhejiang province. On the basis of consulting the Flora of China [19] and the Chinese Virtual Herbarium (http:v5.cvh.ac.cn/), a detailed investigation of the distribution of C. tientaiensis was carried out in Zhejiang province from 2018 to 2019, and the longitude and latitude of each C. tientaiensis were recorded. This resulted in the distribution data for 58 plants (Table S1) across the following four regions: Tiantai mountain in Tiantai county, Dapan mountain in Pan’an county, Yangtianhe in Qingtian county, and Shangshantou in Jingning She Autonomous county (Figure 1).




2.2. Acquisition and Processing of Climate and Altitude Data


The climate and altitude data utilized in this study were sourced from WorldClim v2.0 (https://worldclim.org/) [22], and the highest spatial resolution level of 30″ was selected. As this study aimed to predict the potential distribution area of C. tientaiensis in China, the whole of China was taken as the background for model prediction. Climate factors were selected for three time periods: current (1970–2000), the 2050s (2040–2060), and the 2070s (2060–2080). The climate data for each period included 19 climate factors (Table S2). The data for future climate scenarios were selected from the general climate system model community climate system model version 4 (CCSM4), which included four representative concentration pathways (RCPs) for greenhouse gases: RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5 [22,23].



Twenty BIOCLIM variables were initially used for model establishment in this study (Table S2). In order to minimize any inaccuracy in model prediction due to the correlation between climate variables, climate factors with no contribution rate to model prediction were then excluded. Fourteen climate and one altitude variables were selected to build the final model (Table 1).




2.3. MaxEnt Model Operation and Evaluation


The MaxEnt 3.4.0 software (http://biodiversityinformatics.amnh.org/open_source/maxent/) [14] was used to project the niches of C. tientaiensis in this study. The distribution data for C. tientaiensis, climate factors, and altitude data were imported into the MaxEnt 3.4.0 software. In this study, 25% of the distribution points were selected as the test set, and 75% of the distribution points were utilized as a training set for the MaxEnt model [24]. Jackknifing was used to check the weights of the environmental variables, the output format was logistic, and cross-validation was used as the replicated run type. Since the choice of feature combinations is related to the number of species distribution points [25,26], linear feature, quadratic feature and hinge feature combinations were selected. Other parameters included a maximum of 10,000 background points, a maximum of 500 iterations, a convergence threshold of 0.00001, and a regularization value of 1.



The area under the curve (AUC) value is often used to evaluate the accuracy of models [27,28]. Since the MaxEnt model is unable to produce unique solutions [29], we used an average value to get an average prediction result. The model was run nine times, and the average of the results from the nine runs was used as the final prediction result. The MaxEnt model also provides a variety of ways to evaluate the importance of environmental variables on species distributions. In this study, the contribution rate was used to evaluate the dominant factors affecting the geographical distributions of C. tientaiensis.




2.4. Classification of Habitat Suitability


The final prediction results were imported into ArcGIS 10.2 (ESRI Inc., California, USA), and the potential distribution map of C. tientaiensis was drawn after the prediction results were reclassified. In order to indicate whether the study area is suitable for the survival and distribution of species, the MaxEnt model provides a corresponding suitability index, ranging from 0 to 1, for the prediction results. Generally, the higher the suitability index of the study area, the more suitable the area is for species survival and distribution.



The thresholds of “equate entropy of thresholded and original distributions” and “10 percentile presence in the training data” were used as the thresholds of suitable distribution areas and core suitable areas, respectively. We used these values combined with equal intervals to divide the suitability index into five grades: 0.0000–0.0746, 0.0746–0.2978, 0.2978–0.5210, 0.5210–0.7605, and 0.7605–1.0000. Areas with a suitability index between 0 and 0.0746 were defined as unsuitable areas, areas between 0.0746 and 1 were suitable distribution areas, areas between 0.0746 and 0.521 were generally suitable areas, and areas between 0.521 and 1 were core suitable areas.




