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Abstract

:

Glyptostrobus pensilis is a critically endangered living fossil plant species of the Mesozoic era, with high scientific research and economic value. The aim of this study was to assess the impact of climate change on the potential habitat area of G. pensilis in East Asia. The MaxEnt (maximum entropy) model optimized by the ENMeval data package was used to simulate the potential distribution habitats of G. pensilis since the last interglacial period (LIG, 120–140 ka). The results showed that the optimized MaxEnt model has a high prediction accuracy with the area under the receiver operating characteristic curve (AUC) of 0.9843 ± 0.005. The Current highly suitable habitats were found in the Northeast Jiangxi, Eastern Fujian and Eastern Guangdong; the main climatic factors affecting the geographic distribution of G. pensilis are temperature and precipitation, with precipitation as the temperature factor. The minimum temperature of coldest month (Bio6) may be the key factor restricting the northward distribution of G. pensilis; during the LIG, it contracted greatly in the highly suitable habitat area. Mean Diurnal Range (Bio2), Minimum Temperature of Coldest Month (Bio6), Annual Precipitation (Bio12) and Mean Temperature of Driest Quarter (Bio9) may be important climatic factors causing the changes in geographic distribution. In the next four periods, the suitable areas all migrated southward. Except for the RCP2.6-2070s, the highly suitable areas in the other three periods showed varying degrees of shrinkage. The results will provide a theoretical basis for the management and resource protection of G. pensilis.
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1. Introduction


Two thirds of the existing gymnosperms are conifers, which account for more than 39% of the world’s forests [1]. Gymnosperms play an important role in the global carbon cycle. They are an important source of wood, medicines and industrial raw materials. They are essential for preventing soil erosion and achieving carbon neutrality [2]. Fifty-nine percent of gymnosperms are endangered, so the importance of gymnosperms protection is key to biodiversity conservation [2,3,4]. In most of the Mesozoic Era, gymnosperms dominated the Earth’s land. In this geological period, the number and distribution ranges of gymnosperms reached their peaks [5,6]. Climate change was one of the main reasons for the mass extinction of species in the late Cretaceous and it also led to the extinction of many gymnosperms [7]. In addition, multiple glacial and interglacial climatic cycles since the Quaternary have further accelerated the extinction of gymnosperm species and the shrinkage of species richness and distribution range [8,9]. Since the 20th century, climate warming has become increasingly severe, resulting in the Earth undergoing its sixth mass extinction [10], with an even more severe intensity than that of the previous five geological periods [11,12]. Moreover, recent research has shown that the rate of climate warming will accelerate in the future and extreme weather events will occur more and more frequently, which will undoubtedly cause severe challenges to biodiversity conservation [13]. Endangered plants are more sensitive to climate warming and extreme climates, so the protection of endangered plants is the only way to protect biodiversity [14,15]. Gymnosperms have ancient origins and most of them are endangered plants. Therefore, protecting endangered gymnosperms is an important measure to achieve the global biodiversity conservation strategy.



The maximum entropy (MaxEnt) [16] model is the most commonly used prediction model for the potential distribution area of species; it has a high prediction accuracy and good versatility [17]. This model is widely used to predict the distribution of invasive species [18], endangered animals and plants [19,20,21], natural disasters [22] and pests and diseases [23,24]. It can also be used for Wildfire Risk Assessment and Zoning [25]. The MaxEnt model can be used not only to predict species distribution but also to model paleobiogeography, infer refuges and infer species migration routes in order to determine the succession of geographic distribution patterns and to provide evidence for molecular genealogical geography [26].



Glyptostrobus pensilis (Staunt. ex D. Don) K. Koch (Figure 1), a genus of Glyptostrobus in the Taxodiaceae, is a national class I protected plant (The Regulations of the People’s Republic of China on the Protection of Wild Plants divide the wild plants under key state protection into the national class I and national class II, with the former being more valuable and endangered than the latter) in China and a relict tree species originating in the late Cretaceous [27,28]. It was once widely distributed in the Eurasian continent. Due to repeated climate shock cycles, serious habitat damage, high habitat requirements, weak natural regeneration and poor resistance to extreme climate, its natural distribution areas are only sporadically distributed in swamps, ridges and riverbanks in Southern China, Laos and Vietnam [29,30,31,32]. In recent years, the distribution area of G. pensilis has been shrinking and the habitat fragmentation has become increasingly serious, for example, before the 1950s it was a common species in the Pearl River Delta, but now there are only 14 individuals in eight populations in Guangzhou [33]. Except for a few places such as Youxi in Fujian, Shanglou in Pingnan County and Yiyang in Jiangxi, it is difficult to observe natural G. pensilis forests in other places and most of them are sporadically distributed (Figure S1) [34]. It is not only an important part of the phylogenetic research of Taxodiaceae plants but also a popular ornamental plant and a common tree species for windbreak and embankment reinforcement; it is also a good raw material for shipbuilding and bridge construction [31,32,33,34,35]. The secondary metabolites of G. pensilis bark can also inhibit the activity of human protein tyrosine phosphatase [36].



