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Abstract

:

Understanding the impact of climate change on range shifts in climatically suitable habitats of tree species is important for national afforestation planning, which can enhance the adaptation of tree plantation to climate change through movement of tree to follow suitable climatic conditions. Here, we overlap the current and future climate-related ranges of Chinese sea buckthorn (Hippophae rhamnoides subsp. sinensis), an important tree used for afforestation in China, to estimate the range shift in three geographic dimensions (latitude, longitude and elevation) between 2000 and 2070, which are projected by the maximum entropy algorithm (MaxEnt) under current climate conditions and four climate change scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5). Our results show that the performance of the MaxEnt is highly accurate, with test AUC (area under the receiver operating characteristic curve) value of 0.91, Kappa value of 0.83 and predicted accuracy of 92%. About 10.7% area of land in China is climatically suitable for Chinese sea buckthorn plantation. Low representative concentration paths will have more effect on loss of climatic range and less effect on expansion of climatic range for Chinese sea buckthorn, while the impacts of high representative concentration path is the opposite. The centroids of climatic ranges will shift westward or northwestward at the rate of 10.4–22 km per decade, and the centroids of altitude will shift upward at the rate of 43–128 m per decade. The expansion area of climatically suitable habitat, covering 2.6–5.2 × 105 km2, is expected to be mainly located in parts of Qinghai, Ningxia, Gansu, Sichuan, Liaoning, and Jilin provinces; these areas should be monitored for planting of Chinese sea buckthorn in the future.
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1. Introduction


The Chinese government has long been devoted to revegetation and ecological reconstruction [1]. Afforestation, as an effective method of quickly restoring forest landscape, can meet the increased demand for forest timber production related to population growth while also playing a significant role in controlling soil erosion and increasing biodiversity [2]. In the past, identifying planting for tree species in China was based on the current climatically suitable habitat of tree species, and it seldom considered the potential extent and location shift in climatic ranges of tree species under future climate change [3], which is very important to identify plantations that are potentially at significant risk of extinction in the future [4,5]. Climate-related ranges of species may shift, contract, expand, or fragment in response to the changing climate [6]. Therefore, comprehensive assessments of the potential range shift in climatically suitable habitat of specific tree species in response to climate change are urgently needed.



Species distribution modeling (SDM, also known as niche-based modeling) has been widely used to project the effects of climate change on species distribution pattern [7], which assumes that present and future distributions of species are dependent mostly on the climate requirement [8]. SDMs determine responses for a set of climatic variables where a species occurs currently, i.e., defining the Grinnellian niche of the species, and then identifying the regions predicted to fall within that Grinnellian niche under future climate scenarios [9]. Unlike mechanistic-model-based eco-physiological parameters, SDMs try to find statistical correlations between the occurrence of species and climate variables, and then apply these statistical correlations onto current and future scenarios [10]. In recent years, multiple algorithms have been developed to predict the impacts of climate change on species distribution [10]. MaxEnt, the most popular SDM based on the presence-only modelling method, uses maximum entropy concept, and has been used successfully to predict the geographical distribution of different species under current and future climate change scenarios [11,12,13,14].



Chinese sea buckthorn (Hippophae rhamnoides subsp. sinensis), an important economic and ecological tree species, has been widely used to control accelerated desertification under an initiative of the government and the cultivation of this species has been widely promoted in northwest China [15,16,17]. The planting area of Chinese sea buckthorn has expanded to approximately 14,667.4 km2 (22 million acres) in the past 20 years, and is expected to increase by more than 800 km2 annually [18,19], meaning the natural dispersal is not a limitation. Recently, the potential distributional ranges of this species and the climatic factors limiting its distribution have been simulated using SDM [17]. However, previous studies have paid little attention to the impact of climate change on the range shift in climatically suitable habitat for Chinese sea buckthorn. Policy makers urgently need such information for managing current and future afforestation and planting activities. With this research gap in mind, the main objective of this study was to assess the climate-related range (extent and centriod) shift in three geographic dimensions (latitude, longitude and elevation) between 2000 and 2070 for Chinese sea buckthorn under four climate change scenarios in China. It is expected that the results will help in developing scientific planting strategies to enhance the resilience of this species in response to future climate changes.