2.5. Dynamic Changes and Centroid Migrations of the Suitable Distribution Area


The raster calculator tool in ArcGIS 10.2 was used to extract the regions that were suitable distribution areas for C. tientaiensis under both the current and future climate scenarios. In this study, the areas that were determined to be suitable in both the current and future climate scenarios were defined as “Stable.”, while areas that are currently suitable but are not suitable in future climate scenarios were defined as “Lost,” and areas that are currently unsuitable but are suitable in the future were defined as “Increased.” At the same time, we identified places that were suitable distribution areas for C. tientaiensis in any of the current, 2050s and 2070s climates, to further assess the suitability of certain areas for conservation.



The distribution of suitable distribution areas of C. tientaiensis were scattered and their outline was irregular. To visually indicate the changing trends of the suitable distribution areas of C. tientaiensis, ArcGIS 10.2 was used to calculate the centroid of the current and future suitable distribution areas of C. tientaiensis. The centroid can reduce the suitable distribution area of the species to a point, which indicates the direction of the change in suitable distribution areas over time [30].





3. Results


3.1. Model Accuracy


Under the current climatic conditions, the average AUC value output of the MaxEnt model, after being run nine times, was 0.999 (Figure 2); this shows that the prediction accuracy of the current geographic distribution was extremely high. The prediction results can thus be used to accurately identify the geographical distributions and potential distributions of C. tientaiensis in China.




3.2. Suitable Distribution Areas of C. tientaiensis in the Current Climate


At present, C. tientaiensis is only known to have a narrow distribution area in the mountain forests in the east and south of Zhejiang province, with very few natural populations. Based on the 58 distribution data points (Table S1) and 15 BIOCLIM variables (Table 1), the current suitable distribution areas for C. tientaiensis in China were predicted (Figure 3). The suitable distribution area for C. tientaiensis in China was determined to be approximately 90.79 × 103 km2, accounting for only 0.94% of China’s land area. Furthermore, the core suitable area was approximately 13.65 × 103 km2, accounting for only 0.14% of China’s land area.



The results showed that there were suitable distribution areas for C. tientaiensis in Taiwan province and southern Anhui in addition to Zhejiang. The suitable distribution areas were mainly located in the eastern parts of China, including the mountains in south Zhejiang, the Dabie mountains in the southwest of Anhui, the Jiuhua and Huangshan mountains in the southeast of Anhui, and the central and southern mountains in Taiwan province (Figure 3). There were some scattered suitable distribution areas in Jiangxi, Hunan, Chongqing, and other places, while other areas in China were unsuitable for the survival and distribution of C. tientaiensis. Core suitable areas were concentrated in the Xianxialing and Kuocang mountains in south Zhejiang, and the central and southern mountains of Taiwan, with some other areas in the Dabie mountains, and Jiuhua mountains in the southeast of Anhui (Figure 3).




3.3. Dominant Environmental Factors Limiting the Survival and Distribution of C. tientaiensis


According to the contribution rate of the variables in the MaxEnt model output (Table 1), many of the selected climate factors played an important role in the model, and some precipitation factors had leading roles in the survival and distribution of C. tientaiensis. Among these, the precipitation of the driest quarter (bio17), coefficient of variation (CV) of precipitation seasonality (bio15), annual precipitation (bio12), precipitation of the driest month (bio14), precipitation of the coldest quarter (bio18), and isothermality (bio3) played major roles in the distribution of C. tientaiensis, with a cumulative contribution of 83%.