Studies have shown that among all wetland types in China, ponds and swamps are the most serious losses and ponds, swamps and riverside wetlands are the main habitats of G. pensilis [37]. Therefore, protecting and expanding its remaining habitat and increasing its population size are the most important measures to protect G. pensilis [29]. At present, there are few studies on G. pensilis, most of which focus on population dynamics, physiological ecology, reproductive biology and genetic diversity [27,28,29,30,31,32,33,34,35,36,38,39,40]. However, none of the above studies has carried out an in-depth study on the relationship between climate factors and the distribution pattern of G. pensilis. In addition, it is not clear how climate change since the last interglacial (LIG; about 140~120 ka) has affected the distribution pattern of G. pensilis and what climatic factors may affect its geographical distribution.



In order to clarify the response of potential geographical distribution of G. pensilis to climate change, the MaxEnt model based on ENMeval [41] data package assisted selection was used to predict the potential distribution pattern of G. pensilis under past, current and future (2050s and 2070s) climates. Our major objectives were to answer the following questions: (1) What is the current potential geographic distribution of G. pensilis? (2) How will the distribution pattern of G. pensilis change under the background of past and future climate change? (3) What are the main climatic factors restraining geographical distribution? (4) How do these factors cause changes in geographical distribution? (5) What can we do to protect the natural resources of G. pensilis?




2. Materials and Methods


2.1. The Study Area


G. pensilis is an endangered plant under national class I protected plant in China. Its boundaries are the Xinjiang River basin of Jiangxi Province in the North, the South-Central Vietnam in the South, the Jiaoxi River basin of Ningde in Fujian Province in the east and the mountainous area of Southeastern Guizhou and Southeastern Yunnan Province in the west (Figure 2) [27,28,29,30,31,32,33,34,35,36,38,39,40,41,42]. The geographical coordinates of the natural distribution area of G. pensilis are 10°~29° N and 103°~122° E. Because it is necessary to provide reference for artificial introduction and cultivation, 90°–130° E and 0°–35° N were taken as the prediction area. The complete workflow analyzed in this study is summarized in Figure 3.




2.2. Collection and Screening of Sample Data


From 2004 to 2019, Our team (include Bao Liu, Shipin Chen, Shiqun Zheng, Shaoning Ruan, Tianyu Zhang and Xingzhuang Ye) conducted field investigations of the natural population of G. pensilis in Fujian, Jiangxi and Guangdong provinces and collected 24 distribution records [39,40,42]. The published literature was reviewed to collect 9 and 5 records of the population distribution of G. pensilis in Vietnam and Laos, respectively [29,31,34,36,43]. 41 distribution records were collected by consulting the published literature; retrieval of global biodiversity information facility (http://www.gbif.org, last accessed on 8 August 2021) and national specimen information infrastructure (http://www.nsii.org.cn, last accessed on 8 August 2021), yielded 392 and 417 records, respectively, for a total of 863 records. In order to reduce the error, all the above records were screened with reference to the methods of Wu [19] and the distribution points of plantations, incomplete information and isolated trees (no population of G. pensilis was present and trees generally had serious diseases and insect pests or on the verge of death and the representative significance is not strong); in order to reduce the error caused by the clustering effect, only one distribution point is reserved for each grid (10 km × 10 km) and 27 valid samples were finally obtained (Figure 3 and Table S1).




2.3. Environment Variable Filtering and Data Processing


The climate data were downloaded from the WorldClim database (http://worldclim.org, last accessed on 1 July 2021) and selected CCSM4 model climate data of version 1.4 [44]. Except for the last glacial maximum, which has a spatial resolution of 2.5 arc-minute, the other periods have a resolution of 30 arc-second. In order to improve the prediction accuracy, 19 climatic variables from the LIG, Last Maximum Glacial (LGM; about 22 ka), Middle Holocene (MH; about 6000 years ago), current (about 1960~1990), the 2050s (2041~2059) and the 2070s (2061~2079) under representative concentration pathway 2.6 (RCP2.6) and RCP8.5 scenarios were selected [45]. Spearman correlation analysis and the variance inflation factor (VIF) were used to screen out eight climate factors that had a great influence on the distribution of G. pensilis (Table 1).




