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Abstract. In the present study, we establish a set of indicator systems to characterize the shifts in total 

range and core range of Chinese ash (Fraxinus chinensis) at three geographical dimensions under climate 

change scenarios in China by the year of 2070. The results show that current core range and total range 

areas were 1.3 × 106 km2 and 3.3 × 106 km2, accounting for 13.5% and 34.4% of the land area in China. 

The size of core range and total range areas will increase in varying degrees, depending on the CO2 

emission concentration path. The average of future core range and total range areas were 1.95 × 106 km2 

and 3.7 × 106 km2 across climate change scenarios, accounting for 20.3% and 38.5% of the land area in 

China. But, there was a difference in the centroid shift velocity and direction between the core and total 

ranges at the horizontal gradient. The average shift speed of total range is 11.39 km/decade toward 

northwest and that for core range is 9.32 km/decade toward northeast across climate scenarios. The 

average shift speed of the core range -9.05 m/decade downward and that for total range is 17.15 m/decade 

upward across climate change scenarios. This study indicates that the response of total range and core 

distribution range to climate change is not synchronous. Considering poleward or northward shift will 

underestimate about 2.2-20.1% for total range and 21.2-56.3% for core range. Thus, the study have 

important guiding significance for determining the potential shift route and adjust the shift speed for 

planting the tree species in response to future climate change. The indicator systems used here have a 

wide range of practicability and can applied to any species, region, or time. 

Keywords: Fraxinus chinensis, shift velocity, bioclimatic envelope model, centroid method, forest 

management, suitable habitat 

Introduction 

Global climate is changing with human interference; temperature and rainfall 

patterns have changed dramatically, which will inevitably lead to changes in the 

structure and function of natural ecosystems at different organizational levels (Geest et 

al., 2018; Zhang et al., 2019). At the species level, the shift in species range, rather than 

evolution and extinction, are currently considered the most likely strategy for adapting 

to climate change (Aitken et al., 2008; Kosanic et al., 2019). Many biological taxa have 

shifted their ranges along latitudinal and altitudinal gradients in the past few decades 

(Chen et al., 2011) and the direction of shifts in ranges is mainly related to temperature 

gradient (Lenoir et al., 2008; Lenoir and Svenning, 2015). However, this is currently not 

fully demonstrated by many studies. Species can shifted and migrated in multiple 

directions because the limitation of species range is not only temperature, but also other 

environmental and biological variables (Aitken et al., 2008; Lafleur et al., 2010; Huang 

et al., 2018). In particular, species that are sensitive to both temperature and 

precipitation may move in other directions (Li et al., 2021; Harsch and 
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HilleRisLambers, 2016). Besides, due to the location relationship between land, ocean, 

mountain and plateau, the distribution patterns of temperature and precipitation gradient 

will affect the velocity and direction of range shift for particular species (Burrows et al., 

2014; Huang et al., 2018). 

For the protection, management, and introduction of specific species in the context of 

climate change, it is necessary to quantitatively characterize the potential distribution 

range (Li et al., 2020), as well as the likely range shift velocity and direction of the 

species (Iverson et al., 2008), which are crucial for our understanding of whether the 

species can keep up with climate change in the natural state, and knowing where there is 

still afforestation potential and where the species will face threats under future climate 

change conditions (Booth, 2016). The basic method of characterizing the potential range 

of species is mainly based on the climate envelope modeling (Booth et al., 2014; 

Gobeyn et al., 2019). A climate envelope model quantitatively characterizes the realized 

climatic niche of the species based on the relationship between the species occurrence 

data and the climate variables, and then applies the realized climatic niche onto current 

and future scenarios to project the current and future ranges (Peterson et al., 2011). 

Characterizing velocity and direction of range shift is usually performed using the 

centroid method (Huang et al., 2016, 2018), which mainly calculates the latitude, 

longitude, and altitude centroids of the current and future potential distribution ranges, 

and estimates the direction and velocity of range shifts through certain calculations. 