In this study, regions with a suitability index ≥0.521 were regarded as core suitable regions for C. tientaiensis. Therefore, when the distribution probability was ≥0.521, the corresponding environmental factor values were suitable for the survival and distribution of C. tientaiensis, and these values limited the distribution regions of C. tientaiensis. According to the contribution rate (Table 1) and response curve (Figure 4), the precipitation of the driest quarter (bio17) had the greatest impact on the survival and distribution of C. tientaiensis. When the precipitation of the driest quarter (bio17) was more than 700 mm, the probability of the occurrence of C. tientaiensis peaked. If the probability of the occurrence was ≥0.521, the adaptation range of the precipitation of the driest quarter (bio17) was about 190–700 mm. In addition, if the probability of the existence was ≥0.521, the adaptive range of the CV of precipitation seasonality (bio15), annual precipitation (bio12), precipitation of the driest month (bio14), precipitation of the coldest quarter (bio18), and isothermality (bio3) were approximately 2.2–5.1%, 1900–4500, 48–180, 750–1800 mm, and 16–26%, respectively.




3.4. Suitable Distribution Areas of C. tientaiensis in Future Climate Change Scenarios


Compared with the current situation, in future climate change scenarios, the suitable distribution areas will decrease by 71% and the core suitable area will decrease by 81% (Figure 3 and Figure 5, Table 2). The areas of suitable distribution were the smallest in the scenario with RCP 6.0 in the 2070s, and this was 79% less than the current suitable distribution area. RCP 8.5 in the 2050s, resulted in the largest suitable distribution area, but it was still 64% lower than it is today. The smallest amount of core suitable areas—85% lower than the current situation—was found under RCP 4.5 in the 2050s. Although the area of the RCP 8.5 in the 2050s was the largest of the scenarios, it was still 73% lower when compared with current conditions.



The suitable distribution areas of C. tientaiensis were obviously reduced and tended to move slightly north and obviously eastward (Figure 3 and Figure 5). The suitable distribution area in Zhejiang was much reduced compared with the current scenario, and was mainly located in the Kuocang mountains in southern Zhejiang. The suitable distribution areas in southern Taiwan were almost completely lost, and only a few suitable distribution areas were preserved in central and north Taiwan. However, a small number of suitable distribution areas began to appear around the Qinling and Daba mountains in the east of Hubei. There was also a significant reduction in core suitable areas. In the southern part of Zhejiang, Anhui and Taiwan, the core suitable areas were almost completely lost. The remaining core suitable areas were mainly located in the Kuocang mountains in south Zhejiang and central Taiwan.



Compared with the current situation, the spatial locations for the suitable distribution areas of C. tientaiensis were shown to change markedly in the future scenarios (Figure 6, Table 2). In the 2050s and 2070s climate scenarios, only 18% of the suitable distribution areas were relatively stable, which has a strong buffer capacity against climate change. However, 80% of the suitable distribution areas were vulnerable to climate impacts and were lost in the climate change scenarios. There were few opportunities for expansion under the future climate change scenarios, as only about 10% of the unsuitable area became suitable. In Zhejiang in the future scenarios, the loss of suitable distribution areas of C. tientaiensis was significant, and it appeared for the most part that the west of Zhejiang would no longer be suitable for the survival of C. tientaiensis. Kuocang mountain in south Zhejiang and the mountain areas in central Taiwan province were found to preserve many suitable distribution areas in the future.



Xianxialing in the southwest of Zhejiang province, the lower altitudes in south Anhui, and the lower altitudes in south and central Taiwan, were all vulnerable to the impacts of climate change. In the future, there will be a significant loss of the original suitable distribution areas because of climate change. In addition, the scattered suitable distribution areas in Jiangxi, Chongqing and Hunan were found to be almost completely lost. However, it is worth noting that with the future climate change scenarios, there are some suitable distribution areas in the mountainous areas of Hubei and Chongqing as well as in the Snow mountains in north Taiwan (Figure 6). At the same time, Kuocang, Dapan and Tiantai mountains in south Zhejiang, high altitude areas of Dabie mountain in the southwest of Anhui, and Jiuhua mountain in the southeast of Anhui, were relatively stable, and suitable for the survival of C. tientaiensis in the future climate change scenarios. These regions may be appropriate sites for ex situ conservation or introduction of C. tientaiensis (Figure 7).