2.4. Model Building, Optimization and Evaluation


In this study, MaxEnt 3.4.1 (https://biodiversityinformatics.amnh.org/open_source/maxent/, last accessed on 1 July 2021) was used to simulate the potential suitable habitat areas of G. pensilis under the LIG, LGM, MH, current and four scenarios in the future (RCP2.6–2050s RCP2.6–2070s, RCP8.5–2050s and RCP8.5–2070s) [17,46]. In order to make the probability of occurrence close to a normal distribution, 75% of the data were selected for model training, the remaining data were used for model testing and other values were the default values [18,19,20,21]. The EMNeval [41,47] package in R (Cran) version 3.6.1 [48] was used to optimize the MaxEnt model and the regularization multiplier (RM) was set to 0.5–4, with intervals of 0.5 each and a total of 8 regulated frequency multipliers. The MaxEnt model provides five features, which are linear features (L), quadratic features (Q), hinge features (H), product features (P) and threshold features (T). Ten feature combinations (FCs) were adopted: L, QT, H, LQH, LQHP, LQHPT, HPT and QPT. We used ENMeval [41] to test the 80 above-mentioned parameter combinations before finally adopting the minimum information criterion AICc value (delta.AICc) model of the Akaike information criterion, as well as adopting a 10% training omission rate (OR10) and difference between the AUC values (AUCDIFF) to test the fitting degree and complexity of the model. AICc is a standard to measure the accuracy of the model. When the model has the lowest AICc value (delta. AICc = 0), it is called the best model, which can significantly reduce the complexity of the model.



Optimized parameters were used to debug MaxEnt3.4.1 software and then to simulate and predict the suitable habitats of G. pensilis in different periods. The averaged result from 10 replications was taken as the final output. The area under the receiver curve (AUC), Kappa and true skill statistics (TSS) were used to evaluate the accuracy of MaxEnt’s prediction. The AUC value ranged from 0 to 1. The larger the value, the higher the reliability of the distinction between suitable and unsuitable habitats. AUC = 0.5 indicated that the model fails to judge completely, less than 0.8 indicated a low reliability and 0.9~1.0 indicated a high credibility [49]. The evaluation criteria for Kappa value and TSS were excellent, 1.0–0.85; very good, 0.7–0.85; good, 0.55–0.7; fair, 0.4–0.55; fail, <0.4 [50,51,52].



The ASCII format was imported into ArcGis10.4 and converted it into a raster file for visual processing. The author used the reclassify function of ArcGis 10.4 to divide the habitat suitability index (HSI) according to the known distribution pattern of G. pensilis. HIS < 0.2 is a non-suitable habitat, 0.2 ≤ HIS < 0.5 is a generally suitable habitat, 0.5 ≤ HIS < 0.7 is a moderately suitable habitat and HIS ≥ 0.7 is a highly suitable habitat.




2.5. Analysis of the Spatial Pattern Change and Core Point Migration in the Suitable Habitat Area of Species


We tried five thresholds of 0.5, 0.6, 0.7, 0.75 and 0.8 were tried. It was found that when Q = 0.5 and 0.6, the distribution area was too large; when Q = 0.75 or Q = 0.8, Jiangxi and other large populations become unsuitable areas. When Q = 0.7, although the predicted area is still large, most of G. pensilis populations have been included, which is more reasonable. We considered the value Q ≥ 0.7 as the suitable habitat zone, that is, the suitable includes the generally suitable, the medium suitable and the highly suitable, which is represented by “1”; the logical value Q < 0.7 is regarded as the non-suitable, represented by “0” [21]. We defined four types of changes in the suitable habitats of species: newly increased suitable, lost suitable habitats and reserved suitable and unsuitable. The future area changes were all calculated based on current suitable. The matrix value 0→1 represents the newly increased suitable area, 1→0 represents the lost suitable area, 1→1 represents the reserved suitable area and 0→0 represents the unsuitable area. Finally, the matrix change value was loaded into ArcGis 10.4 to create visualizations of the spatial pattern change of its suitable area. This specific method was obtained from the work of Zhang et al. [53].



Then, the “Zonal Geometry” tool of Arc Gis10.4 was used to calculate the change trend of suitable habitat regions and eight center points of suitable habitat regions—LIG, LGM, MH, Current, RCP2.6-2050s, RCP8.5-2050s, RCP2.6-2070s and RCP8.5-2070s—were compared. After taking the suitable habitat of G. pensilis as a whole and reducing it to a vector particle, the change of centroid position reflected the size and direction of spatial change of suitable habitat. The geosphere package in R Software is used to calculate the core of the habitat migration distance of G. pensilis under 8 climate scenarios [21].





3. Results


3.1. Model Optimization and Accuracy Evaluation


The optimization results show that when FC = LQ and RM = 1, delta.aICC = 0, the model under this parameter is the optimal model (Table S2). Under these parameters, the maximum, minimum and average values of training AUC of 10 repeats were 0.9865, 0.9781 and 0.9815 ± 0.0025, respectively, and the maximum, minimum and average values of test AUC were 0.9985, 0.9581 and 0.9805 ± 0.0112; both kappa and true skill statistics (TSS) are 0.7333, respectively, indicating that the optimized prediction results were high (Table S4, Figures S2–S7).




