
Citation: Li, G.; Huang, J.

Multi-Directional Rather Than

Unidirectional Northward-Dominant

Range Shifts Predicted under Climate

Change for 99 Chinese Tree Species.

Forests 2022, 13, 1619. https://

doi.org/10.3390/f13101619

Academic Editor: Brian Buma

Received: 31 August 2022

Accepted: 28 September 2022

Published: 2 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Multi-Directional Rather Than Unidirectional
Northward-Dominant Range Shifts Predicted under
Climate Change for 99 Chinese Tree Species
Guoqing Li 1,2,* and Jinghua Huang 1,2,*

1 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A&F University,
Xianyang 712100, China

2 Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources,
Xianyang 712100, China

* Correspondence: liguoqing@nwsuaf.edu.cn (G.L.); jhhuang@nwsuaf.edu.cn (J.H.);
Tel.: +86-29-87012411 (G.L.)

Abstract: Climate change has a profound impact on the distribution of species on Earth. At present,
there are two contrasting views explaining the direction of species range shifts. One is a single
poleward (northward in the Northern Hemisphere) view, while the other is a multi-directional view
(e.g., westward, southward, and eastward). Exploring the universality of these two views has become
a key focus in climate change ecology. Here, we study the habitat range shift velocity of 99 tree
species in China under future climate change scenarios using a bioclimatic envelope model (also
called species distribution model) and a climate velocity method. A Monte Carlo method is used to
test the consistency between the range shift pattern and stochastic process, and confusion matrices
and kappa values are calculated to evaluate the consistency between the bioclimatic envelope model
and climate velocity method. The results indicate that the tree species in China are generally expected
to shift northwards, with northwest and northeast directions accounting for a larger proportion. The
northward-shifting species are mainly distributed in the east monsoon region of China, while the
multi-directional shifting species are mainly distributed in the alpine and arid regions of China. The
shift directions described by the bioclimatic envelope model are inconsistent with those described by
the climate velocity method. The results imply that the tree species in China support the view of the
northward shift pattern but, more specifically, should be considered in terms of a multi-directional
northward shift pattern. The results also emphasize that the inter-species variation in climate tolerance
has been largely ignored in physical-based climate velocity methods. The development of a biological
and vector operation-based climate velocity indicator may be more useful in characterizing the range
shifts of species, compared to existing physical and scalar operation-based climate velocity indicators.
This study provides favorable evidence for the pattern of climate change-induced range shifts in
China, as well as in Eastern Asia.

Keywords: range shift; climate velocity; climate change; multi-directional and unidirectional;
projection method; East Asian

1. Introduction

Our Earth has been experiencing increased warming since the 19th century [1]; how-
ever, the global rainfall has not yet formed a significant upward trend [2]. For China,
the warming range is slightly higher than the global average temperature, with a rate of
0.03–0.12◦/decade [3]. Regionally, this warming trend is more obvious in northern China,
especially in winter and spring [4]. It is generally agreed that the positive radiative forcing
of greenhouse gases is the main cause of climate warming [3]. Accordingly, simulation
results have shown that the temperature in China will increase significantly in the future,
and rainfall will also present an increasing trend [3].
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Climate change caused by global warming can have profound positive and negative
impacts on the environment, biodiversity, and the sustainability of various ecosystems [5–7];
for example, a positive effect study has predicted that the suitable forest areas in China may
increase by about 15% [8], whereas a negative study has shown, through simulation, that
forest productivity will decline in China [9]. Climate change is expected to bring challenges
regarding biodiversity conservation in China. For example, Li et al. [10] have studied the
species loss risk of 111 tree species and stated that 18% of the species may be at risk of local
extinction in the most conservative scenario; Guo et al. [11] have shown that about 40% of
species in southern China will lose more than 50% of their habitat area.

Distributional shifts are considered one of three possible strategies to deal with climate
change [12]. From this point of view, the key issue is whether species can keep pace with
climate change or how fast they must go to catch up with climate change [13]. Chinese
research on migration or range shifts has mainly focused on looking for evidence of
elevation movement. For example, Du et al. [14] have suggested that the tree species
in the forest line of Changbai Mountain had increased in the past; Dang et al. [15] and
Shi et al. [16] have suggested that the forest line in Qinling Mountain had moved to a high
altitude; Wang et al. [17] have suggested that the forest line in Tianshan Mountains has
not moved upward within the past few decades; and Liang et al. [18] have suggested that
the forest line in the Qinghai–Tibet Plateau has moved slowly upward. However, few tree
species shift patterns have been observed under contemporary climate change in terms
of the longitude and latitude gradient in China. Under the assumption that species have
unlimited dispersal capacity, Chinese species are likely to shift multi-directionally. For
example, ranges of Chinese sea buckthorn (Hippophae rhamnoides subsp. sinensis) [19] and
black locust (Robinia pseudoacacia) [20] have been predicted to shift toward the northwest
China. Alpine fir species have been predicted to shift in a multi-directional manner [21].
However, these studies were limited to specific species or groups. Whether such a projected
shift pattern is universal still needs to be further studied.