However, a global meta-analysis have shown that few studies used a multidimensional 

approach focusing on at least two geographical dimensions (e.g. latitude and elevation) 

simultaneously to assess range shifts at the leading edge, the trailing edge or the 

optimum position (Lenoir and Svenning, 2015). What is more, previous studies have 

focused more on the total range and less on the core range of species (Huang et al., 

2017, 2018; Robinson et al., 2015). Whether the dynamics of the core range is 

consistent with that of the total range remains to be studied for many target species, as 

the dynamics of core range play an important role in the construction of nature reserves 

or seedling breeding centers for protection and utilization purpose. 

Chinese ash (Fraxinus chinensis) is a deciduous tree, which has major commercial 

use for breeding Ericerus pela to produce white wax, as well as used for woody 

products and traditional Chinese medicine (DFRPSAASE, 1994). Due to its strong 

sprout capacity and salt and drought tolerance (Ren et al., 2022), the species has a 

significantly ecological use for mountain soil conservation and urban greening projects 

(Zhang et al., 2022). With the improvement of urbanization level (Yang and Wang, 

2019) and the strengthening of ecological restoration projects in China (Bryan et al., 

2018), Chinese ash has been widely introduced to many regions of China. Numbers of 

breeding bases have also been established across the country. All these facts indicate the 

natural dispersal is not a limit factor in determining the species distribution. Previous 

studies investigated the reproductive technology (Xu and Ye, 2014; Zhang et al., 2007), 

pest control (Diao and Ding, 2004; Ma, 2022), and physiological response (Zhang et al., 

2022), which have contributed greatly to the conservation and rational use of Chinese 

ash. In terms of the response of this species to climate change, Wang et al. (2012) 

suggested that Chinese ash had a phenological response with an average advance of 1.1 

days/decade during 1952 to 2007 in ten years. However, the way in which future 

climate change is likely to affect the range shifts of this species along three 

geographical dimensions is still unknown, which is essential for development of climate 

change adaptation strategies for the species. 
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Here we established a set of indicator systems to characterize the shifts in total range 

and core range at three geographical dimensions for Chinese ash (Fraxinus chinensis) 

under future climate change based on the bioclimatic envelope model and centroid 

method. The aims of this study were to 1) estimated the current and future total and core 

ranges of Chinese ash in China, 2) characterized the velocity and direction of total and 

core range shifts under future climate. This study theoretically makes sense for 

describing the three-dimensional range shift dynamics to elucidate the response of 

species to climate change. In practice, it is of great significance for the adaptive 

management of Chinese ash to cope with climate change. 

Materials and methods 

Species and climate databases 

Occurrence data 

The specimen data for Chinese ash was obtained from the Chinese Virtual 

Herbarium (http://www.cvh.ac.cn, 2382 specimens) and Global Biodiversity 

Information Facility (http://www.gbif.org, 1426 specimens) databases. The duplicate 

specimens and specimens without locational information or coordinates were removed. 

Then, the remaining specimens were rasterized onto a raster layer with 10-arcmin 

resolution. Currently, there is a general assumption that specimen data can represent the 

climatic requirements of the species in the study of species distribution models 

(Soberon and Nakamura, 2009; Booth, 2018). Here, a grid cell was considered a 

suitable habitat when one or more specimens were located in it. However, it is an open 

question whether a grid cell could be defined as suitable habitat if only one individual 

lives there. This is beyond the scope of this study. Finally, the binary occurrence map 

with 10-arcmin resolution was converted into points, and we obtained 293 records with 

latitudinal and longitudinal values (DOI: 10.6084/m9.figshare.19736284.v1). 