Suitable distribution areas for C. tientaiensis are relatively scattered, and so this study analyzed the spatial changes of its geographical distribution through the changes in the centroids from the suitable distribution areas, in different climate scenarios. In the 2050s and 2070s, the centroid generally moved to the east (Figure 8).





4. Discussion


There is some debate over the use of correlative models instead of mechanistic models to study the potential distribution of species, because some researchers argue that the correlation between the species and environment may cease to exist or may change in future decades. It has also been suggested that, for this reason, correlative models will provide more robust results compared to mechanistic models under future climate scenarios [31,32]. However, despite their usefulness, mechanistic models are hard to build, time consuming, and they require a good knowledge and background information about target species [31,32]. Many SDMs have been established in the world to predict species distribution areas, but few models can be effectively used for endangered species and rare species with limited distribution data [33]. As most SDMs are sensitive to sample size [34] and require large amounts of distribution data [35], they cannot accurately predict the potential distribution of endangered species. However, the MaxEnt model is a powerful tool for predicting potential distribution for endangered species with a narrow distribution range or limited distribution data [14,34,36,37]. Even in the case of extremely limited species distribution data, the accuracy is high [37,38]. Therefore, the MaxEnt model was selected in this study.



In many previous studies on the potential distribution of plants, although researchers have recognized that other factors, such as soil, may play a role in species distribution, they have often focused only on the role of the climate on the potential distribution of plants. In the early stage of this study, we tried to add soil data, provided by China soil map based harmonized world soil database v1.1 (http://westdc.westgis.ac.cn), into the environmental variables, but the prediction results using soil data were not reasonable. Therefore, this study did not use soil data for modeling. There may not yet be an effective method to incorporate soil data better in species distribution models. In future research, working out how to use soil data effectively to study the potential distribution of species will be a significant research topic.



The distribution and richness of many species will be impacted by climate change [39], and climate change may increase the risk of species extinction [7]. Thomas et al. predicted that 15–37% of species in their research sample “commit to extinction,” according to mid-range climate-warming scenarios for 2050 [39]. Iverson et al. predicted that of 134 tree species in the eastern United States, 54 would lose at least 10% of their suitable habitats under climate change compared with the current [40]. Climate change has resulted in more severe challenges for the survival and distribution of endangered species. There are about 50 species of Carpinus and 33 of these species are recorded in the Flora of China, of which 27 are endemic to China, with relatively narrow distributions [19]. There are many endangered species of Carpinus, such as C. tientaiensis [20], C. putoensis [41], C. hebestroma [42], and C. langaoensis [43], all of which have relatively narrow distributions in only one or several places. The aim of this investigation was to study the impacts of climate change on C. tientaiensis, a typical endemic and endangered species, and to develop effective conservation strategies that would be of great significance for the study and protection of other endemic species of Carpinus as well as other endangered species.



The prediction results showed that the suitable distribution area of C. tientaiensis was small, but there were many suitable distribution areas in the Xianxialing and Kuocang mountains in the south of Zhejiang Province. C. tientaiensis was first found on Tiantai mountain in Zhejiang province, but in recent years, it has also been found on Dapan mountain, Yangtianhe, and Shangtoutou. At present, it is possible that some wild communities have still not yet been identified. As early as the beginning of the 21st century, Engler et al. (2004) facilitated the use of model predictions to suggest new sampling sites for endangered species [44]. In line with this, our modeling has shown that the Xianxialing and Kuocang mountains should be sites for future field investigations to search for new wild populations of C. tientaiensis. From the contribution rates of each climate variable in the MaxEnt modeling (Table 1), it was determined that the climatic conditions limited the survival and distribution of C. tientaiensis. The precipitation of the driest quarter (bio17) seriously affected the survival and distribution of C. tientaiensis, which indicated that it had strict requirements for its water conditions, especially during the dry season. There is abundant rainfall in Zhejiang Province, which indicates that C. tientaiensis is a species adapted to wet conditions. The response curve also shows that the adaptive range of C. tientaiensis for the precipitation of the driest quarter (bio17) was about 220–700 mm, and high rainfall and waterlogging environments could also affect its survival.