Globally, there are two popular views on the direction of species range shift in response
to climate change [22–25]. One view is that species shift poleward (northward for northern
hemisphere) in response to climate warming, based on the hypothesis that temperature is
the main factor controlling species distribution. Hereafter, we call this the classical view.
For example, Chen et al. [24] have estimated that species have shifted unidirectionally
northward at a speed of 1.69 km/year in recent decades. The other view is that species range
shift should not strictly follow the northward direction but may follow other directions as
well (e.g., southward, westward, and/or eastward). Hereafter, we call this the novel view.
For example, VanDerWal et al. [25] have found that 464 Australian birds were projected
to shift multi-directionally. Fei et al. [22] have suggested that 86 USA tree saplings were
observed to shift multi-directionally over the last three decades. Lenoir and Svenning [26]
have provided a synthesis of climate-related range shifts for plants and animals and
suggested that the hotspots of research efforts on species range shift were located in Europe,
North America, and Australia, while being weak in Asian regions.

There are three methods that may be used to explore the range shift of species in
the geographical space composed of longitude and latitude gradients: (1) observation
methods [27,28], (2) simulation methods [29], (3) and climate velocity methods [30,31].
Observation methods only rely on a large number of long time-series quadrat survey data
to study the dispersal pattern of species, according to the relative positions of seedlings and
adults in geographical space [27,28]. Simulation methods can be divided into two categories:
one comprises bioclimatic envelope models (also named as species distribution model),
which assume that species can occupy suitable habitats instantaneously [32]; the other
is migration models, which consider the actual migration process of species. For the
implementation of this kind of model, one must have a clear understanding of the dispersal
distance parameters of species [33]. Climate velocity methods only rely on long time-series
of climate data without species parameters and assume that species have similar responses
to climate change [30]. These methods are also known as the climate exposure methods [31].
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To date, these three approaches have been applied to the study of species range shift in
forests and other ecosystems around the world [28,31,34]. For China, the lack of long
time-series forest quadrat survey data limits the use of observation methods. The dispersal
distance parameters of many trees in China have not been reported either, so the use of
migration models is limited. Bioclimatic envelope models and climate velocity methods,
however, do not depend on the biological parameters of species, so they have advantages
for preliminary evaluation based on climate data as well as species occurrence data.

In order to answer in which direction the habitat range of Chinese trees will shift
under future climate conditions—that is, is it in line with the classical view or the novel
view?—we used both a bioclimatic envelope model and a climate velocity method to
study the range shift direction and speed of 99 tree species in China under various climate
change scenarios. We propose two hypotheses: (1) as some species have been projected to
shift northward, we propose the hypothesis that China’s tree species are expected to shift
northward, conforming to the classical view, and (2) as the climate velocity method does
not consider differences in the climate tolerance of species, in comparison to the bioclimatic
envelope model, we hypothesize that the results of the two methods should be expected to
be inconsistent. Answering these questions will help us to understand the habitat range
shift pattern and dynamics of tree species in China as well as enable the public to obtain an
intuitive understanding of the impact of climate change on species distribution.

2. Materials and Methods
2.1. Study Region

China has a wide variety of climate and topography types [35,36]. It is one of the most
biodiversity-rich countries in the world [37]. The annual average temperature decreases
gradually from south to north and from east to west (Figure 1A). Summer monsoons
greatly dominate the climate of the country [38]. The oceanic monsoon season arrives
earlier and leaves later in the southeast than in the northwest, and thus, the northwest has
a shorter rainy season and is more under the influence of cold and dry winter winds than
the south. Precipitation decreases from east to west due to the increasing distance from the
sea (Figure 1B). Three climatic regions exist in China: namely, humid, semi-arid, and arid
climates. The topography of China is a three-step staircase from west to east (Figure 1C).
According to these characteristics, China’s climate region can be roughly divided into three
regions: namely, the monsoon region, the arid region, and the alpine region (Figure 1D).
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2.2. Species Occurrence Data

Typical natural and introduced tree species that have become naturalized in China
were selected for the study, as they have a high coverage rate and play a key role in the
stabilization of forest ecosystems. Species occurrence data were obtained from a 1:1,000,000
Vegetation Atlas of China (polygon format) [39], which was generated through robust field
investigation and is the most systematic and comprehensive data set for Chinese vegetation.
This data source has been widely used to study the climatic niche character of typical
tree species [40], as well as the extinction risk of these species [10] and prioritization of
conservation [41]. A feature-to-raster tool was used to convert the polygons into a grid
format, with a cell size of 10 arc-min, using ArcGIS 10.6. Here, records of tree species
greater than 15 points after verification were collected. The reason for using 15 threshold
points is based on the trade-off between the number of species involved and the minimum
recording requirements of species. In this study, only species were retained, not varieties
or subspecies, as increasing these species may lead to increasing the weight of some
groups. Finally, 99 species were obtained; their names, as well as records, are provided in
Supplementary File S1 (Excel file).

2.3. Climatic Variables and Layers

A set of 13 climatic variables were used to characterize species climatic niches for
China (Table 1). These variables were selected from the BIOCLIM system (Commonwealth
Scientific and Industrial Research Organisation, CSIRO, Australia) [42], the Holdridge life
zone system (University of Michigan, Ann Arbor, MI, USA) [43], and the Kira indices
(Kyoto University, Kyoto, Japan) [44]. The three sources of climatic variables have been
widely used in research on the relationships between species/vegetation and climate at
the regional or global scale [45]. Here, we wish to describe the climate niches of species,
namely, their Grinnell niches. As the objective of this study is to assess climate change
impacts, if other small and medium scale factors (Elton niche) were included, the role of
the climate may be confused, thus making the research goal unclear. We did not include
terrain factors, as terrain is not a direct factor affecting species distribution (without direct
biological significance mechanism and process), and its role was mainly as a proxy index
of temperature.

Table 1. Description of 13 climatic variables.