 

Climatic variables 

We integrated a set of climatic factors based on BIOCLIM (Hijmans et al., 2005; 

Booth, 2018), Holdridge life zone model (Holdridge, 1947) and Kira’s index system 

(Kira, 1945). An excess of climatic factors can cause overfitting for simulating process, 

so we only selected 8 of the 19 BIOCLIM variables based on our previous research. A 

total of 13 climatic factors were used to define the climatic niches of in China, which 

were widely used in research on the relationship between species/vegetation and 

climate, at a regional or global scale (e.g. Li et al., 2018; Huang et al., 2018). The 13 

climatic variables are introduced in Table 1. 

 

Current and future climate layers 

The basic climatic layers of current and future climate scenarios were obtained from 

the WorldClim database (http://www.worldclim.org/). In the database, the current 

climatic layers were generated from thin plate smoothing splines using latitude, 

longitude, altitude, monthly temperature, and precipitation data from the averages of 51-

year (1950–2000) climate station records (Hijmans et al., 2005). 

The future climatic layers were generated from many general circulation models 

(GCMs) with four representative concentration pathways (RCP2.6, RCP4.5, RCP6.0, 
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and RCP8.5). Here, the climatic layers of future scenarios were averaged by combining 

seven GCMs to deal with the uncertainty of GCMs under four representative 

concentration pathways (Huang et al., 2018). The seven GCMs were from seven 

modeling centers of six countries: BCC-CSM1-1, CCSM4, GISS-E2-R, HadGEM2-AO, 

IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M. 

 
Table 1. Description of 13 climatic variables 

Nr. Variable Abbreviation Unit 

1 Annual mean temperature AMT °C 

2 Maximum temperature of the warmest month MTWM °C 

3 Minimum temperature of the coldest month MTCM °C 

4 Annual range of temperature ART °C 

5 Annual precipitation AP mm 

6 Precipitation of the wettest month PWM mm 

7 Precipitation of the driest month PDM mm 

8 Precipitation of seasonality PSD mm 

9 Annual biotemperature ABT °C 

10 Warmth index WI °C 

11 Coldness index CI °C 

12 Potential evapotranspiration rate PER / 

13 Humidity index HI mm/°C 

 

 

The time-period from 2061 to 2080 was selected as the target future, in which the 

annual temperature in China will increase from 6.4 °C to 8.2–10.6 °C and the annual 

precipitation will increase from 576 mm to 603–623 mm based on ensemble average 

results of the seven GCMs in contrast to that of 1950-2000. All climatic layers used be 

obtained from DOI: 10.6084/m9.figshare.19736284.v1. 

 

Simulation and range shift calculation processes 

Simulation process 

We used a Maxent model as a bioclimatic envelope model to simulate the current 

and future range of Chinese ash under current and future scenarios in China (Phillips et 

al., 2006; Elith et al., 2010). MaxEnt is a machine learning algorithm written in Java, 

and it can be used on all modern computing platforms. The software is freely available 

on the Internet (https://biodiversityinformatics.amnh.org/open_source/maxent/). The 

Maxent performance was evaluated using 10-fold cross-validation of all records and 

characterized by the area under the receiver operating characteristic curve (AUC) and 

predicted accuracy (Fielding and Bell, 1997). A jackknife test (systematically leaving 

out each variable) and the regularized gain change [log of the number of grid cells 

minus the log loss (average of the negative log probabilities of the sample locations)] 

were then used to evaluate which climatic factors were the most important in 

determining the climatic suitability of the species. 

In this study, the Maxent model expresses the climatic suitability of a grid cell as a 

function of its 13 climatic variables in China together, with 293 sample records where 

the species was observed, where the climatic suitability takes the form (Eq. 1): 
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where c1, c2, c3,… are constants; f1, f2, f3,… are the features (or variables), and Z is a 

scaling constant that ensures that P sums to 1 over all grid cells. Then, the simulated 

Maxent models were projected on the current and future climate scenarios to obtain five 

suitability maps for Chinese ash, with one map of the current condition and four maps 

of future conditions. 