3.2. Importance of Environment Variables


In terms of the percent contribution, the cumulative proportion of the most important five environmental factors were 95.32%, which was a mean diurnal range (Bio2, 40.59%) and the suitable range was 3.90~10.36 °C. The optimum temperature was −5.65~16.73 °C for the minimum temperature of coldest month (Bio6, 32.86%). The optimal range of annual precipitation (Bio12, 9.24%) was 1175.4~2888.45 mm; the optimal range of the mean temperature of driest quarter (Bio9, 7.79%) was 0.38~25.25 °C; the precipitation of driest month (Bio14, 4.48%) in the most suitable range was 12.22~113.9 mm. The cumulative proportion of the top five factors with permutation importance was as high as 95.57% (Table 1). As it can be seen in Figure S8 that all of the univariate response curves are unimodal, that is, with the increase of the variable, the fitness keeps increasing and when it reaches the maximum value, the fitness keeps decreasing, for example, the value of Bio12 decreased gradually after reaching the peak value at 2035.62.



When only a single variable is used, the variable with the highest regularization training gain is annual precipitation (Bio12); the variable with the highest test gain is annual precipitation (Bio12); the variable with the highest AUC value is Bio12; when using other factors, the variables with the largest decrease in regularization training gain, test gain and AUC value are precipitation of warmest quarter (Bio18); the variable with the largest decrease in AUC value is the minimum temperature of coldest month (Bio6) (Figure S9). In general, the main factors affecting the current geographical distribution of G. pensilis were found to be temperature factors and precipitation factors.




3.3. Current Potential Suitable Habitats


The distribution point ratios of the modern distribution records of G. pensilis belonging to the highly suitable habitats, the moderately suitable habitats and the general suitable habitats are 3.85%, 57.69% and 38.46%, respectively, indicating that the current suitable habitats simulated by MaxEnt can nearly cover the current distribution points. It can be seen from Table 2 that the area of current suitable habitats for G. pensilis was found to be 143.77 × 104 km2, of which the highly suitable habitats was 11.46 × 104 km2. It can be seen from Figure 4d that suitable distribution habitats mainly include Southeast China (mainly includes Fujian, Jiangxi, Zhejiang, Southern Anhui, Chongqing, Hunan, Guangdong, most of Guangxi, Hainan and Taiwan provinces), most of Vietnam and parts of Laos. The highly suitable habitats were found to be located in Eastern Fujian, Northeastern Jiangxi, Eastern Guangdong and the Northern part of Taiwan Provinces. The average suitability of the 27 distribution records was 0.65 and the most suitable place was found to be Fuqing (0.83), Fujian Province and the least suitable place was found to be Dak Lak (0.31), Vietnam.




3.4. Potential Distribution in the Past and Future


During the LIG, the potential suitable habitats were significantly reduced, shrinking by 17.69% compared to the current climate. During this period, Chongqing Municipality and Sichuan Province were unsuitable habitats; the highly suitable habitats, which are mainly distributed in Eastern Fujian Province and Eastern Guangdong Province, shrank by 14.31% compared to the current period, leaving only 9.82 × 104 km2. During the LGM, the potential suitable habitats were significantly increased (43.98% larger than the LIG) and the highly suitable habitats were increased by 18.52% compared to the current period and they were mainly distributed in Fujian Province. The continental shelf of the East China Sea (ECS) and the Taiwan Strait became land during this period and became low suitable habitats for G. pensilis. In the MH, the outline of the potential suitable distribution area of G. pensilis was basically the same as the current one. The highly suitable habitats were mainly located in the Eastern coastland of Fujian Province and the Northeastern part of Guangdong Province. The highly suitable area was increased by 11.08% compared to the current period (Figure 4, Figure 5 and Table 2).



In the next four periods, the range of highly suitable habitats will be relatively stable, mainly including Eastern Fujian province and Eastern Guangdong province. Unfortunately, northeastern Jiangxi province is no longer a highly suitable habitats (Figure 4 and Figure 5). For the RCP2.6-2050s scenario, the area of the highly suitable habitats has sharply shrunk, leaving only 8.86 × 104 km2, a reduction of 22.69% compared to the current (Table 2). For the RCP8.5-2050s scenario, the high and moderately suitable habitats are most fragmented, the suitable habitats are 16.80% larger than the current, but the highly suitable habitats decreased by 4.28% compared with the current. For the RCP2.6-2070s scenario, the highly suitable habitat expanded instead, with an area of 12.99 × 104 km2, 13.35% larger than that in current. For the RCP8.5-2070s scenario, the moderately suitable habitats are 60.56% larger than the current period and the highly suitable habitats are 9.95% smaller than the current period (Table S4).