2. Materials and Methods


2.1. SDM Model, Occurrence Data and Climatic Variables


We aimed to investigate the impact of climate change on climatically suitable habitat of the target species with MaxEnt [20], which expresses the suitability of a grid cell as a function of the climatic variables at that grid cell in a landscape, together with a set of sample locations where the plant species was observed. The default setting of MaxEnt uses auto method to generate feature types, 500 as maximum number of iterations, and 10,000 as maximum number of background points. In this study, model performance is evaluated using 10-fold cross validation and characterized by AUC (area under the receiver operating characteristic curve), Kappa, and predicted accuracy [21]. The threshold value was determined by maximum sensitivity and specificity method for converting the prediction probability maps to binary maps.



MaxEnt needs only species occurrence data. The occurrence data of Chinese sea buckthorn was obtained from Chinese Virtual Herbarium [22] and existing literature [15,23,24]. We obtained occurrence data of 368 specimens, from which we removed the duplicate specimens and the specimens with no locational information or coordinates. Spatially clustered records can cause model overfitting and lead to predictions non-independent [14,25], so the occurrence data of those specimens were located on a map of China with a grid cell spacing of 10 arc min. We assumed that a grid cell was suitable for Chinese sea buckthorn survival, if one or more specimens were present in the grid cell. Then, a binary grid map (presence/absence map) with a 10 arc min spatial resolution was converted into points by using the “raster-to-point” function in ArcGIS 9.3 (ESRI, Redlands, CA, USA). Finally, we obtained 97 records, which were stored in an Excel database [17].



MaxEnt needs a set of climatic variables to characterize the niche of Chinese sea buckthorn. In this study, we used 13 hydrological-thermal variables, including the annual mean temperature (AMT), maximum temperature of the warmest month (MTWM), minimum temperature of the coldest month (MTCM), annual range of temperature (ART), annual precipitation (AP), precipitation of the wettest month (PWM), precipitation of the driest month (PDM), precipitation of seasonality (PSD = monthly coefficient of variation of precipitation), annual biotemperature [ABT = ∑(Ti/12), T is 0 °C < T < 30 °C mean monthly temperature, i = 1, 2, …, 12], warmth index [WI = ∑(Ti-5), T is >5 °C mean monthly temperature, i = 1, 2, …, 12], coldness index [CI = ∑(Ti-5), T is <5 °C mean monthly temperature, i = 1, 2, …, 12], potential evapotranspiration rate (PER = 58.93 × ABT/AP), and humidity index (HI = AP/WI). The first eight variables were initially used on the BIOCLIM package (the first SDM model) [7] and sourced from WorldClim [26], which are generally used in ecological or other studies to evaluate the effect of climate on species distribution such as plant, pathogens, insect, etc. The remaining five variables were used in Holdridge life zone system [27] and Kira index system [28], which are climate-vegetation models to describe the vegetation belts in the world and East Asia separately. These 13 variables have been successfully applied to the prediction of suitable habitat for black locust [29] and Chinese sea buckthorn [17].