We converted the five climatic suitability maps into two types of maps: total range 

maps and core range maps. The total range maps were converted from these climatic 

suitability maps with an optimal threshold of maximum sensitivity and specificity 

[max(tp/(tp + fn) + tn/(tn + fp)), tp is true positive value, fn is false negative value, fp is 

false positive value and tn is true negative value] (Fielding and Bell, 1997). The core 

range maps were also generated from climatic suitability maps with two times the 

optimal threshold. Finally, we obtained 10 range maps with five total range maps and 

five core range maps, each with one current map and four maps for four RCPs. 

 

Range shift calculation process 

The change in size of area under current and future scenarios was characterized by 

three indices: the expansion area, loss area, and stability area, which were calculated 

by the sum of the area of each occurring grid cell. The centroids of species range at 

three geographical dimensions were computed based on the following formulae 

(Eqs. 2–4): 
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where Lonc, Latc, and Altc represent the longitude, latitude and altitude centroids on the 

range map (using Geographic Coordinate System: GCS_WGS_1984; Angular Unit: 

degree), respectively, and n represents the number of occurring grid cells. The reason 

we used arithmetic means for longitude and latitude, but median for altitude was that 

occupancy grids value of longitude and latitude generally shows normal distribution 

pattern, while that of altitude value generally shows skewed distribution pattern. 

The shift velocities of range centroids along the longitudinal, latitudinal, and vertical 

directions were calculated using the following formulae (Eqs. 5–7): 

 

 nLonLonSV cflon
/)( −=  (Eq.5) 

 

 nLatLatSV cflat
/)( −=  (Eq.6) 

 

 nAltAltSV cfalt
/)( −=  (Eq.7) 

 

where SVlon, SVlat, and SValt, represent shift velocities of range centroids along the 

longitudinal, latitudinal, and vertical directions. Lonf, Latf, Lonc, Latc, represent the 
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longitude and latitude of centroids under future and current climate scenarios (using 

Projected Coordinate System: Clarke_1866_Albers; Linear Unit: meter), respectively. 

Altf and Altc represent the altitudes of centroids under future and current climate 

scenarios, respectively. The divisor n represent the time period between current and 

target future scenarios [the median value of 1950-2000 (current period, 1975) and 2060-

2080 (future period, 2070) were used to determine n value (9.5 decades) in this study]. 

The total shift velocities (SV) of ranges on earth surface were calculated using the 

following formula (Eq. 8): 

 

 SVSV latlon
SV

22
+=  (Eq.8) 

 

We also calculated the altitude 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 of altitude in each band represented the centroid 

of that band. All statistical analyses were performed on R software. 

Results 

Maxent performance and total and core distributions of Chinese ash 

The results of the ten cross-validations showed that the Maxent prediction accuracy 

is high. The test AUC reached 0.83, and the prediction accuracy rate was 71%. We 

found that MTCM, AP, and CI were the most important climatic factors determining the 

distribution of Chinese ash. The three factors could explain 84% of the variance, and 

could be divided into thermal group (MTCM and CI, 59.5%) and humidity group (AP, 

24.5%). It appeared that thermal condition was more important than humidity condition 

in controlling the distribution ranges of the species. 

Both climatic suitability map and total range map (optimal threshold is 0.26) are 

shown in Fig.1AB. They show that the total range of Chinese ash spreads throughout 

almost all provinces in the southeast of China. The total range area can occupy 34.4% 

(3.3 × 106 km2) of the land area in China. The core range map is generated from 

suitability maps with threshold of 0.52 (two times the optimal threshold, Fig.1C). It 

indicates that the core areas (with high suitability) are mainly concentrated in center part 

of China, occupying 13.5% (1.3 × 106 km2) of the country’s land area. The results of the 

ten cross-validations showed that the Maxent prediction accuracy is high. The test AUC 

reached 0.83 (Fig. 1D). 

