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Abstract: Acer truncatum Bunge and Xanthoceras sorbifolium Bunge are small deciduous trees dis-
tributed in East Asia and have high ecological and nutrient value due to their strong environmental
adaptability and seed oil abundant in nervonic acid and unsaturated fatty acids. However, their
natural distribution remains unclear, which will also be affected by the changing climatic conditions.
The main purpose of this study was to map and predict the current and future potential suitable habi-
tats of these two species using MaxEnt based on the presence location of species and environmental
variables. The results showed that A. truncatum was more suitable for warm and humid climates and
was more durable to climate change compared to X. sorbifolium. Under the current environmental
conditions, the suitable habitat of A. truncatum was mainly concentrated in Inner Mongolia Plateau,
Loess Plateau, Sichuan Basin, Northeast Plain, North China Plain, Korean Peninsula, as well as Japan,
with an area of 115.39 x 10* km?. X. sorbifolium was mainly distributed in Inner Mongolia Plateau
and Loess Plateau with an area of 146.15 x 10* km2. Under future climate scenarios, the model
predicted that higher concentrations of greenhouse gas emissions could result in greater expansion
of the potential distribution of both species. Meanwhile, the study also revealed that the two species
migrated to the north by east to varying degrees with the change in suitable habitats. This work
could provide scientific basis for resource protection and utilization of the two economic forest trees.

Keywords: climate change; woody oil crops; MaxEnt; potential distribution; environmental variables

1. Introduction

The temporal and spatial variation of climate has a direct and profound influence
on the distribution pattern of species, especially on the growth and population size of
plants [1-3]. However, changes in surface vegetation also directly affect global climate
change. [4-6]. The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment
Report revealed that the global average surface temperature in the last 10 years (2011-2020)
was 1.09 °C higher than that in 1850-1900, and 0.19 °C warmer than that in 20032012 (the
period assessed in the fifth Assessment report). These data indicate that global temperature
is still rising, and global warming has not stopped (IPCC, 2021) [7]. In addition, the
global precipitation pattern is also changing, with arid areas becoming drier and humid
areas becoming wetter [8,9]. These environmental changes will unquestionably affect the
distribution of plant species.
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The wild distribution of Acer truncatum is mainly located in North China Plain and
Korean Peninsula, and the wild distribution of Xanthoceras sorbifolium is mainly located
in the Loess Plateau and Inner Mongolia Plateau. A. truncatum and X. sorbifolium are two
high-yield and high-quality woody oil crops with huge development potential. Both are
deciduous broadleaf trees, which are widely cultivated in China due to their important
economic value. The seed kernels of A. truncatum and X. sorbifolium are rich in fatty acids,
especially unsaturated fatty acids, such as oleic acid (OA) and linoleic acid (LA) [10,11]. OA
is a monounsaturated fatty acid with only one carbon-carbon double bond in the carbon
chain [12], which has physiological effects, such as regulating blood lipids and reducing
cholesterol. LA is an unsaturated fatty acid with two carbon—carbon double bonds in the
carbon chain. As an essential fatty acid, it cannot be synthesized in the human body and
must be taken from food. LA plays an important role in regulating body function [13,14].
Moreover, the seed oil of A. truncatum and X. sorbifolium contains more than 5 and 3% of
nervonic acid (NA), respectively, which are generally absent in other vegetable oils. NA
are essential nutrients for brain development and maintenance and can prevent diseases,
such as Alzheimer’s disease, brain atrophy, and memory decline. It can also be added to
infant formula food as a food additive to promote infant intellectual development and
improve memory. It is mainly used in health products and drugs [15,16]. In fact, NA is most
abundant in the seed kernel of Malania oleifera Chun & S.K.Lee (>60%). However, M. oleifera
is an JUCN red listed tree and restricted to the Karst region of southwest China [17]. A.
truncatum and X. sorbifolium, with much broader distribution, large fruits and considerable
yield of nervonic acid are promising new resources for NA. In addition, A. truncatum and
X. sorbifolium have strong environmental adaptability and beautiful tree shape; therefore,
they are often used for street trees and desertification control. At present, A. truncatum has
been widely planted as afforestation tree species in China, Korea and Japan [18,19], and
X. sorbifolium has large-scale cultivation in Northwest, Central and North China [20].