2.2. Current and Future Climate Scenarios


The current and future climatic layers with spatial resolution of 10 arc min (grid cells of about 17 km × 13 km) with coordinate system of GCS_WGS_1984 were obtained directly or indirectly from the WorldClim database [26]. The current climate layers in the WorldClim database were generated based on thin-plate smoothing splines using latitude, longitude, altitude, monthly temperature, and precipitation data from the averages of 50-year climate station records (1950–2000) [30]. The future climate scenarios we selected were generated by combining seven general circulation models (also known as global climate models, GCMs), which is recommended by the Intergovernmental Panel on Climate Change (IPCC AR5) to deal with uncertainty among GCMs [31]. In this study, we used the basic climatic layers to calculate the above five indirect climatic variables (ABT, WI, CI, PER, and HI) that are not included in WorldClim database [e.g., T = (Tmax + Tmin)/2; T, Tmax, and Tmin represent mean monthly temperature, maximum monthly temperature and minimum monthly temperature]. Seven GCMs were selected as candidate models from seven modeler centers of six countries: BCC-CSM1-1, CCSM4, GISS-E2-R, HadGEM2-AO, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M. Four representative concentration pathways (RCP2.6, RCP4.5, RCP6.0, and RCP8.5, the number represents the radiation forcing value of 2100 relative to 1750, and the unit is W/m2) were selected as future climate change scenarios. The time-period from 2061 to 2080 (represented by 2070s) was selected as the research object. In these four RCP (representative concentration pathways) scenarios, the atmospheric CO2 concentration will rise to 437.5, 524.3, 549.8, and 677.1 ppm (mg/L) in 2070 respectively to RCP2.6, RCP4.5, RCP6.0, and RCP8.5 (390.5 ppm in 2011). We then used simple arithmetic mean to integrate the results of these seven GCMs under each of the four RCP scenarios.




2.3. Simulation Process and Statistical Analysis


The simulation processes were divided into three steps: (1) goodness-of-fit test; (2) projection of current and future range maps; (3) statistical analysis of range shift in three geographic dimensions (latitude, longitude and elevation). We used 10-fold cross validation (also called rotation estimation) to evaluate the fit goodness of the MaxEnt model in simulating the current potential suitable habitat with occurrence data and 13 climatic variables (current climate). This method randomly partitioned the original occurrence records into 10 subsets of equal size. Of the 10 subsets, one subset was used as testing data, while the remaining nine subsets were used as training data. The cross-validation was then repeated 10 times with each subset for testing exactly once. In each validation of the cycle, we calculated the indicators of MaxEnt model: AUC, Kappa, prediction accuracy, and optimal threshold (based on criterion of maximum sensitivity and specificity). The mean value of each indicator in 10 validations was used to describe the MaxEnt model’s performance.



Actually, only partial occurrence data (9/10) were used to train the MaxEnt model rather than all occurrence data in the above model evaluation process. In order to make full use of the existing occurrence information, the MaxEnt model was run with all occurrence records again without any testing dataset, and then the model was projected onto the current and future climatic conditions. Five probability distribution maps were obtained. The optimal threshold obtained in the former step was used to convert the probability distribution map into a binary map with 1 representing suitable habitat and 0 representing unsuitable habitat. The future binary maps (fmap) and the current binary map (cmap) were combined following the formula fmap × 2 + cmap, which generated 4 distribution maps with grid values of 0, 1, 2, and 3. Zero represents unsuitable habitat under both current and future conditions, 1 represents loss of suitable habitat in the future, 2 represents expanded suitable habitat in the future, and 3 represents stable suitable habitat in the future.



Finally, we statistically analyzed the change in area of the suitable habitats under the four climate change scenarios based on four generated maps [coded by 0, 1, 2, and 3; Loss area = ∑S(grid==1), Expanded area = ∑S(grid==2), Stable area = ∑S(grid==3), S represents area size of a grid cell]. The centroids of species ranges under five climate change scenarios were also computed based on a current binary map and four future binary maps [coded by 0 and 1; Loncentroid = mean(∑Lon(gird==1)), Latcentroid = mean(∑Lat(gird==1)), which were accomplished by COGravity function in SDMTools package). The distance between the future and current centroids were calculated to represent the migration distance of Chinese sea buckthorn (using distance function in raster package). The shift centroids of elevation (the layer was also obtained from WorldClim database) were also calculated for the current and future climate change scenarios (four quartiles were used to describe the range of elevation with median value as centroid in species range). The migration rates of ranges or elevation along longitudinal, latitudinal, and vertical directions were calculated following the formula CentroidDistance/7 (7 represents the seven decades between 2000 and 2070). We also calculated the elevation changes along the longitudinal and latitudinal gradients (the range of the species was divided into bands with one degree width along the two gradients and the median value in each band represented the centroid of that band, which were accomplished by zonal function in raster package). All statistical analyses and plotting were performed on the R software with the raster [32], dismo [33], and SDMTools [34] packages.