 

Range expansion and loss under future climate change scenarios 

The increase or decrease of the future total range area and core range areas show that 

the overall range of Chinese ash is relatively stable in response to future climate change 

(Fig.2). The results show that the average of future core range and total range areas 

were 1.95 × 106 km2 and 3.7 × 106 km2 across climate change scenarios, accounting for 

20.3% and 38.5% of the land area in China. The stable area occupies 3.0–3.2 × 106 km2 

for the total range and 1.0–1.1 × 106 km2 for the core range of the species; the loss area 

occupies 0.1–0.26 × 106 km2 for total range and 0.17–0.21 × 106 km2 for the core range; 

the expansion area occupies 0.4–0.8 × 106 km2 for the total range and 0.7–1.1 × 106 km2 

for the core range. Generally, the dynamics of suitability range were more sensitive at 

high concentration path (e.g. RCP8.5) than that of low concentrations path (e.g. 
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RCP2.6). The location of expansion area in the total range was mainly distributed in the 

northern boundary and that of loss area was mainly distributed in the south boundary. 

The size of expansion area is larger than that of loss area in both core and total ranges of 

Chinese ash. 

 

 

Figure 1. Current climatic suitability maps based on all occurrence data and Maxent model. 

(A) Probability map; (B) Total range map (threshold = 0.26). (C) Core range map 

(threshold = 0.52). (D) Area under the receiver operating characteristic curve (AUC) of 10 

cross-validations 

 

 

Centroid shifts along three geographical dimensions 

The shift pattern of the total range and core range of Chinese ash in horizontal and 

vertical directions is shown in Fig.3. The results show that the centroid of total range is 

located in Changyang Tujia Autonomous County (Fig.3A), the future centroids will 

shift to the northwest, the shift velocity is 7.86–14.92 km/decade (1.65–8.76 km/decade 

along the longitudinal gradient; 7.49–12.08 km/decade along the latitudinal gradient); 

the centroid of the core range is located in Shimen County (Fig.3C), the future centroid 

will shift to the northeast, the velocity is about 6.30–12.33 km/decade (5.36–

8.67 km/decade along longitudinal gradient; 3.30–9.72 km/decade along latitudinal 

gradient). The altitude will shift to a higher altitude in the total range, from 507.5 m in 

the current climate, to 585–755 m in the future climate (Fig.3B), with a centroid shift 

velocity of 8.2–26.1 m/decade. The altitude will shift to a lower altitude in the core 

range, from 505 m in current climate to 405–433 m in the future climate (Fig.3D), with 

a centroid shift velocity from -10.5 to -7.6 m/decade. 
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Figure 2. Expansion of area, loss of area, and stability of area by overlap of current and future 

total range maps. Total range shift under RCP2.6 (A), RCP4.5(B), RCP6.0 (C) and RCP8.5(D); 

Core range shift under RCP2.6 (E), RCP4.5(F), RCP6.0 (G) and RCP8.5(H) 

 

 

We analyzed the altitude centroids along the longitudinal and latitudinal gradients in 

the total range and core range maps (Fig.4). It shows that there is no obvious rising trend 

along the longitudinal gradient, regardless of the core range or the total range (Fig.4A, C). 

In the latitudinal gradient, there was a significant trend in raising altitude in the total range 

maps, especially in the area where the latitude was higher than 30° (Fig.4B). In contrast, 

the shift of altitude in the core range has an upward or downward trend in the latitudinal 

gradient, but it is less violent than that for the total range (Fig.4C). Between 30–35°, there 

is a phenomenon of altitude decrease in the core range (Fig.4D). 

Discussion 

Climate change induced range shifts in three geographical dimensions 

We studied the effects of climate change on the distribution of an afforestation tree 

species, Chinese ash, and established a procedure that describes the speed and direction 
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of range shift in both total and core ranges for the target species in three geographical 

dimensions. Our study found that the size of total range area of Chinese ash will 

increase, mainly due to the increase of area in the northwest of China; that is, the 

expansion of the leading edge. This study is consistent with most of the results from 

similar research, such as on Hippophae rhamnoides subsp. Sinensis (Huang et al., 2018) 

and Pinus tabuliformis (Li et al., 2016). Besides, future climate change will lead to a 

loss in area of the southern boundary of Chinese ash; that is, its trailing edge shrinks. 