Predicting plant distribution through models under future climate change is the
basis for increasing economic productivity and reducing ecosystem damage [21]. Species
distribution models (SDMs) combine the environmental variables with the actual species
distribution points to simulate the changes of ecological niche in time and space [22].
Researchers have developed a variety of SDMs models such as bioclimatic modeling [23],
genetic algorithm of rule set production [24], domain environmental envelope [25], and
maximum entropy (MaxEnt) [26] according to their needs. Among them, the MaxEnt
model has good explanatory power for the adaptability of species habitat in various
research [15,27,28]. In recent years, MaxEnt has been used to simulate the potential suitable
habitat of various organisms, and good prediction results have been achieved [29,30].

With global climate change, the research on the potential geographical distribution
of A. truncatum and X. sorbifolium in the future will provide theoretical support for the
development and reasonable promotion of these two economic forest trees [31]. In this
study, a MaxEnt model was used to predict the potential distribution of A. truncatum and
X. sorbifolium. Under the current and future climate scenarios, the centroid positions and
migration trend of the two species were simulated, and their suitable habitats were quanti-
fied. This study will facilitate rational development and utilization of these two species
and the construction of ecological industry in the case of climate change in the future.

2. Materials and Methods
2.1. Species Occurrence Data

Species occurrence data of A. truncatum and X. sorbifolium were obtained from the
Global Biodiversity Information Facility (GBIF, https:/ /www.gbif.org/, accessed on 8 June
2021), the Chinese Virtual Herbarium (CVH, http:/ /www.cvh.ac.cn/, accessed on 8 June
2021), and field surveys. In order to ensure the accuracy of the data, the collected occurrence
records were screened as follows: (1) repeated occurrence records were removed and each
occurrence records had accurate geographical coordinates. (2) With the help of ArcGIS
(version 10.5, ESRI, Redlands, CA, USA), the records were spatially filtered so that only
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one record appeared in each grid (10 x 10 km) cell to correct the sampling bias. (3) The
occurrence records under different environmental variables were stratified and sampled
by ArcGIS, and then the corresponding environmental data of all distribution points were
derived and screened to ensure that each record had accurate corresponding environmental
variable values. The above operations could correct the sampling deviation and ensure the
accuracy of occurrence records in niche model construction. Finally, 242 occurrence records
of A. truncatum and 102 occurrence records of X. sorbifolium were obtained (Figure 1).
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Figure 1. Distribution records and study regions of A. truncatum and X. sorbifolium.

2.2. Study Regions

In this study, areas of 500 km radius outside all the occurrence records of A. truncatum
and X. sorbifolium, respectively, were set as buffers. Then, all the buffers were superimposed
to form a buffer of study region for each species (Figure 1). The two study regions formed
included all possible migration events under future climatic conditions and reduced ex-
trapolations when projecting under other or larger dominant climate conditions. These two
species are widely distributed in the natural environment and cross geographic barriers
such as mountains and oceans in the study area, so geographic factors can be ignored. At
the same time, study regions also contained the candidate areas that species may reach in
the future as a result of assisted migration [27].

2.3. Environmental Variables

In this study, 31 environmental variables that may affect A. truncatum and X. sorb-
ifolium, respectively, were selected to predict current and future habitats of the two tree
species. Among them, 19 bioclimatic variables came from the World Climate Database
(https:/ /www.worldclim.org, accessed on 8 June 2021) [32]. Growing degree day (GDD),
soil pH (SpH), and soil organic carbon (SC) were derived from global sustainable devel-
opment (https:/ /nelson.wisc.edu/sage/, accessed on 8 June 2021) [33]. Ground-frost
frequency (FRS), wet-day frequency (WET) and vapor pressure (VAP) were derived
from IPCC (https:/ /www.ipcc.ch/data/, accessed on 8 June 2021), and global ultravi-
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olet UVB1—6 were derived from gIUV database (https://www.ufz.de/gluv/, accessed on
8 June 2021) [34].