ID 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



Forests 2022, 13, 1619 5 of 27

The used climatic layers were obtained from the WorldClim database [46], with a
spatial resolution of 10 arc-min. The climate layers were generated on the basis of thin-plate
smoothing splines using the mean values of the latitude, longitude, altitude, and monthly
temperature and precipitation data recorded by meteorological stations over 50 years
(1950–2000) [47]. The future climatic layers were obtained by averaging seven general circu-
lation models, including the BCC-CSM1-1 (BBC, Beijing, China), CCSM4 (NCAR, Boulder,
CO, USA), GISS-E2-R (GISS, New York, NY, USA), HadGEM2-AO (MOHC, Exeter, UK),
IPSL-CM5A-LR (IPSL, Guyancourt, France), MIROC-ESM-CHEM (NIES, Tokyo, Japan),
and NorESM1-M (NCC, Oslo, Norway). In the current study, the time period of 2061–2080
(represented as the 2070s) was selected as the target for future climate estimation, and
four representative concentration pathways (RCPs) were considered in order to deal with
the uncertainty of future climate change [1]: RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The
CO2 concentration increases from 390.5 ppm (2011) to 437.5 ppm in RCP2.6, to 524.3 ppm
in RCP4.5, to 549.8 ppm in RCP6.0, and to 677.1 ppm in RCP8.5 by the year 2070. It is
noteworthy that future temperature, precipitation, and CO2 emissions are projections,
not pre-determined outcomes. The simulated annual mean temperature will increase by
1.81 ◦C, 2.81 ◦C, 2.77 ◦C, and 4.24 ◦C, and the simulated annual precipitation will increase
by 28 mm, 41 mm, 24 mm, and 48 mm for China, under the respective scenarios.

2.4. Simulation of Species Ranges and Evaluation Processes

Current species distributions and climate conditions were used to define the climatic
niches of tree species, which were then used to project their climatically suitable distribution
under climate layers and future climate layers. In this way, we could predict species range
shifts. By far, the most common approach for simulation of species range shifts is the use of
bioclimatic envelope methods, as they mirror recent advances in the availability and access
of geospatial data for both species occurrences and climatic variables, analysis platforms,
and tools. Here, MaxEnt (maximum entropy model) was used to simulate and project
the spatial distributions of the trees under current climate conditions and the four future
scenarios [48], as it requires fewer records [49] than Bioclim [42], genetic algorithms [50],
and other algorithms [51]. MaxEnt is a machine learning algorithm written in Java that can
be used on all modern computing platforms [52]. The software is freely available on the
Internet (https://biodiversityinformatics.amnh.org/open_source/maxent/; accessed on
1 May 2021).

MaxEnt applies five different feature constraints (linear, quadratic, product, thresh-
old, and hinge) to environmental variables—namely, according to the maximum entropy
principle—in order to estimate the species distribution probability. The convergence thresh-
old (10−5), maximum number of iterations (500), and 10,000 global background points were
used to run the MaxEnt model. The logistic format of the suitability map was set as the
output of MaxEnt. The suitability was estimated by including environmental variables,
with values ranging from 0 to 1. The predictive performance of the MaxEnt models was
evaluated by the area under the receiver operator characteristic curve (AUC) [53], which
avoids the supposed subjectivity in the threshold selection process. The criteria for judg-
ment were as follows: poor, 0.5–0.6; fair, 0.6–0.7; good, 0.7–0.8; very good, 0.8–0.9; and
excellent, 0.9–1.0.

The results for each species were obtained in terms of tree probability maps, with
values ranging from 0 (the lowest probability) to 1 (the highest probability). The optimal
threshold was calculated based on the criteria of maximum sensitivity and specificity
for each species and was used to convert the probability map into a binary (0/1) map,
where one represents a suitable habitat and zero represents an unsuitable habitat. The
contributions of climatic variables to the habitat suitability of trees was tested using the
jackknife method included in the MaxEnt software [54]. A jackknife test (i.e., systematically
leaving out each variable) was used to evaluate the importance of climatic factors in
determining the potential distribution of species. Climatic variables with a contribution

https://biodiversityinformatics.amnh.org/open_source/maxent/
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percentage greater than 8% were considered to be important climatic factors (the value is
the average size, assuming that the 13 factors are equally important).

2.5. Calculation of Species Velocity and Hypothesis Testing

Species velocity (i.e., species range shift velocity) is the speed and direction necessary
to track (or keep up with) future climate change. It assumes perfect unlimited dispersal
ability for species, such that there is no lag with the projected climate change [19,28,55].
This metric is dependent on the sensitivity of individual species, as reflected in part by
their climatic niche width [56]. Here, the centroids for each tree species range under current
and future climate change scenarios were calculated using SDMTools [25]. The distance
and azimuth of the range centroid shift was calculated using the distance function in
SDMTools [25]. The species velocity is obtained as the distance between the range centroids
divided by the time taken. This method can be termed the “global” velocity, with units
of kilometers per year. The considered time period was 95 years between the present
(1950–2000) and future scenarios (2060–2080). We divided the azimuth into eight direction
classes (see Table 2 for specific standards) and then counted the number of species whose
azimuth belonged to each class. We also calculated the mean speed in each direction under
each RCP scenario as well as with respect to the three climate regions (monsoon region,
arid region, and alpine region).

Table 2. Classification of species range shift direction (unit of angle is degrees, ◦).