3.5. Shifts of the Core Suitable Habitat Distributions under Climate Change Scenarios


During the three paleoclimate periods, the core of the LIG suitable habitat was located in Taiba Town, Shanghang County, Fujian Province, and then the centroid of the LGM moved northwest to Huaitu Town, Ninghua County, Fujian Province, with a distance of 134.87 km from LIG (Figure 6). During the MH, the core of the habitat migrated southwest to Xiyang Town, Meijiang District, Meizhou City, Guangdong Province, with a distance of 215.74 km from the LGM. The current habitat centroid position of G. pensilis was estimated to be in Hongshan Township, Yongding District, Longyan City, Fujian Province, which shifted northeast to 63.62 km relative to the MH. Under RCP2.6-2050s, the core of the habitat was in Xiayang Town, Yongding District, Longyan City, Fujian Province. Compared with the current period, it migrated 33.57 km to the southeast. Under RCP2.6-2070s, the core of the habitat further migrated 183.14 km to the southwest, it located in Shuyang Town, Nanjing County, Fujian Province. Under RCP8.5-2050s, the core of the habitat was in Fengshi Town, Yongding District, Longyan City, Fujian Province. Compared with the current period, it shifted 16.30 km south. Under RCP8.5-2070s, its habitat centroid further migrated 55.98 km to the southeast and the core of the habitat was located in Shuyang Town, Nanjing County, Zhangzhou City, Fujian Province. In the future, the total suitable areas of G. pensilis will migrate to lower latitudes and the migration position will further expand southward.





4. Discussion


4.1. The Change Pattern of Potential Distribution Area


This study predicts that the Fujian and Guangdong provinces contains the highly suitable habitats for the LIG and the LGM. The highly suitable habitats for the LGM of G. pensilis expanded to the continental shelf of the ECS and the South China Sea (SCS). There is a large number of relict plants such as Ginkgo Biloba, Taxus wallichiana var. mairei, Tsuga chinensis, Tsoongiodendron odorum, Cycas taiwaniana, Cycas fairylakea, Sphaeropteris lepifera and G. pensilis in Fujian and Guangdong provinces, and no cold fauna fossils have been found [54,55]. In addition, due to the low latitude and low mountains in Fujian and Guangdong, the temperature and altitude conditions for glacier formation could not be reached during the glacial period, and no glacier relics have been found in these two areas [54,55,56,57]. Since the Pleistocene, the warm and humid climate and diverse mountain conditions in Fujian and Guangdong provinces have become the climate refugium sanctuary of many endangered plants [55,56,57,58,59]. The vegetation of the LGM in Fujian comprises subtropical evergreen broad-leaved forests and warm temperate deciduous forests in Fujian and Guangdong provinces [55,56,60,61]. After the Younger Dryas (about 12.5–11.5 kaBP) event, a large number of marshlands appeared in Fujian, which was particularly suitable for the habitat requirements of G. pensilis [58,62]. Rare populations of G. pensilis were found in Youxi County, Pingnan County and Zhouning County of Fujian Province and it was scattered in more than 30 counties of Fujian and Guangdong provinces (Figure S10) [30,32,34,39,42]. Therefore, it was reasonable and credible for MaxEnt to predict that the highly suitable habitats of G. pensilis during the LIG and the LGM is mainly located in Fujian and Guangdong. During the LGM, the sea level of the ECS and SCS dropped by about 120~130 m, so most of the continental shelves were exposed to the sea [63]. Moreover, the winter temperature in the coastland of South China was 11~15 °C lower than that of the current and the role of winter wind was strong [64]. During the Quaternary glacial period, the vegetation of sparse forest and grass, dominated by Cyperaceae and Artemisia, developed on the continental shelf of the ECS and there may have been Gymnospermous plants including the Taxodiaceae in the surrounding regions [65,66]. In Qianhu Bay of Zhangpu County, Fujian Province, ancient trees such as G. pensilis were excavated before 42 ka BP [67]. The fossil species of Glyptostrobus was widespread throughout Eurasia and North America during the Tertiary period [28,35]. In the late Tertiary, especially after the Quaternary glaciation, the temperature decreased, the species’ distribution region strongly shrank and moved southward and it became extinct in North America and Europe but was preserved in some regions south of the Yangtze River Basin (China), Laos and Vietnam that were less affected by the glaciation [68,69,70,71,72]. Zheng et al. [73] also showed that the trees of G. pensilis were widely distributed in the exposed continental shelf of the ECS and the northern continental shelf of the SCS during the LGM. Therefore, during the LGM, the ECS shelf and the northern continental shelf of the SCS were likely to have been suitable habitats for G. pensilis and the highly suitable habitats for G. pensilis was mainly located in Fujian and Guangdong provinces. During the period of MH, the climate tended to be warm and humid and the vegetation and climate conditions in Southern China may have been close to the current. The evergreen broad-leaved forest was the main vegetation type in this period [74]. Sedimentary profile analysis showed strong summer monsoon, abundant precipitation and humid climate conditions during 10~3.3 cal kaBP in the Tianhushan region, Fujian Province, China [75]. The Zhaoqing district has experienced five stages of evergreen broad-leaved forest—G. pensilis forest swamp, evergreen broad-leaved forest, grassland swamp, secondary forest and grassland farmland, in turn—since the MH [76]. Fossil and sporopollen records show that G. pensilis was widely distributed in South China in the middle and late Holocene [77]. Thus, G. pensilis may have recovered growth in this period and the potential suitable habitats of medium and high height may have been slightly larger than those of current.