Future bioclimatic variables were derived from CCSM4 (Community Climate System
Model v. 4.0), developed by the Center for Atmospheric Research (Boulder, CO, USA). Four
emission scenarios of RCP (representative concentration pathways) 2.6, RCP4.5, RCP6, and
RCP8.5, which represent all possible ranges of total radiative forcing values +2.6, +4.5, +6.0,
and +8.5 W/m?2 in 2100 relative to those before industrialization, were established in the
fifth IPCC climate assessment report [35]. In this study, four climate scenarios of 2050s and
2070s were used to simulate and predict the future suitable habitats. The changes in these
habitats over time could be observed through comparing. The remaining environmental
factors (GDD, SpH, SC, FRS, WET, VAP, and UVB1-6) were fixed in the prediction of
potential distribution areas in the future.

All the environmental variables were resampled. The unified spatial resolution was
30” (approximately 0.86 km?). In order to avoid the interferences between the selected
environmental factors, the variance inflation factor (VIF) was used to eliminate the data
with high correlation coefficient. First, 10,000 random distribution points were created
in the study regions of A. truncatum and X. sorbifolium, respectively. The data of the
31 environmental factors of each distribution point were sampled and screened, which
would be retained with VIF value less than 10 [36].

In the MaxEnt, a jackknife test is used to calculate the contribution rate of environmen-
tal variables to species distribution, which is used to determine the main environmental
variables affecting species distribution.

2.4. Assessment of Current and Future Habitats

The occurrence records of A. truncatum and X. sorbifolium, respectively, and the environ-
mental variables at different periods were imported into MaxEnt 3.4.3
(http:/ /biodiversityinformatics.amnh.org/open_source/maxent/, accessed on 8 June 2021)
for the simulation of suitable habitats. Additionally, 75% of the distribution point data
were randomly screened as the training set, and the remaining 25% of the samples were
used to verify the model. The simulation calculation was repeated 20X in the way of
secondary sampling, and the maximum number of iterations was 1000. The accuracy of
the simulation results was tested by drawing the receiver operating characteristic (ROC)
curve; the area under curve (AUC) of the ROC curve reflected the accuracy of the simu-
lation results [37]. AUC was used to evaluate model performance, with 0.7 < AUC < 0.8,
0.8 <AUC < 0.9, and AUC > 0.9 indicating acceptable, good, and highly accurate model
performance, respectively [38,39].

The predicted results of the MaxEnt model, ranging from 0 to 1, showed the survival
probability of species in the region. The reclassification of ArcGIS10.5 software was used
for classification, and the results categorized into four degrees, including no suitability
(0-0.2), low suitability (0.2-0.4), moderate suitability (0.4-0.6), and high suitability (0.6-1),
based on the predicted probability of presence [40].

The shape of the potential suitable habitat is irregular, so the center point of the
potential distribution is defined by the Centroid to characterize the migration of the location
of the species suitable habitat under current and future climate change scenarios. The
habitat distributions of A. truncatum and X. sorbifolium were, respectively, transformed into
binary images using SDM tools (a type of python-based ArcGIS software) with a threshold
of 0.6. Then, the centroid position of each species in the current and future habitats were
calculated. The migration and centroid changes of the two species under different climate
scenarios were compared [41].

3. Results
3.1. Accuracy Test

Based on the species occurrence records and related biological environmental vari-
ables of A. truncatum and X. sorbifolium, respectively, the AUC values of A. truncatum and
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X. sorbifolium were 0.862 and 0.890, respectively, indicating that the prediction results were
accurate.

3.2. Important Environmental Variables

According to VIF, 13 environment variables of A. truncatum and X. sorbifolium were
established as the evaluation factors (Table 1).

Table 1. Percentage contributions and permutation importance of the environmental variables in the Maxent models of A.
truncatum and X. sorbifolium. Variables without any values (indicated by x) were removed due to high cross-correlations.