ID Bearing Abbreviation Center Angle Bearing Angle

1 North N 0 337.5–22.5

2 Northeast NE 45 22.5–67.5

3 East E 90 67.5–112.5

4 Southeast SE 135 112.5–157.5

5 South S 180 157.5–202.5

6 Southwest SW 225 202.5–247.5

7 West W 270 247.5–292.5

8 Northwest NW 315 292.5–337.5

In order to test the first hypothesis (whether China’s tree species should be expected
to conform to the novel or classical view), we used the Monte Carlo method to construct
a null model. That is, 80% of the 99 species (79 species) were randomly selected without
replacement, and the shift directions of these selected species were assessed. This process
was repeated 100 times. The null model was defined as the probability of shift direction in all
eight directions being equal. A T-test was used to analyze whether the observed northward
shift was significantly greater than the null value. We divided the northward shift into three
categories for testing: (1) unidirectional northward (N), (2) multi-directional northward
(NW + NE), and (3) northward (N + NW + NE). In order to compare the consistency of
shift directions under the four climate scenarios, we calculated confusion matrices and
corresponding kappa values in order to evaluate the consistency in shift direction between
each of the four climate scenarios for each of the tree species [57]. Generally, 0 ≤ kappa ≤ 1,
although negative values do occur occasionally. The kappa statistic is a statistical measure
of inter-rater reliability for categorical variables. In fact, it is almost synonymous with
inter-rater reliability [58,59]. The consistency evaluation criteria are provided in Table 3.



Forests 2022, 13, 1619 7 of 27

Table 3. Kappa level of evaluation criteria of consistency.

Kappa Agreement

<0.01 No agreement

0.01–0.20 None to slight

0.20–0.40 Fair agreement

0.40–0.60 Moderate agreement

0.60–0.80 Substantial agreement

0.80–1.00 Almost perfect agreement

2.6. Calculation of Climate Velocity and Hypothesis Testing

Climate velocity has been suggested as a useful metric for evaluating the exposure
of species to climate change [30,55,60]. It represents the initial rate at which species must
migrate over the surface of the Earth to maintain constant climate conditions [56]. The
climate velocity was derived by dividing the temporal rate of projected climate change,
in units of ◦C per year (e.g., the magnitude of change over time), by the current gradient
of climate variability, measured in ◦C per kilometer across a spatial neighborhood (e.g.,
magnitude of change over space) [55,56]. This method has been termed the “local” velocity,
with units of kilometers per year, as it only considers spatial variability within the imme-
diate neighborhood of a location [56]. Spatial gradients were computed for each map cell
using the weight average technique in a nine-cell kernel (i.e., the eight-neighbor rule) [30].
The temporal gradient was computed as the difference in the consensus climatic value
between present and future scenarios, in units of ◦C per year, for each map cell. The climate
velocity vectors were calculated by follows [31,60]:

→
vi =

(
dc/dt
dc/dx

,
dc/dt
dc/dy

)
(1)

where dc/dt denotes the change in climate variable per unit time (temporal trend) and
dc/dx (or dc/dy) is the change in the same variable per unit of distance (spatial gradient).
The temporal climate change trend is calculated based on current and future climate
scenarios. The spatial gradient for a given variable was calculated using a 3 × 3 grid cell
neighborhood, as this maximized the effective spatial resolution of the analysis [30]. The
direction of the spatial gradient was calculated as the vector sum of the latitudinal and
longitudinal gradients and its associated vector angle [60]. We used the median climate
velocity value of each climatic layer to represent the average state of the velocity of climate
change. The reason for using the median method is that extreme values will occur in plain
areas, due to the occurrence of infinitely small spatial gradients, even zero values. Due to
the heterogeneity of the local terrain, the shift direction should have great local variability.
Therefore, the shift direction was re-calculated into a map with a coarse resolution of
4◦ × 4◦, based on 10 arc-min grid cells, in order to illustrate the climate velocity in China.
Overall, spatial gradients in coarse resolution were calculated as the vector sum of the
N–S and E–W gradients, with the associated vector angle giving the direction of the
gradient [30,60]. In order to test the second hypothesis—whether the results obtained by
these two methods were consistent—we used a confusion matrix and corresponding kappa
value to evaluate the consistency in shift direction between species velocity and climate
velocity under the four climate scenarios [57].

3. Results
3.1. Model Performance and Important Climatic Variables

The average AUC value for the 99 tree species predicted by MaxEnt simulation was
0.96 ± 0.05, which indicated that the MaxEnt model could accurately simulate the habitat
suitability of trees in China (see Supplementary File S1 for the specific simulation results).
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The average values of their importance are shown in Figure 2A. The coldness index, annual
precipitation, humidity index, and annual temperature range were the four most important
variables in determining the distribution of trees in China. The distribution frequency of
important climatic variables, based on the threshold of 8%, is shown in Figure 2B. From
the figure, it can be seen that the number of most species were also related to the coldness
index, annual precipitation, humidity index, and annual range of temperature. Meanwhile,
both methods demonstrated that AMT has relatively little influence on the distribution of
tree species in China.
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3.2. Velocity of Species Habitat Range Shifts

As shown in Figure 3 and Table 4, the shifts in the species habitat range of Chinese
trees were predominantly multi-directional. The statistics indicated that, depending on
the RCP scenario, 51–64 species presented northward shifts (N + NE + NW), but only 13
to 16 showed unidirectional northward shifts (N), of all 99 tree species. Westward shifts
became increasingly common under the more pessimistic emissions scenarios. Furthermore,
unidirectional westward shifts and northwesterly shifts were of higher magnitude than
unidirectional northward shifts, regardless of the emissions scenario. By averaging the
speed of each species under each directional band under the four RCP scenarios, the shift
speed in the north, south, and southeast directions was relatively small, while those in the
west, southwest, and east directions were at a high level. The average speed of range shift
was as low as 0.71 km/year in the SE direction under RCP2.6 to as high as 5.65 km/year in
the SW direction under RCP8.5.
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Figure 3. Change from 1975 to 2070 in the distribution centroid of the climatic habitat of Chinese
tree species. The arrows represent the distance (magnitude) and direction of change of the centroid
of suitable habitats over the 95-year period under four RCP scenarios: (A) RCP2.6, (B) RCP4.5,
(C) RCP6.0, and (D) RCP8.5.