The continental shelf of the ECS during the LGM was a suitable area for G. pensilis, which indicates that it may have retreated from Japan to the south via the ECS continental shelf to take refuge in Jiangxi, Fujian and Guangdong Province. Previous studies have shown that the genetic diversity level of G. pensilis in Fujian is relatively high [29,42], as well as that Fujian Province has always been a highly suitable area during the LIG, LGM and MH. Thus, it was speculated that the Fujian District was likely to have been the climate refugium of. G. pensilis.



Cao et al. [78] analyzed the current and future suitability zones of six endangered wetland species in China, including G. pensilis and revealed that the highly suitable zones of G. pensilis are southeastern China (about Fujian, Guangdong, most of Hainan, Northeast Jiangxi and most of Taiwan), which is consistent with the conclusion of the present study. In addition, the potential reserved suitable habitat area obtained in this study can lay a theoretical foundation for the construction of G. pensilis plantation. When the future greenhouse gas emission scenarios were RCP8.5-2050s, RCP2.6-2070s and RCP8.5-2070s, MaxEnt predicted that the potential distribution area of G. pensilis will move southward as a whole. This is because the future increase in temperature and precipitation in the lower latitudes of the southeast coast with climate warming may provide a more suitable growth environment for G. pensilis. This may also be related to the excessive Percent Contribution (PC) of bio6 (PC is 32.86%, ranking second), because the main role of this factor may be to limit the northward migration of species. The suitable areas of many endangered plants such as Thuja sutchuenensis [79] and Larix kaempferi [80] all showed significant shrinkage in the future, which was consistent with the conclusion of this study.




4.2. Constraints of Climatic Factors on Geographical Distribution


This study shows that temperature is more important than precipitation in controlling the distribution pattern of G. pensilis and Wu [42] also draws the same conclusion. The percent contribution of the temperature factor was found to be as high as 81.91%, so the influence of the temperature factor is relatively greater than that of the precipitation factor. Studies have shown that G. pensilis has very strict habitat requirements and poor resistance to extreme climate. The seedlings cannot withstand low temperature and the plant will wither and die in a lasting 0 °C environment. Additionally, extreme low temperatures (below −5.3 °C) lead to frost damage for G. pensilis. It is suitable to grow in an environment with an annual average temperature of 15–22 °C [40] and abundant precipitation. The optimal annual rainfall is 1199.6–2231 mm [55], which is close to the threshold value given by the results of this study. This is inconsistent with the conclusion of this study. The MaxEnt analysis results showed that the replacement importance value of the minimum temperature of coldest month (Bio6) and mean temperature of driest quarter (Bio9) were the highest regularization training gains using this factor alone. Previous studies have shown that the temperature factor has an irreplaceably restrictive effect on the distribution pattern of plants and, in many cases, the temperature factor is still the primary restrictive factor, especially for southern plants [42,60,78,81,82,83,84]. Li et al. [30] found that although G. pensilis can withstand low temperatures, it is susceptible to freezing damage if low temperatures last for a long time, which seriously inhibits its growth. In conclusion, low temperatures in winter may be the key factor restricting the northward seed dispersal of G. pensilis. The cold environment causes G. pensilis to fail to bear fruit, which makes it unable to complete its life cycle in the north [30,42]. This further indicates that the temperature factor is the leading factor restricting the distribution of G. pensilis. Metasequoia glyptostroboides, a sibling species of G. pensilis, is mainly restricted by the precipitation of driest month (Bio14), the precipitation of wettest quarter (Bio16), the precipitation of wettest month (Bio13) and the mean temperature of wettest quarter (Bio8), though this leads to conclusions inconsistent with this study [83], because M. glyptostroboides is only distributed at the junction of Hunan, Hubei and Chongqing Provinces, with small longitude, latitude and temperature differences. This tree species grows in wet habitats, but seed germination and seedling survival are low when seeds fall into swamps, so that seedlings are only established during periods of low water [39,61,86,87]. Several studies have shown that G. pensilis cannot survive in water-deficient habitats [40,42,87]. According to the conclusion of this study, the authors also boldly speculate that the winter precipitation has been limiting G. pensilis from crossing the Wushan-Wuling-Ailao Mountain to Yunnan, Guizhou and Sichuan Provinces.




4.3. Conservation Management


The genetic diversity level of G. pensilis is extremely low and its genetics are highly differentiated; most G. pensilis plants grow separately and discontinuously [29,42,88,89,90,91,92]. The level of genetic diversity is proportional to the adaptability of species. Some experts believe that if no effective protection measures are taken, G. pensilis will be extinct within 100 years and face the plight of “nowhere to go” [77,91]. Therefore, based on the conclusion of this study, the following protective measures are formulated:



The delayed response of gymnosperms to climate change may lead to distribution shrinkage or even extinction [91,92]. For example, Wu’s study showed that about 41% of 109 gymnosperms will be at risk of extinction due to climate change [88]. Due to gymnosperms low migration rate, serious fragmentation of suitable habitats and frequent human activities, it may not be able to quickly adapt to suitable range changes. Therefore, G. pensilis within and outside nature reserves must be managed through in situ and ex situ conservation, habitat wetland conservation, assisted migration and sapling conservation to avoid extinction [29,42,49,77,93].