However, the shrink area of trailing edge is smaller than the expansion area of leading 

edge in total range. In total, the overall area of Chinese ash trees is large and will 

continue to increase in the future, which means that Chinese ash do not face the danger 

of extinction according to the theory of species–area curves (Thomas et al., 2004). 

When undertaking the adaptive management of Chinese ash to cope with climate 

change, the enhancement of dispersal ability of individual tree species, such as building 

corridors, artificial introductions, etc., should be performed more priority near the 

leading edge than that of the trailing edge. 

 

 

Figure 3. Total range shift of ash in horizontal (A) and vertical (B) gradients; core range shift 

of ash in horizontal (C) and vertical (D) gradients 

 

 

In contrast to the total range, the range size change of the core range has similar 

expansion dynamics with it. However, the change in core range is more drastic than 

total range, especially for the proportion of expansion area. The loss area for the core 
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range and the total range are small, and the average loss area is about 0.18×106 km2 

across climate scenarios. But, the expansion area in the core range is 37.5-75% more 

than that in total range, and the average expansion area for the core range is 0.9×106 km2 

across climate scenarios. It means that the core range is more sensitive to climate 

change than that for the total range. It also means that future climate change is 

conducive to the survival of this species from the perspective of climate suitability. The 

degree of benefits is increasing with the increase of CO2 concentration path. It means 

that future climate change will bring more opportunities to reforestation in high CO2 

concentration path than that in low CO2 concentration path. Species range shift is the 

better way to adapt to climate change than plasticity and gene mutation (Aitken et al., 

2008). But how fast and in which direction should Chinese ash adapts to climate change 

in three-dimensional geographical space in the late 21st century? 

 

 

Figure 4. Altitude centroid shifts in total range along the longitudinal (A) and latitudinal (B) 

gradients; altitude centroid shifts in core range along the longitudinal (C) and latitudinal (D) 

gradients 

 

 

Our study suggested that the shift velocity of range for Chinese ash is relatively slow at 

the horizontal gradients, reaching only 6.30–12.33 km/decade to northeast for core range 

and 7.86–14.92 km/decade to northwest for total range. One reason may be that Chinese 

ash occupies a wider climate niche and the driving factor of range shift is mainly the 

expansion of the leading edge rather than the contraction from the trailing edge. At the 
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same time, we should note that although the shift velocity of the total range is similar to 

that of the core range, the direction of the range shift is not strictly following the shift to 

poleward or northward. This is inconsistent with the traditional understanding (Chen et 

al., 2011; Lenoir and Svenning, 2015). Traditionally, species should shift to the north to 

track the constancy of temperature (Burrows et al., 2014). This traditional understanding 

was based on the assumption that temperature is the main limit climatic factor affecting 

species distribution. However, this study found that annual precipitation is still one of the 

limiting factors for Chinese ash. Our research did not support this hypothesis, so the shift 

direction of the core range and the total range is different from the traditional northward 

viewpoint. It indicated that simply considering poleward or northward shift will 

underestimate the actual shift velocity of Chinese ash species (underestimating about 2.2-

20.1% for total range and 21.2-56.3% for core range). 

On the altitude gradient, we found that the altitude centroid of the total range will 

increase slightly with a velocity of 8.2–26.1 m/decade, but that of the core range will 

decrease slightly with a velocity of -10.5 – -7.6 m/decade in the future scenarios. This 

means that the shift direction of the core range and the total range on the vertical 

gradient is completely opposite. The shift direction of the core range challenges the 

traditional understanding (upward shift) to a certain extent (Lenoir et al., 2008). The 

shift direction of core range was simulated to downward, which may be related to the 

increase in annual precipitation in low-altitude areas along the eastern coast of China, 

and then the increase in annual precipitation offsets the potential threat of temperature 

rise to the suitability of Chinese ash (Harsch et al., 2016; Huang et al., 2018). 