Table 4. The number and shifting velocity of trees in eight directional classes under four climatic
change scenarios.

Direction
Number of Species Speed of Shift (km/year)

RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5

N 16 13 13 14 0.86 ± 0.45 1.61 ± 0.77 1.53 ± 0.87 2.41 ± 1.58

NE 15 8 14 10 1.35 ± 0.88 1.63 ±1.37 1.79 ± 1.36 2.63 ± 2.47

E 6 10 7 6 2.34 ± 1.82 1.8 ± 1.96 2.3 ± 2.28 3.09 ± 2.49

SE 6 3 3 1 0.71 ± 0.53 1.52 ± 0.4 1.61 ± 0.43 2.27

S 0 1 1 3 - 0.79 0.80 1.13 ± 1.02

SW 3 5 7 8 2.59 ± 1.10 4.80 ± 3.24 3.31 ± 3.03 5.65 ± 5.14

W 20 23 26 30 2.00 ± 0.99 2.45 ± 1.27 2.46 ± 1.5 3.81 ± 2.42

NW 33 36 28 27 1.18 ± 0.75 1.84 ± 1.2 1.83 ± 1.04 3.21 ± 2.61

Average shift speed across species and directions 1.40 ± 0.99 2.06 ± 1.54 2.07 ± 1.53 3.34 ± 2.74

Moreover, the species shifting to the north were mainly concentrated in the monsoon
region, followed by a small number in the arid region, while almost no tree species in the
alpine region strictly shifted to the north (Table 5). In terms of multi-directional range
shifting, species in the monsoon region were mainly shifting to the northwest and northeast,
species in the alpine region were mainly shifting to the west and northwest, whereas species
in the arid region had similar shifting performance in all directions (Table 5). Among the
species shifting in the western direction, the shift speed was generally fast in both low- and
high-concentration paths. Species shifting to the northwest generally shifted faster under
high-concentration paths. Among all species, the places with fast shift speed were mainly
in the west, east, and northwest of China. Species generally shifted faster to the east in arid
areas than in other regions. This indicates that the shifting speed also presented regional
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differences; however, the difference was smaller across geographical scale than that in the
time scale under different climate change scenarios (Table 5).

Table 5. Species shift speed and numbers across directions, RCP scenario, and regions (unit of speed
is km/year; numbers in brackets indicate the number of species).

Region Scenario N NE E SE S SW W NW

Monsoon
region

RCP2.6
0.87 ± 0.47 1.47 ± 0.89 0.97 0.77 ± 0.77 - - 2.21 ± 1.12 1.52 ± 0.87

(14) (10) (1) (3) (6) (15)

RCP4.5
1.60 ± 0.86 1.88 ± 1.52 0.95 ± 0.87 1.60 - - 3.40 ± 1.30 2.01 ± 1.29

(10) (6) (6) (1) (7) (19)

RCP6.0
1.53 ± 0.99 1.88 ± 1.44 1.13 ± 0.31 1.42 - 1.13 3.39 ± 1.85 2.09 ± 1.22

(10) (11) (3) (1) (1) (7) (16)

RCP8.5
2.42 ± 1.89 3.17 ± 2.49 1.35 ± 0.57 2.27 0.45 1.60 ± 0.13 6.23 ± 2.09 3.62 ± 3.16

(10) (8) (3) (1) (1) (2) (7) (17)

Alpine
region

RCP2.6 - - - - - - 1.81 ± 0.64 1.01 ± 0.54
(10) (12)

RCP4.5 - - - - - - 2.00 ± 0.71 1.73 ± 0.87
(10) (12)

RCP6.0 - - - - - - 2.37 ± 1.00 1.44 ± 0.48
(13) (9)

RCP8.5
2.21 - - - - - 3.02 ± 1.27 2.52 ± 1.05
(1) (11) (10)

Arid region

RCP2.6
0.79 ± 0.22 1.11 ± 0.90 2.61 ± 1.89 0.64 ± 0.33 - 2.59 ± 1.11 2.14 ± 1.63 0.66 ± 0.32

(2) (5) (5) (3) (3) (4) (6)

RCP4.5
1.64 ± 0.50 0.85 ± 0.32 3.07 ± 2.58 1.48 ± 0.56 0.79 4.8 ± 3.24 2.08 ± 1.53 1.46 ± 1.63

(3) (2) (4) (2) (1) (5) (6) (5)

RCP6.0
1.52 ± 0.31 1.48 ± 1.16 3.17 ± 2.81 1.70 ± 0.57 0.80 3.67 ± 3.15 1.57 ± 1.60 1.55 ± 1.06

(3) (3) (4) (2) (1) (6) (6) (3)

RCP8.5
2.42 ± 0.15 0.49 ± 0.26 4.84 ± 2.44 - 1.47 ± 1.17 7.00 ± 5.31 3.11 ± 2.58 -

(3) (2) (3) (2) (6) (12)

The range shift direction consistency between climate scenarios is shown in Figure 4.
The confusion matrices indicated that 85 out of 99 species showed similar shift directions
when comparing RCP4.5 and RCP6.0, while only 53 species showed similar directions
between RCP2.6 and 8.5. Although the consistency varied greatly, the Kappa values of
all pairs were greater than 0.4, indicating at least a moderate degree of matching. Among
them, RCP4.5–RCP6.0 had the highest matching degree, reaching kappa = 0.784, indicating
substantial agreement. RCP2.6–RCP4.5 and RCP6.0–RCP8.5 also achieved substantial
similarity, with kappa greater than 0.6. RCP2.6 and RCP8.5 presented the greatest difference,
with the lowest kappa (0.421), as the two extreme climate change scenarios represented the
most pessimistic and optimistic concentration pathways, respectively.