For the newly increased suitable habitats, rational and sustainable land use planning should be conducted while considering that G. pensilis is mostly distributed along marshes and rivers and so planners should reserve enough space for G. pensilis’s migration. The new suitable habitats are scattered in the marginal areas of the suitable habitats and it is necessary to reduce human disturbance activities in these areas and increase the possibility of G. pensilis migration. In addition, its seeds are large and heavy, requiring artificially assisted migration to facilitate their dispersal and colonization.



For the lost suitable habitats, ex situ protection measures should be actively taken, botanical gardens should be established and G. pensilis should be transplanted into artificial environments for cultivation, conservation and preservation. Because it is suitable for cultivation in the middle and lower reaches of warm and humid rivers. For example, the construction of G. pensilis plantations in Jiangmen Nature Reserve is better [56] and the relocation protection mainly cultivates seedlings by transplanting large seedlings, seeds and asexual reproduction. It is necessary to establish the population number that can maintain its genetic diversity at the protection point [94]. However, the results of this study show that under the future four climate scenarios (Figure 4e–h), the climatic conditions in Laos, Vietnam and northeast Jiangxi are not suitable for the growth and development of G. pensilis. It is suggested to increase investment in special funds and actively carry out studies on reproductive biology, molecular mechanisms of stress resistance (e.g., drought stress), population ecology and artificial domestication of G. pensilis, so as to promote the natural regeneration of the above natural populations and avoid the risks of genetic adaptability variation, mutation accumulation and loss of genetic resources.



Under future climate change conditions, the reserved suitable habitats can be used as the safety and climate refugia of G. pensilis to cope with climate change, which is of great importance. Therefore, more attention should be paid to the protection and management of reserved area. Studies have shown that the exotic plant invasion of existing G. pensilis species is relatively serious [34,42,93]. The minimization of human harmful interference factors and the threat of alien plant invasion against G. pensilis communities can improve the health levels of the species and individuals [77,93]. Thus, the stability of resistance and resilience of G. pensilis populations can be improved, to protect it, first of all, it is necessary to protect the surrounding habitat of the existing community, as well as to restore and expand the wetland areas around the communities. In addition, the establishment of nature reserves is the most effective method for the in situ protection of rare and endangered wildlife resources [29,42,90]. The current distribution of G. pensilis is concentrated in Vietnam, Laos and Southeast China (mainly includes Jiangxi, Guangdong and Fujian), so these places may be suitable habitats for the plant and should be the focus of future conservation efforts.





5. Conclusions


The suitable habitats of G. pensilis include Vietnam, Laos and South China. Historically, this species experienced significant range expansion during LIG and LGM, but the range contracted slightly during MH, which was similar to the current suitable area. Under various future climate scenarios, there will be potential for different levels of contraction and highly suitable districts will trend towards lower latitudes. Wetlands, an important habitat that is suitable for the distribution of G. pensilis, is shrinking each year. As a result, the species are likely to face the plight of “nowhere to go”. Our study provides an important reference for the conservation of G. pensilis and other endangered wetland species under climate change.
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Figure 1. Photos of Glyptostrobus pensilis in the field. (A) A G. pensilis tree in Gutian county, Fujian Province; (B) population of G. pensilis in Pingnan county, Fujian Province; (C) population of G. pensilis in Fu’an City, Fujian Province; (D) strobile of G. pensilis; (E) population of G. pensilis in Youxi county, Fujian Province; (F) Zhangping City, Fujian province; (G) Datian County, Fujian Province; (H) Fuqing city, Fujian Province. Photos (A–C,E) were taken by Shiqun Zheng; (D,F,G) were taken by Xingzhuang Ye; (H) was taken by Bao Liu. 
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Figure 2. Distribution of occurrence records of G. pensilis. (1) Sichuan; (2) Chongqing; (3) Hunan; (4) Jiangxi; (5) Zhejiang; (6) Yunnan; (7) Guizhou; (8) Guangxi; (9) Guangdong; (10) Fujian; (11) Taiwan; (12) Hainan; (13) Thailand; (14) Laos; (15) Vietnam; (16) Cambodia; (17) Philippines. Consecutive numbers (1)–(12) are the provinces of China. 
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Figure 3. Processing methodology in flow diagram in this study. 
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Figure 4. Predicted suitable distribution habitats of G. pensilis based on the MaxEnt model. (A) the last interglacial (LIG), (B) the last glacial maximum (LGM), (C) middle Holocene (MH), (D) Current and (E) Representative concentration pathway (RCP) 2.6–2050s, (F) RCP8.5–2050s, (G) RCP2.6–2070s and (H) RCP8.5–2070s; (1) Sichuan; (2) Chongqing; (3) Hubei; (4) Anhui; (5) Zhejiang; (6) Yunnan; (7) Guizhou; (8) Hunan; (9) Jiangxi; (10) Fujian; (11) Taiwan; (12) Guangdong; (13) Guangxi; (14) Hainan; (15) Laos; (16) Thailand; (17) Cambodia; (18) Vietnam; (19) Philippines. Consecutive numbers (1)–(14) are the provinces of China. 
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Figure 5. Spatial pattern changes of suitable habitats of G. pensilis under different climate change scenarios. (a) last interglacial (LIG), (b) last glacial maximum (LGM), (c) middle Holocene (MH), (d) current and (e) Representative concentration pathway (RCP) 2.6-2050s, (f) RCP8.5-2050s, (g) RCP2.6-2070s and (h) RCP8.5-2070s. (1) Sichuan; (2) Chongqing; (3) Hubei; (4) Anhui; (5) Zhejiang; (6) Yunnan; (7) Guizhou; (8) Hunan; (9) Jiangxi; (10) Fujian; (11) Taiwan; (12) Guangdong; (13) Guangxi; (14) Hainan; (15) Laos; (16) Thailand; (17) Cambodia; (18) Vietnam; (19) Philippines. Consecutive numbers (1)–(14) are the provinces of China. 
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Figure 6. Migration location of the center of suitable habitats of G. pensilis under different climate change scenarios. 
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Table 1. Environmental variables and their main parameters of Glyptostrobus pensilis.
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	Environmental Variables
	PC
	PI(%)
	TRGw
	TRGo
	TGw
	TGo
	AUCw
	AUCo