C. tientaiensis is only distributed in Zhejiang Province, which is near the East China Sea. In recent decades, as a consequence of global climate change, the warming rate in this region has been five times that of the global average [45], indicating that it is a region that is highly sensitive to climate change. Consequently, because of future climate change, the suitable distribution areas for C. tientaiensis will be significantly reduced, or almost completely lost. Generally, when the climate warms, species distributions move toward high-latitude or -altitude areas [46]. With future climate change, only Kuocang, Dapan and Tiantai Mountains in the southeast of Zhejiang, and part of the high-altitude areas in the south of Anhui and the central part of Taiwan will have suitable areas for C. tientaiensis, and the low-altitude suitable areas will be almost completely lost. In addition, the suitable distribution area of C. tientaiensis showed an obviously shift to the north, and the suitable distribution area in the south of Taiwan was almost completely lost. Nearly all the suitable distribution areas in the southwest of Anhui and the west of Zhejiang were also obviously lost, which explains why the centroid of the suitable distribution areas of C. tientaiensis, moved to the east in the future. However, compared with the eastern part of China, the climate in the center changes only gradually from the north to the south with a strong buffer capacity and, consequently, the impact of climate change on this region was small [47]. Therefore, in the 2070s scenario, while the suitable distribution area of C. tientaiensis was predicted to be lost from the eastern part of China, in the Qinling and Daba mountains in Hubei and other areas of China, some suitable distribution areas appeared.



While climate change has serious impacts on species habitats [3], human activities, such as tourism, can also result in their loss [48], and in recent years they have had an increasing impact [49]. The construction of reservoirs and dams has also led to a reduction in species richness, habitat fragmentation, and even disappearance [50,51,52]. At present, among the four communities of C. tientaiensis, only Dapan mountain is a National Nature Reserve, and it has not yet developed its tourism industry. Tiantai mountain, however, is a popular tourist destination, and there is also a reservoir and dam at Yangtianhe, and Shangshantou that attracts tourists because of its large Rhododendron fortunei, resulting in a serious impact on the natural habitat of C. tientaiensis. In order to prevent the disappearance of C. tientaiensis from natural communities, more attention should be given to reducing human disturbance and the establishment of natural reserves at its sites of origin.



Carpinus is a wind-pollinated plant [53] and, specifically, the rainy climate in the spring and summer of Zhejiang province has serious impacts on the pollination of C. tientaiensis. In years with abundant rainfall and high wind speed, C. tientaiensis bears little fruit. In addition, the different maturation times of the C. tientaiensis pistil and stamen have serious negative effects on the pollination rate and seed setting rate. This means that the natural regeneration ability of the C. tientaiensis community is weak and can result in a decreasing population. Consequently, it is necessary to expand the population base by artificial breeding based on the existing communities. An important means for the protection of endangered species is to advocate for their introduction and cultivation in botanical gardens. This is because there is a high level of artificial management in botanical gardens [54], and the management of wild species is conducted scientifically, with the management personnel being highly trained [49]. At the same time, introduction and cultivation in botanical gardens should be actively carried out as high-intensity artificial management practices.



C. tientaiensis is a slow-growing and long-life tree species, its natural life span can reach hundreds of years. In this study, we focused on finding potential distribution areas of C. tientaiensis and assessing the impact of future climate change on its survival and distribution. The suitable distribution areas of C. tientaiensis were identified from present to 2070s, which provided a reference for field investigation and ex situ conservation of C. tientaiensis. However, it was not clear what changes will occur in the survival and distribution of C. tientaiensis after 2070s. However, due to the lack of long-term environmental data, we were unable to carry out more studies to assess the survival and distribution of C. tientaiensis after 2070s.