The test results regarding whether the occurrence probability of the shift direction was
significantly greater than the random probability are shown in Figure 5. It can be seen that
the probability of unidirectional northward shift (N) was significantly higher than that of
random distribution (t = 21.52, df = 99, p-value < 0.05), the probability of multi-directional
northward shift (NW + NE) was significantly higher than that of random distribution
(t = 94.069, df = 99, p-value < 0.05), and the overall northward shift (N + NW + NE)
probability was also significantly higher than that of random distribution (t = 167.47,
df = 99, p-value < 0.05). These results indicate that species will predominantly shift
northward, which means that our study supports the first hypothesis; that is, the range
shift of most of the trees can be explained by the classical view (northward), rather than the
novel view (i.e., westward, eastward, or southward).
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Figure 5. T-test of observed and expected probabilities of range shift for north, northwest + northeast,
and north + northwest + northeast directions.

3.3. Velocities of Climate Change

The climate velocity of 13 climate variables were calculated with two grid sizes. The
fine results, with 10 arc-min resolution, are provided in Supplementary File S2 (climate-
velocity-file-for-13-factors). In different climate change scenarios, the boxplot maps of
climate velocity for the 13 climatic variables are shown in Figure 6. The results indicate that
the climate shift speed of temperature-related variables is higher than that of precipitation-
related variables, and this relationship is not affected by the change of CO2 emissions
concentration pathways. On average, the warmth index and mean temperature of the
coldest month presented the highest average climate shift speed, both reaching more than
3.6 km/year. In contrast, the annual range of temperature presented the smallest shift speed
in these temperature-related variables, with an median value of only 1 km/year. In the
precipitation-related variables, the median range of shift velocity was only 0–1.2 km/year.
Among them, potential evapotranspiration rate and precipitation of the wettest month had
the highest shift speed, while precipitation of the driest month had the lowest shift speed.
Furthermore, the variation range of the shift speed of temperature-related variables was
still larger than that of precipitation-related variables, and the variation range increased
with the increasing CO2 emission concentration pathways.
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The coarse resolution climate shift direction maps, with 4◦ × 4◦ grid, are provided in
Figures A1–A13 in the Appendix A for the 13 climate variables. Here, we only show the
climate shift direction for annual mean temperature across scenarios as well as the vector
average of all 13 climatic variables across scenarios (Figure 7). The results indicate that the
annual mean temperature shift direction will point (or approximately point) to the north in
North China, Central China, South China, and Southwest China, whereas it points to the
northwest in the Northeast China. However, it did not present a clear direction and, so,
indicates a multi-directional state for the temperature shift direction in Northwest China.
The vector average state of the climate shift direction also showed a similar pattern as
annual mean temperature. The main reason may be that the high temperature shift speed
has a high weight in the vector calculation.

As the climate shift direction is mainly determined by the temperature, the climate
shift direction of the average annual temperature across scenarios was compared with
the species shift direction under the four climate scenarios. The confusion matrices and
corresponding Kappa values are shown in Figure 8. The results demonstrate that only
11–16 species of the 99 species had consistency. The corresponding kappa values were all 0,
indicating no agreement between all data sets. Therefore, the results support the second
hypothesis that species velocity- and climate velocity-based approaches should lead to
different results.
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4. Discussion
4.1. Species-Projected Range Shifts Are Predominantly Multidirectional

Existing studies on tree range shift in China have mainly focused on the elevation
gradient [14–18]. Due to a lack of long-term measured quadrat data, there is a lack of
comprehensive evaluations on the migration speed and direction of tree species in latitudi-
nal or longitudinal directions from the perspective of observation methods. To make up
for this shortcoming, this study provides the first comprehensive assessment of the range
shift speed and direction of Chinese trees under future climate change scenarios from the
perspective of simulation methods. This study is expected to provide the public with a
preliminary impression of the spatial variation of species range shift velocity in China.
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Our study demonstrated that 51–64 of the 99 considered species presented northward
shifts (N + NE + NW), and the t-test results indicated that the percentage of these species
was significantly greater than that in a random process (p < 0.05). This supports our first
hypothesis that the range shift of most of trees can be explained by the classical view
(northward) rather than the novel view (westward, eastward, or southward). However,
the northward range shift included three grades of directions (N + NE + NW); in this
line, does the unidirectional (N) or multi-directional northward (NE + NW) dominate?
Our study showed that only 13 to 16 species belong to the unidirectional northward
direction category, while the remaining 37–48 species presented shifts in a multi-directional
northward direction. That is to say, we can draw the conclusion that multi-directional
northward may better describe the possible shift direction of tree species in China. This
means that China’s tree species are similar to tree species in eastern North America, which
have presented multi-directional shifts in an analysis of the abundance patterns of trees [23].
Significantly, it is possible to under-estimate the shift speed of species only based on the
assumption of unidirectional northward direction shifting. Chen et al. [24] have sustained
the unidirectional northward view and estimated that the average global shift speed of
species is 1.69 km/year. VanDerWal et al. [25] have refuted this view and estimated that
the degree of under-estimation is close to 57%, in contrast to a multidimensional view. Our
study supports the viewpoint of VanDerWal et al. [25], as the under-estimation was about
64% for all species taken together.