A. truncatum X. sorbifolium
Symbol Bioclimatic Variables Contribution (%) Permutat10101 Contribution (%) Permutatlo?
Importance (%) Importance (%)
BIO2 Mean Diurnal Range 04 0.3 3.1 1.3
Mean Temperature of
BIOS8 Wettest Quarter 0.4 0.5 2.3 11.2
BIO9 Mean Temperature of Driest Quarter 415 30.7 33.8 27.5
BIO13 Precipitation of Wettest Month 31.2 29.9 23.8 23.8
BIO14 Precipitation of Driest Month X X 16 14.1
Precipitation Seasonality

BIO15 (Coefficient of Variation) 8.7 24 27 45

BIO19 Precipitation of Coldest Quarter 1.4 1.4 X X
GDD Growing Degree Days 29 6 52 6.1
SC Soil Organic Carbon 1.2 0.5 37 53
SpH Soil pH 2.1 29 45 1.1
VAP Vapor Pressure 1.2 3.3 1.3 2.3
WET Wet-Day Frequency 1 11 1.8 2.3
UVB-2 UV-B Seasonality 8 11 1.8 0.4

The main environmental variables affecting the distribution of A. truncatum were
mean temperature of driest quarter (Bio9, 41.5% of variation), precipitation of wettest
month (Biol3, 31.2% of variation), precipitation seasonality (Biol5, 8.7% of variation), and
UV-B seasonality (UVB-2, 8% of variation), with a cumulative contribution rate of 89.4%
(Table 1). The main environmental factors affecting X. truncatum distribution were mean
temperature of driest quarter (Bio9, 33.8% of variation), precipitation of wettest month
(Bio13, 23.8% of variation), and precipitation of driest month (Bio14, 16% of variation); the
cumulative contribution rate of the above environmental variables was 73.6% (Table 1).

The variation range of the main environmental variables restricting the growth of
A. truncatum was as follows: the temperature in the driest season was —10 to 4 °C, the
precipitation in the wettest month was 110 to 680 mm, the precipitation seasonality was
>65, and the seasonal variation of UV was 120,000 to 155,000 J]M—2-d . The variation range
of the main environmental factors restricting the growth of X. sorbifolium was as follows:
the temperature in the driest season was —10 to 1 °C, the precipitation in the wettest month
was 60 to 150 mm, and the precipitation in the driest month was 1 to 9 mm (Figure 2).
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Figure 2. Response curves of the major environmental variables important for A. truncatum (A—D) and X. sorbifolium (E,F).

3.3. Current Potential Suitable Habitats

Under current climate conditions, the MaxEnt model projected that A. truncatum was
mainly distributed in 28° N-46° N, 102° E-143° E. The potential habitats of high suitability,
medium suitability, and low suitability were 53.19 x 10* km?, 25.55 x 10* km?, and
36.65 x 10* km?, respectively (Table 2). The potential suitable habitats of A. truncatum were
mainly in Inner Mongolia Plateau, Loess Plateau, Sichuan Basin, Northeast Plain, North
China Plain, Korean Peninsula, and Japan, with an area of 115.39 x 10* km?2 (Figure 3).

Table 2. Potential suitable areas of different grades of A. truncatum and X. sorbifolium under current and future four climate
scenarios (2050s and 2070s).

A. truncatum (x10* km?)

X. sorbifolium (x10* km?)

High Moderate Low Total High Moderate Low Total
Current 53.19 25.55 36.65 115.39 37.23 24.29 35.47 97