5. Conclusions


By utilizing the MaxEnt model and ArcGIS software, this study constructed the potential current and future distributions of C. tientaiensis. The current suitable distribution areas for C. tientaiensis were mainly located in eastern China in south Zhejiang and Anhui provinces, and the center and south of Taiwan Province. The core suitable areas were mainly located in the Xianxialing and Kuocang Mountains in south Zhejiang and center and south of Taiwan province. The survival and distribution of C. tientaiensis was limited by climatic factors such as the precipitation of the driest quarter (bio17), CV of precipitation seasonality (bio15), annual precipitation (bio12), precipitation of the driest month (bio14), precipitation of the coldest quarter (bio18), and isothermality (bio3).



Endangered plants have important scientific and ecological value, and it is thus important to seek scientific protection strategies for them. The mountain areas of Xianxialing and Kuocang, in south Zhejiang, will be the focus of future field investigations, as it is possible that wild communities of C. tientaiensis that have not been previously identified exist in these areas. Furthermore, the Kuocang, Dabie, and Jiuhua mountains were found to be suitable for the introduction, cultivation, and ex situ conservation of C. tientaiensis.



In the future, most of the suitable distribution areas and core suitable areas for C. tientaiensis will be lost. Furthermore, with climate change, most of the suitable distribution areas for C. tientaiensis will no longer be suitable, which highlights the current need for their protection and management. As C. tientaiensis is evidently going to be threatened by climate change, we should strengthen the conservation and management strategies in its original habitats, and carry out artificial cultivation in these areas to expand the population and enhance the ability of the natural populations to cope with climate change. At the same time, ex situ conservation and cultivations in botanical gardens should be actively carried out, as their high-intensity artificial management practices will aid the conservation of C. tientaiensis.
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Figure 1. Current locations of Carpinus tientaiensis populations in China. (a) Geographic locations of C. tientaiensis populations in China; (b) the geographical location of C. tientaiensis in Zhejiang Province; (c–f) field photos of C. tientaiensis located in Shangshantou (SST) in Jingning She Autonomous county, Yangtianhe (YTH) in Qingtian county, Dapan mountain (DPS) in Pan’an county and Tiantai mountain (TTS) in Tiantai county, respectively. ZJ: Zhejiang province; JH: Jinhua city; TZ: Taizhou city; LS: Lishui city. (The field pictures of C. tientaiensis were taken by R.Z.). 
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Figure 2. Prediction validation with receiver operator characteristic (ROC) curves using the MaxEnt model. 
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Figure 3. Suitable distribution areas for Carpinus tientaiensis in China under current climatic conditions. (a) Across all of China; (b) In the east of China. ZJ: Zhejiang Province; JS: Jiangsu Province; AH: Anhui Province; HB: Hubei Province; HN: Hunan Province; CQ: Chongqing City; JX: Jiangxi Province; FJ: Fujian Province; TW: Taiwan Province. 
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Figure 4. Response curves of the major climate factors. 
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Figure 5. Suitable distribution areas of Carpinus tientaiensis in future climate change scenarios. (A1–A4), the 2050s; (B1–B4), the 2070s; 1, future climate scenario RCP 2.6; 2, future climate scenario RCP 4.5; 3, future climate scenario RCP 6.0; 4, future climate scenario RCP 8.5. 
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Figure 6. Dynamic changes of the suitable distribution area of Carpinus tientaiensis under current and future climate scenarios. (A1–A4), 2050s; (B1–B4), 2070s; 1, future climate scenario RCP 2.6; 2, future climate scenario RCP 4.5; 3, future climate scenario RCP 6.0; 4, future climate scenario RCP 8.5; Stable, areas that the current and future climate scenarios are suitable for the distribution of Carpinus tientaiensis; Increased, areas that are currently unsuitable but are suitable in the future; Lost, areas that are currently suitable but are not suitable in future climate scenarios. 
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Figure 7. Suitable distribution areas of Carpinus tientaiensis in current and future scenarios. The red area indicates locations where the current, 2050s and 2070s climate scenarios are all suitable for C. tientaiensis. ZJ: Zhejiang Province; AH: Anhui Province; JX: Jiangxi Province; FJ: Fujian Province; HB: Hubei Province; HN: Hunan Province; TW: Taiwan Province. 
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Figure 8. Centroid migration in the suitable distribution area of Carpinus tientaiensis under different climate scenarios. The arrow indicates the direction of change of the centroid of the suitable distribution area with time. 
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Table 1. Contribution of the 15 BIOCLIM variables in the MaxEnt modeling (%).
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	Variable
	Variable Description
	Unit
	Contribution Rate