3. Results


3.1. Model Performance


The 10-fold cross-validation method was used to evaluate the performance of the Maxen model. The final average value of test AUC obtained is 0.91, showing that the performance of the MaxEnt model is highly accurate (AUC value greater than 0.9). According to the criterion threshold of maximum sensitivity and specificity, the average of optimal threshold is at 0.3. Based on the threshold criterion, the average Kappa value is 0.83, and the average predicted accuracy is 92%.




3.2. Current and Future Potential Distribution


The current potential suitable and binary map based on all occurrence data is shown in Figure 1. Chinese sea buckthorn occurs in Xizang, Sichuan, Qinghai, Gansu, Ningxia, Shaanxi, and Shanxi provinces, which are mainly located in the semi-humid and semi-arid regions of China. The width of the range is about 558 km with an area of approximately 1.0 × 106 km2, occupying 10.7% of the land area of China, spanning 12 provinces including Xizang, Yunan, Sichuan, Gansu, Qinghai, Ningxia, Shaanxi, Shanxi, Hebei, Inner Mongolia, Henan, and Liaoning. Its core climatically suitable areas are mainly located in Xizang, Sichuan, Gansu, Qinghai, Ningxia, and Shaanxi provinces.



When the model is projected on the four climate scenarios in the 2070s, they show similar patterns (Figure 2). Low representative concentration paths (e.g., RCP2.6, RCP4.5) will have more effect on the loss of climatic range and less effect on expansion of climatic range for Chinese sea buckthorn, while the impact of high representative concentration paths is opposite (e.g., RCP6.0, RCP8.5). Overall, the future areas of climatic ranges will increase, especially under the RCP8.5 scenario. The increased areas are mainly located in Qinghai, Ningxia, Gansu, and Sichuan, with about 2.6–5.2 × 105 km2 in the 2070s. The decreased areas of climatic ranges are mainly located in Henan, Shanxi, and Hebei provinces, with about 1.0–1.3 × 105 km2 in the 2070s (Figure 3). The stable areas of climatic ranges will occupy 8.6–9.2 × 105 km2, which occupies 84–90% of its current potential distributional range, located mainly in the Gansu, Qinghai, Ningxia, and Shaanxi provinces, where the current core climatically suitable areas are also located.




3.3. Migration Rate and Direction along Latitude, Longitude, and Altitude in the Future


The centroid of climatic ranges of Chinese sea buckthorn will mainly migrate 72.6–154 km from the east to west in the 2070s (Figure 4A), which means that the migration rate of climatic range centroid will shift northwestward or westward by about 10.4–22 km per decade. In addition, the average altitude of the range will shift to a higher area from 1900 km to 2200–2800 km in the 2070s (Figure 4B), which means that the migration rate of centroid of altitude will shift to a higher region by 43–128 m per decade. The shift of altitude to higher regions mainly occurs in low longitudinal regions, but the shift of altitude occurs at mostly all latitudinal regions (Figure 4C,D).