RCP2.6—2050 65.89 43.23 47.96 157.08 44.37 28.94 60 133.31
RCP2.6—2070 61.08 36.06 40.75 137.9 37.99 28.48 60.49 126.96
RCP4.5—2050 66.17 41.32 46.64 154.12 48.55 31.38 66.36 146.29
RCP4.5—2070 67.3 45.94 53.37 166.61 45.29 31.79 74.67 151.75
RCP6.0—2050 65.9 36.82 45.54 148.26 44.28 28.42 64.86 137.56
RCP6.0—2070 62.75 45.23 51.43 159.4 47.11 33.29 78.03 158.43
RCP8.5—2050 72.4 42.45 52.94 167.79 48.61 34.97 77.22 160.8
RCP8.5—2070 61.63 62.59 71.19 195.42 58.37 32.34 102.19 192.9
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Figure 3. Under different climate scenarios (2050s and 2070s), the current distribution (A,B) and centroid distribution (C,D)
of A. truncatum (A,C) and X. sorbifolium (B,D) are predicted. Arrows indicate the magnitude and direction of the prediction

over time.

The potential distribution in current climate of X. sorbifolium was mainly in 31° N-45° N,
101° E-124° E of China, with a total area of 146.15 x 10* km2. The suitable habitats of high
suitability, medium suitability and low suitability were 37.23 x 10* km?, 24.29 x 10* km?
and 35.47 x 10* km?, respectively (Table 2). The potential suitable habitats of X. sorbifolium
covered Inner Mongolia Plateau and Loess Plateau (Figure 3).

3.4. Future Potential Suitable Habitats

Compared with the current climate conditions, the potential distribution of A. trunca-
tum and X. sorbifolium under different climate scenarios have changed in varying degrees.

The model predicted that, under different scenarios, in 2050 and 2070, the potential
suitable habitats of A. truncatum will increase with the rise in greenhouse gas emission
concentration (Table 2). The area of low suitability increased more than that of medium
and high suitability. Based on the suitable habitat changes of A. truncatum, the potential
distribution of A. truncatum in the near (2050) and distant (2070) future increased more
significantly than that of the current climate, but the reduced potential suitable habitat
was, relatively, smaller (Table 3 and Figure 4A1-AS8). For example, under RCP 2.6, the total
suitable habitat in the 2050s was 115.39 x 10* km?, and the total suitable habitat in the 2070s
was 137.9 x 10* km? (Table 2). Compared with the current potential habitat, the gained area
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under RCP 2.6—2050 was 45.84 x 10* km?, with a lost area of only 4.15 x 10* km?. Under
RCP 2.6—2070, the gained area was 27.42 x 10* km?, with a lost area of only 4.91 x 10* km?
(Table 3). The suitable habitat at all levels has also increased, and the change of low
suitability is the most obvious (Figure 4B1,B2). The area of potential distribution dynamic
change of A. truncatum under future climate scenarios was shown in Figure 4. The areas of
potential distribution gained and lost were approximately similar under different climatic
scenarios in the future. The lost area was in the middle and lower reaches of the Yangtze
River Plain in China and Japan, and the gained area was in the Northeast Plain of China, the
Inner Mongolia Plateau, and Russia. The stable area was distributed in the Loess Plateau
and North China Plain (Figure 4B1-B8). The suitable habitat migrated to the northeast
with the increase in greenhouse gas emission concentration. Under RCP 8.5—2070, the
suitable habitat of A. truncatum had the biggest changes, compared to all the other climate
scenarios. The area of total suitable habitat was 195.42 x 10* km?, which was greatly
increased compared with the suitable habitat in the current climate. Among the high,
medium, and low suitability areas, the area of low suitability increased most obviously.
The gained area of suitable habitat under RCP 8.5—2070 was 87.67 X 10% km?2, which was
mainly the expansion of low suitable habitat area. The lost area of A. truncatum under RCP
8.5—2070 was the largest, which was 7.64 x 10* km? (Table 3 and Figure 4A8,BS).