	bio17
	Precipitation of the driest quarter
	mm
	17.7



	bio15
	CV of precipitation seasonality
	%
	16.6



	bio12
	Annual precipitation
	mm
	15.3



	bio14
	Precipitation of the driest month
	mm
	13.0



	bio18
	Precipitation of the coldest quarter
	mm
	10.7



	bio3
	Isothermality (bio2/bio7 × 100)
	%
	9.7



	bio2
	Mean diurnal temperature range
	°C
	9.5



	bio10
	Mean temperature of warmest quarter
	°C
	3.5



	bio1
	Annual mean temperature
	°C
	1.5



	bio19
	Precipitation of the coldest quarter
	mm
	1.0



	bio8
	Mean temperature of wettest quarter
	°C
	0.8



	alt
	Altitude
	m
	0.3



	bio16
	Precipitation of wettest quarter
	mm
	0.2



	bio9
	Mean temperature of driest quarter
	°C
	0.1



	bio6
	Min temperature of coldest month
	°C
	0.0
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Table 2. The suitable distribution and core distribution areas of Carpinus tientaiensis and the changes in the suitable distribution area under future climate change scenarios.
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Climate Scenarios

	
Suitable Distribution Area (103 km2)

	
Core Distribution Area (103 km2)

	
Stable

	
Increased

	
Lost




	
Area

(103 km2)

	
Rate (%)

	
Area

(103 km2)

	
Rate (%)

	
Area

(103 km2)

	
Rate (%)






	
Current

	
90.79

	
13.68

	
-

	
-

	
-

	
-

	
-

	
-




	
2050s

	
RCP 2.6

	
26.20

	
2.99

	
17.74

	
19.54

	
8.46

	
9.32

	
73.05

	
80.46




	
RCP 4.5

	
24.12

	
2.03

	
16.15

	
17.79

	
7.97

	
8.78

	
74.64

	
82.21




	
RCP 6.0

	
32.03

	
2.20

	
20.21

	
22.26

	
11.82

	
13.02

	
70.58

	
77.74




	
RCP 8.5

	
33.05

	
3.66

	
20.64

	
22.73

	
12.41

	
13.67

	
70.05

	
77.27




	
Mean

	
28.85

	
2.72

	
18.68

	
20.58

	
10.17

	
11.20

	
72.11

	
79.42




	
2070s

	
RCP 2.6

	
25.01

	
2.39

	
17.56

	
19.34

	
7.45

	
8.21

	
73.23

	
80.66




	
RCP 4.5

	
31.03

	
2.54

	
19.42

	
21.39

	
11.61

	
12.79

	
71.37

	
78.61




	
RCP 6.0

	
19.41

	
2.21

	
13.62

	
15.00

	
5.80

	
6.39

	
77.17

	
85.00




	
RCP 8.5

	
23.36

	
2.34

	
18.37

	
20.24

	
4.99

	
5.50

	
72.42

	
79.76




	
Mean

	
24.70

	
2.37

	
17.24

	
18.99

	
7.46

	
8.22

	
73.55

	
81.01








Stable, areas that the current and future climate scenario are suitable for the distribution of Carpinus tientaiensis; Increased, areas that are currently unsuitable but are suitable in the future; Lost, areas that are currently suitable but are not suitable in future climate scenarios. Rate = (area of Stable or Increased or Lost/current area) × 100%.
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