4. Discussion


4.1. Climate-Related Range Shift in the Future and Its Explanation


Climate change has an important impact on the climatic range size of species, especially for species with narrow distributional ranges. Using projections of species’ distributions for future climate scenarios, Thomas et al. [35] assessed extinction risks for sample regions that cover about 20% of the Earth’s terrestrial surface, which showed that 15–37% of species will be ‘committed to extinction’ under mid-range climate-warming scenarios for 2050. In this study, we found that the stable area of climatically suitable habitat will occupy 84–90% of its current suitable habitat, located mainly in the Gansu, Qinghai, Ningxia, and Shaanxi provinces. This means that the population is generally stable and does not face the risk of climate-induced extinction. The expanded area of climatically suitable habitat under high emission scenario (RCP8.5) is more than that of low emission scenarios, which means that the planting potential of this species under a high emission scenario is larger than those in low emission scenarios. At the same time, the loss of suitable habitat in the high emission scenario is less than those of low emission scenarios (e.g., RCP4.5), which suggest that the current planted population at the south or east boundary will face higher risks of degeneration under low emission scenarios than high emission scenarios (RCP8.5). In our previous work [17], the limiting factor map of Chinese sea buckthorn shows that the southern or eastern boundaries of the species are mainly determined by the factors related to precipitation (e.g., PDM). The response curves show that high PDM value will inhibit the growth of Chinese sea buckthorn and high CI value will promote the growth of Chinese sea buckthorn. In the future climate change scenarios, the increase of PDM is accompanied by the increase of CI in the southern and eastern boundaries of the species. We infer that the inhibitory effect of PDM and the promoting effect of CI will be in a state of approximate equivalence in the high emission scenario (e.g., RCP8.5; resulting in the loss of a small area), whereas the inhibitory effects of PDM will be greater than the promoting effect of CI at low emission scenarios (e.g., RCP4.5; resulting in the loss of much more area). Such a mechanism may exist for many native species in the region and it still needs to be further tested.



Climate change has important impacts on climatic range shift of many terrestrial organisms. Using meta-analysis, Chen et al. [6] estimated that the distributions of species have recently shifted to higher latitudes at a median rate of 16.9 km per decade. Our findings suggest that, in the future, the distribution of Chinese sea buckthorn will move westward at the rate of about 10.4–22 km per decade. This difference of changed direction reflects the unique monsoon climate system in East Asia. IPCC implies that the East Asian monsoon climate will strengthen, which will increase rainfall in the western part of China [31,36]. The distributional boundary of Chinese sea buckthorn is governed by the combination of water and heat conditions [17]. Therefore, the climatically suitable habitat of the species can be expanded to the western region, where rainfall is projected to increase in the future.



Because of the increase of both rainfall and heat under future climate change scenarios, water available for uptake by Chinese sea buckthorn may be reduced in most of the northern region except for the northeast region of China, which will prevent Chinese sea buckthorn from migrating far north along the latitudinal gradient. Besides, an important reason that encourages migration westward rather than northward is China’s terrain distribution pattern [37]. The western part of China belongs to the higher altitudinal area, while the eastern part belongs to the lower altitudinal region. Chinese sea buckthorn’s westward migration is accompanied by an increase in altitude. Future climate warming will result in a greater upward shift (43–128 m per decade) in optimum elevation of Chinese sea buckthorn than the observed rate of 29 m per decade in western Europe [38] and a meta-analysis rate of 11 m per decade around the world [6], which will mainly be caused by the interaction of monsoon climate and stepwise terrain in China.




4.2. Simulation Uncertainty and Its Application


Species distribution model generally estimates the realized niche, which is where species occur when in competition with other species. This is smaller than the fundamental niche, which is related to species physiological limits [39]. Booth et al. [5,40] believe that under climate change long-lived trees, already well-established at a particular site, may be able to show some of the climatic adaptability that they show in trials outside of their natural distributions. In our study, many introduced records were included in the occurrence dataset, so the simulated niche extended beyond the natural distribution.



Our simulation of the potential range of Chinese sea buckthorn is only based on climatic variables rather than other type of factors. In fact, the true suitability of a particular location for a particular species is not only a function of climate, but also of soils, disturbance regime, presence of pests and diseases, which have not been considered in the current and future climate scenarios [8]. Therefore, the simulated climatic ranges may be larger than the actual ranges of the species. Generally, it argues that soil factors are associated with the Eltonian niche, which is defined by resource-consumer dynamics and mainly relates to the fine-grained structure of distributions but can modify the limits determined by coarse-grained structure of the Grinnellian niche [41,42]. Besides, the negative effects of interspecific competition on cultivated populations can be alleviated by management in the current and future periods. We suggest that the potential ranges of Chinese sea buckthorn we have simulated under current and future scenarios are the climatically suitable habitats, which are also named as introducible areas by Booth et al. [40] or invadable areas by Peterson et al. [43].