The range shift direction of species depends on the change of external climate and
depends on the tolerance of the species to climate. Therefore, the shift direction of different
species should not be similar, in response to varying future temperature and precipitation
conditions. Increasing CO2 concentrations has been the main driving force of China’s
climate change in the past [3] and will also play a key driving role in the future. We
found that both pessimistic and optimistic scenarios had similar impacts on the range shift
direction of species but had various impacts on the shift speed of species. The observed
phenomenon indicates that an increase in CO2 concentration mainly affects the intensity
change, regarding the amplitude of temperature and precipitation, instead of changing the
azimuth pattern. This means that, under the high CO2 emissions scenario, species need to
make more efforts to find a suitable niche in a similar shifting direction than that in a low
CO2 emissions scenario. The prediction of habitat range shifts for 134 tree species in the
eastern United States also showed that species will experience higher habitat shift pressure
under high CO2 emissions [61]. We can infer that, once the expected speed is greater than
the dispersal ability of the species itself, rapid climate change will significantly increase the
risk of extinction of the species, which may be local extinction or global extinction.

In addition to the northward shift pattern, there were still 35–48 species that were
observed to shift westward, southward, and/or eastward. Two possible mechanisms can
explain this phenomenon. One is that the assumptions established in the classical view are
not tenable (single warming variable driven range shift). Besides temperature, precipitation
is also an important factor affecting species distribution (Figure 2). The factors of precipi-
tation in China, as well as temperature, present multi-dimensional shift characteristics in
geographical space (Figures A1–A13). Therefore, species sensitive to precipitation likely
do not satisfy the classical view. For example, in this study, it was found that most of
the species in the northwest arid area of China were projected to shift to the east, south,
and west; mainly because precipitation in the western arid area is the main limiting factor
restricting the distribution of these species [62]. Fei et al. [23] have studied the migration
dynamics of saplings of 86 tree species in the eastern United States over an observation
period of 30 years, and also believed that the multi-directional migration of saplings was
mainly related to precipitation, rather than temperature variables. Another explanation is
that species could shift to high altitudes, instead of shifting to high latitudes, in the process
of seeking a constant temperature niche; that is to say, China’s three-step topographic struc-
ture from West to East along the longitude gradient should lead to species shifting to the
west to pursue a constant temperature (Figure 1). Especially considering the alpine region
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of the Qinghai–Tibet Plateau, which is the “roof of the world,” most of its surrounding areas
showed multi-dimensional shift characteristics to the west, south, or east. Therefore, the
classical northward shift view is probably not fully applicable to China’s forest ecosystems
in precipitation-sensitive regions or mountainous areas with topographic heterogeneity.
These two possible mechanisms may also be applicable in other regions of the world, such
as western Asia and the arid regions of Africa, where similar research is still lacking.

4.2. Explaining Species Velocity Using Climate Velocity

We found that both the use of climate velocity- and species velocity-based methods
indicated that, in the future, tree species habitats will generally shift northward, as well as
westward, eastward, and southward. The shift velocity described by the two indicators
were both similar and different in various aspects. The similarities were mainly reflected
in the huge differences in the shift directions between regions and CO2 concentration
paths. This indicates that we cannot view the shift direction of a species from a single
point of view in different regions of China [24]. The difference between species velocity
and climate velocity involves the internal assumptions in the calculation of these two
indicators [19,29,30]. First, climate velocity is a physical index, which only describes
the dimension of the climate itself, without considering the ecological characteristics of
the species [30]. The multi-directional shift represents the speed and direction of the
pursuit of constant temperature or rainfall by species and reflects inherent differences in
physical properties of climate change. Furthermore, climate velocity can be characterized
by many climatic variables in addition to AMT and AP [63]. However, many important
climate dimensions have not been paid much attention to in past research [30,55,60]. We
characterized 13 climate dimensions and found that the speed and direction are different
when using different variables to describe the climate velocity.

The species velocity, calculated by the climate envelope algorithm, depicts the climate
niche of species [19,29], which implies that each species has a different response to varying
climate conditions. Additionally, the important climatic factors that affect the distribution
of species are not necessarily AMT and AP [63]. In our study, we found that the important
factors affecting the distribution of species were generally AP, ART, CI, and HI, indicating
that the climate tolerance of species needs to be characterized in a multi-dimensional
manner. Records of 293 species from the United States in western North America over the
past 40 years have shown that species are equally likely to migrate upward and downward
on the altitude gradient [64], indicating that the altitude migration of species cannot
be explained only by climate warming but also depends on seasonal temperature and
precipitation changes. The climate velocity assumes that there is no difference between
species and that they have the same response to climate change. This internal assumption
is inconsistent with the actual situation of the species, which leads to differences between
the two methods in describing the direction of species range shifts [63]. Therefore, the
habitat range shift speed and direction of species are not consistent with the climate velocity
described by AMT. Thus, our results support the second hypothesis; that is, the results
obtained from species velocity- and climate velocity-based methods are inconsistent.