	Bio2
	40.59
	9.79
	2.02
	1.03
	2.63
	1.19
	0.98
	0.89



	Bio6
	32.86
	46.17
	1.92
	1.00
	2.64
	1.11
	0.98
	0.86



	Bio12
	9.24
	14.65
	1.94
	1.25
	2.36
	1.69
	0.97
	0.94



	Bio9
	7.79
	21.44
	2.01
	0.98
	2.53
	1.27
	0.97
	0.90



	Bio14
	4.84
	3.52
	2.07
	0.69
	2.61
	1.04
	0.97
	0.86



	Bio18
	2.46
	0.08
	2.18
	0.70
	2.82
	0.91
	0.98
	0.87



	Bio15
	1.56
	2.4
	2.13
	0.19
	2.70
	0.38
	0.98
	0.76



	Bio1
	0.67
	1.95
	2.17
	0.71
	2.74
	1.11
	0.98
	0.90







Note: PC is Percent Contribution; PI is Permutation Importance; TRGO is the regularization training gain using the factor alone; TRGW is the regularization training gain using other factors; TGO is the test gain using the factor alone; TGw is the test gain using other factors; AUCw is the area under the receiver operating characteristic curve using other factors; AUCo is the area under the working characteristic curve of the subjects using the variable alone. Bio1 = Annual Mean Temperature; Bio2 = Mean Diurnal Range (Mean of monthly (max temp − min temp)); Bio6 = Minimum Temperature of Coldest Month; Bio9 = Mean Temperature of Driest Quarter; Bio12 = Annual Precipitation; Bio14= Precipitation of Driest Month; Bio15 = Precipitation Seasonality (Coefficient of Variation); Bio18 = Precipitation of Warmest Quarter.
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Table 2. Changes of the suitable area of G. pensilis in different periods (unit: ×104 km2). Values in parenthesis represent proportion of areas (%).
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	Period
	Highly Suitable Habitats
	Moderately Suitable Habitats
	Generally Suitable Habitats
	Total





	Last interglacial
	9.82 (−14.31)
	45.80 (34.07)
	62.72 (−35.76)
	118.34 (−17.69)



	Last glacial maximum
	12.04 (5.06)
	35.88 (4.12)
	122.47 (25.43)
	170.39 (18.52)



	Middle holocene
	12.73 (11.08)
	28.52 (−17.24)
	94.40 (−3.32)
	135.64 (−5.65)



	Current
	11.46
	34.46
	97.64
	143.77



	RCP2.6-2050s
	8.86 (−22.69)
	37.28 (8.18)
	96.72 (−0.94)
	142.86 (−0.63)



	RCP8.5-2050s
	10.97 (−4.28)
	49.12 (42.54)
	107.83 (10.44)
	167.92 (16.80)



	RCP2.6-2070s
	12.99 (13.35)
	49.14 (42.60)
	105.96 (8.52)
	168.09 (16.92)



	RCP8.5-2070s
	10.32 (−9.95)
	55.33 (60.56)
	97.88 (0.25)
	163.53 (13.74)
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