Future climate change may produce novel climate conditions that do not exist in the current climate scenario, which requires a species distribution model to have extrapolation capabilities. Generally, the extrapolated habitat is less reliable than the interpolation habitat, which is the shortcoming of most species distribution models [44]. Li et al. [17] found that most of the climatically suitable habitat under the current climate scenario is interpolated habitat rather than extrapolated habitat, indicating that the current climatic range map of Chinese sea buckthorn is highly reliable. When the climatic niche is projected on four future climate change scenarios, we still do not know how much novel climate condition is produced and where the novel climate is located. In addition, it argues that understanding climate uncertainty is critical for effective planning in forest management in climate change scenarios [45]. To reflect this uncertainty, we used four climate change scenarios integrated by 7 GCMs, which is recommended by the IPCC AR5 [31]. The differences among the climatic ranges shift of Chinese sea buckthorn under the four scenarios can reflect the uncertainty of future climate change.



Whether the climatically suitable habitat will be occupied by Chinese sea buckthorn in the future will depend on the factors affecting migration and landscape barriers [5,46]. Therefore, the climatic ranges that we have simulated do not indicate all the areas in which the species can arrive naturally in the future. However, the climatic ranges can provide valuable information for afforestation managers to plant Chinese sea buckthorn. We have found that the increased areas of climatically suitable habitat are mainly located in the western region of China, where China’s ecologically fragile region is also located. Therefore, the expansion range maps we obtained in this study can guide monitoring of future afforestation using Chinese sea buckthorn. We believe that Chinese sea buckthorn will play a significant role in improving the ecologically fragile areas in the future.





5. Conclusions


We projected the effect of climate change on climatic ranges of Chinese sea buckthorn using species distribution model under four representative concentration paths (RCP2.6, RCP4.5, RCP6.0, RCP8.5) in the 2070s. Our results show that the future climate change will increase the overall areas of climatically suitable habitat for Chinese sea buckthorn, especially under high emission scenarios. Future climate change will lead to the westward movement of the geographical centriods at the rate of 10.4–22 km per decade and will lead to a shift in centriods of altitude at the rate of 43–128 m per decade. We believe that our study provides valuable reference data to assist the development of climate change adaptation strategies for Chinese sea buckthorn.
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Figure 1. The current climatically suitable maps based on all occurrence data. (A) The probability map; (B) The binary map (threshold = 0.3 in MaxEnt). Core climatically suitable areas of Chinese sea buckthorn mainly occurs in Xizang (XZ), Sichuan (SC), Qinghai (QH), Gansu (GS), Shaanxi (SaX), and Shanxi (SX), which are mainly located in the semi-humid and semi-arid regions of China. 
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Figure 2. Climate-related range shift in extent and location of Chinese sea buckthorn in China under four climate change scenarios in the 2070s. (A) RCP2.6; (B) RCP4.5; (C) RCP6.0; (D) RCP8.5. 
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Figure 3. Potential loss, stable, and expanded ranges of climatically suitable areas for Chinese sea buckthorn under four climate change scenarios (2070s). The loss plus stable area is equal to the current distributional area. The stable plus expanded area is equal to future distributional area. The expanded minus loss area is equal to the area change between current and future climate conditions. 
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Figure 4. Climate-related centroids shift in three geographic dimensions of Chinese sea buckthorn under four climate change scenarios in the 2070s. (A) centroid shift of range along latitudinal and longitudinal gradients; (B) centroid shift of altitude; (C) centroid shift of altitude along the longitudinal gradient; (D) centroid shift of altitude along the latitudinal gradient. 
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