Downward shifts also mean that Chinese ash may face more intense interference from 

persistent human activities in the future, especially land use change. Therefore, much 

attention should be focused on both the impact of climate change and land use on 

suitability of Chinese ash in the future studies. 

 

Uncertainty and future efforts 

The modern bioclimatic envelope model began with the development of the 

BIOCLIM program in 1984 (Booth et al., 2014). The development of improved 

methods of climatic interpolation as part of the BIOCLIM project has allowed reliable 

estimates to be made for locations that are some distance from existing meteorological 

stations across the whole world (Hijmans et al., 2005; Fick and Hijmans, 2017). 

Important advances are now being made with providing data on soil conditions across 

the world (Booth, 2018). However, extensive testing will be required before the 

reliability of these data is determined for China. Besides, soil factors cannot be obtained 

in the future, which also limits the use of soil factors as prediction variables. Here we 

have concentrated on determining the climate niche and dimensions of potential ranges 

for Chinese ash under current and future scenarios. These range maps may be 

overestimated the range of the species according to Eltonian Noise Hypothesis, which 

believes that limitation of small-resolution factors (e.g. soil factors) can be papered over 

on large-resolution (Soberon and Nakamura, 2009). Therefore, the range shift maps 

should assist managers’ plan the rational conservation and use of Chinese ash under 

changing climates. Currently, a large amount of free land use and disturbance data can 

be obtained (Chen et al., 2017; Mu et al., 2022). Combined with our predicted range 

maps and these land use and disturbance data, a further detailed planning can be 

realized. Thus, it is conducive to climate suitability decision-making. 
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Species velocity based on projections of changes in climatic niche alone (as is the case 

here) does not inform about species’ dispersal ability. Aubin et al. (2016) defined tree 

dispersal ability as seed dispersal distance, dispersal vector and seed mass. Instead, 

species velocity as defined here was a way of quantifying species exposure to climate 

change (Glick et al., 2011). The inherent assumption of this research was that species has 

infinite dispersal capacity. However, in reality, it is difficult for species to achieve such a 

situation under natural conditions and further research is needed on whether the species 

can keep up with the pace of climate change. Interestingly, human assistant migration, 

such as afforestation and planting trees, could enhance the dispersal ability of species and 

this can break through the limit of tree migration. Numerous afforestation and greening 

projects have been carried out in China (Bran et al., 2018) and the species can play an 

important role in vegetation greening and construction. Our study provides significance 

guiding for the specific shift direction of planting tree species in response to future 

climate change, thus determining the potential shift route and adjust the shift speed. 

Conclusion 

We developed an indicator system to characterize the range shift of the total and core 

ranges of Fraxinus chinensis at three geographical dimensions under future climate 

change using the bioclimatic model and centroid methods. We found that the current core 

range and total range areas were 1.3 × 106 km2 and 3.3 × 106 km2, accounting for 13.5% 

and 34.4% of the country’s land area. The core range and total range areas will increase 

under future climate change scenarios. The centroid shift velocity and direction of the 

core and the total ranges are 6.30–12.33 km/decade to northeast and 7.86–

14.92 km/decade to northwest at the horizontal gradient. The driving force of range shift 

of the core and total ranges mainly comes from the expansion of the leading edge rather 

than the retreat of the trailing edge. At the vertical gradient, the shift direction of altitude 

in the total range is upward (8.2–26.1 m/decade), while the shift direction of altitude in 

the core range is downward (-10.5 – -7.6 m/decade). This study indicates that the 

response of total range and core distribution range to climate change is not synchronous. 

Simply considering poleward or northward shift will underestimate about 2.2–20.1% for 

total range and 21.2–56.3% for core range. Thus, the study has important guiding 

significance for determining the potential shift route and adjust the shift speed for planting 

the tree species in response to future climate change. The indicator system used has a 

wide range of practicability and can be applied to any species, region, or time. 
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