4.3. Research Limitations and Future Perspective

In our research, we used a climate envelope model to study the suitable habitat
areas for various species. Accurate characterization of species-specific climate tolerance
is necessary for such models [20,65]. In our study, we used locations within the native
range of species to characterize their climatic niche. The results of introduction and
cultivation experiments have shown that some tree species may survive and reproduce
under climatic conditions beyond their original areas [42,65], showing that some tree
species may have a wider range of climate tolerance. This indicates that using only local
occurrence data may lead to an under-estimation of climate tolerance, to a certain extent,
thus under-estimating species distribution areas [66], which may affect the migration speed
and direction estimates. Therefore, it is not an accurate description of the habitat range
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of species but an approximate possible measure. Nevertheless, this study can give the
public an intuitive visual understand of climate change-induced range shift of tree species
in China. It also provides reference for further study of tree species migration in China
based on observation data.

In addition, the species velocity in this study refers to the shift velocity of the habitats
of species, not the migration velocity of the species themselves [61]. The migration velocity
of a species depends on its dispersal ability, which is closely related to its propagation
characteristics as well as the availability of dispersal vectors, such as birds or other ani-
mals [12,13,67,68]. This means that the multi-dimensional shift direction obtained in this
study refers to the shift direction of suitable habitats. The priority occupation effect [69],
competition effect [16], soil [70], and land uses [71] may hinder the further migration
of species, while moderate and intense interference are conducive to the colonization of
species, including fire and logging [72]. In China, research on whether species have suffi-
cient ability to track their climate habitat is currently largely concentrated on the elevation
gradient [14,15,17,18] but rarely on the latitude or longitude gradient, which limits our
reasonable evaluation of the dispersal abilities of various species. Therefore, incorporat-
ing functional traits into the assessment of species migration is an area that should be
strengthened in the future [13,29]. The premise to achieve this goal is the accumulation
of a large number of observation data. Interestingly, Tamme et al. [33] have proposed a
method to estimate the maximum dispersal distance of species based on plant functional
traits. Applying this method to Chinese tree species may be a good attempt to preliminarily
understand the dispersal capacity of Chinese trees, which still requires further research.
However, one thing is certain: under human-assisted migration, including afforestation and
other human activities, the dispersal ability of species can be enhanced, which can serve to
break the bottleneck of the speed of tree migration, and may lead to unlimited dispersal
capacity. China is carrying out many prominent ecological projects [73,74], and this study
may have important guiding significance for the specific shift direction of planting tree
species, thus determining the potential migration route and adjusting the migration speed.

The assumptions used to characterize species velocity and climate velocity are incon-
sistent, which led to the difference between the two results. Both have advantages and
disadvantages; for example, species velocity takes into account the climate tolerance [32,61]
and the depicted shift is species-specific, but this method does not consider the impact of
terrain and other surrounding environment on species dispersal [75]. By contrast, climate
velocity does not consider the climate tolerance of species but considers the possible impact
of local terrain differences on species dispersal [30,60]. However, previous studies that
have defined climate velocity only refer to the annual mean temperature and annual pre-
cipitation [30,60], which is far from suitable for describing the multi-dimensional climate
space of the realized climate niche of species [63]. In the future, it may be of more ecological
significance to establish a more comprehensive climate change velocity index, based on the
different weights of different climate variables. For example, Shi et al. [34] have calculated
the drought index to describe the climate velocity and have evaluated the associated bio-
diversity threat status. However, the shift direction was not considered in the calculation
process of the drought index. In the future, the development of a comprehensive vector
operation, rather than scalar operation, for producing climate velocity may be a worthy
research direction [31,63].

Additionally, future climate change is unpredictable and uncertain. Based on pes-
simistic and optimistic estimates of social development and technological development,
the IPCC has designed a set of representative concentration pathways in order to reflect the
uncertainty of climate change [1]. In this study, four RCPs were used to characterize such
uncertainty. However, global climate models still generate uncertainties [76] and, so, we
averaged seven GCM approaches to characterize the dominant trends in climate change,
without considering the extremes that an individual GCM may produce. Therefore, there
should be uncertainties in the results of the study. Such results cannot be used directly for
policy formulation, but can provide scientific reference for policy-makers. The choice of
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scale may have a certain impact on the study of species velocity and climate velocity [77,78].
Although we did not assess the impact of scale on the species habitat simulation, we as-
sessed the impact of scale on climate velocity. We speculate that scale has a certain influence
on the calculation of species velocity [79,80]; however, its impact on climate velocity is
huge [31]. In our study, we mapped the climate change velocity of 13 climate variables
in China, with two resolutions of 10 min × 10 min and 4◦ × 4◦. On the fine scale, the
shift direction of climate was disordered and has no good regularity, but it presented good
regularity at 4◦ × 4◦ resolution. Setting a higher range of resolution gradients and studying
the impact of resolution on the direction of climate change are scientific questions worth
further discussing in the future.

5. Conclusions

The relationship between climate change and range shift features three key points:
one is population shift, one is habitat shift, and the other is climate shift. The classical
view of population shift directions caused by climate change is based on the assumption
that population shift is simply linearly related to the temperature shift. Here, we used
habitat shift to represent population shift, based on the assumption of infinite capacity of
dispersal, and evaluated the range shift directions of 99 tree species in China. Our results
support the classical view; however, this view is still not absolutely correct, and there
were even completely opposite cases (i.e., supporting the novel view). It is possible that
the climate change-induced range shift of species should belong to a transitional state of
classical and novel views, depending on terrain heterogeneity and precipitation sensitivity
of the study area. This suggests that we should re-examine the three meanings of shift in
the relationship between climate change and range shift. Theories and methodologies that
link the three meaning of shift should be strengthened in future climate-change-induced
range shift studies.
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10 min × 10 min under four climate change scenarios.
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