The change pattern of potential distribution was similar between X. sorbifolium and
A. truncatum. With the increase in greenhouse gas emission, the total suitable habitats
increased. The area of low suitability increased greatly under future climate scenarios
(Table 2). The proportion of increase was also significantly higher than that of loss in
suitable habitats (Table 3 and Figure 5A1-A8). The areal dynamics of X. sorbifolium in future
climate scenarios were shown in Figure 5. Different from A. truncatum, the gained area of
X. sorbifolium was mainly distributed in the Northeast China Plain and Inner Mongolia
Plateau. At the same time, suitable habitats also appeared in some western regions of
China (Xinjiang and Qinghai of China). The stable area of X. sorbifolium was mainly in
the Loess Plateau, and the lost area was in the south of the Loess Plateau (Figure 5B1-B8).
The area changed the most intensely under RCP 8.5—2070 compared with the other future
climate scenarios. The high, medium, and low suitable areas of X. sorbifolium took up
58.37 x 10* km?, 32.34 x 10* km?, and 102.19 x 10* km?, respectively (Table 2). The area
of low suitability increased significantly, compared with the current distribution of suitable
habitats (Table 3 and Figure 5A8,B8). It was inferred that the increase in greenhouse gas
emissions had a great impact on the change of both species’ suitable habitat.

Table 3. Future suitable habitat changes of A. truncatum and X. sorbifolium.

A. truncatum (x10* km?) X. sorbifolium (x10* km?)

Gain Stable Loss Gain Stable Loss
RCP2.6—2050 45.84 111.24 4.15 37.56 95.74 1.26
RCP2.6—2070 27.42 110.48 491 32.58 94.38 2.63
RCP4.5—2050 44 110.12 527 49.49 96.8 0.2
RCP4.5—2070 56.25 110.37 5.02 55.21 96.54 0.46
RCP6.0—2050 39.75 108.51 6.87 41.43 96.13 0.87
RCP6.0—2070 50.37 109.03 6.36 61.45 96.98 0.02
RCP8.5—2050 58.56 109.23 6.16 63.82 96.98 0.03
RCP8.5—2070 87.67 107.75 7.64 95.91 96.99 0.01
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A. truncatum. (B1—B8) are the area changes of A. truncatum compared to the distribution under current climate scenario.
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X. sorbifolium. (B1—B8) are the area changes of X. sorbifolium compared to the distribution under current climate scenario.
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3.5. Centroid Transition

The MaxEnt model predicted that, with climate change in the future, the potential suit-
able habitat centroids of A. truncatum and X. sorbifolium would migrate to the northeast too,
and the migration distances would differ under different climate scenarios (Figure 2C,D).
Among the four future climate scenarios, the longest centroid migration distances occurred
under RCP8.5, with 398.28 and 164.18 km for A. truncatum and X. sorbifolium, respectively,
in the 2070s (Table Al). The centroid migration distances of the two species increased with
the greenhouse gas emission concentration, and the effect of greenhouse gas emission on
the suitable habitat of A. truncatum was greater than that of X. sorbifolium.

4. Discussion

The relationship between species potential distribution and environmental variables
can be better understood by the response curve given by the MaxEnt model. Generally,
when the probability of existence is greater than 0.5, the corresponding environmental
variable values are most suitable for plant growth [42]. In this study, the main limiting
environmental factors of the two species were also analyzed. It was found that the main
limiting environmental factors of A. truncatum were mean temperature of driest quarter
(—10 to 4 °C), precipitation of wettest month (110 to 680 mm) and the precipitation sea-
sonality (>65). The main limiting environmental factors for the potential distribution of
X. sorbifolium were mean temperature of driest quarter (—10 to 1 °C), precipitation of wettest
month (60 to 150 mm), and precipitation of driest month (1 to 9 mm). The requirements
for temperature and precipitation of the two tree species were obviously different. Hence,
X. sorbifolium is more suitable for planting in arid areas than A. truncatum. In addition, the
two tree species are significantly affected by monsoon climate: high temperature and rainy
in summer, cold and dry in winter [43]. They are suitable for the environment with large
seasonal temperature difference. However, the loss of temperature seasonality with the
increasing global temperature, driven by climate change, may have a significant negative
impact on the photosynthetic activities of these tree species, and other physiological at-
tributes controlled by threshold temperature in study regions [44]. Therefore, the suitable
habitats of the two species will also change differently in future. Meanwhile, it is often ob-
served that the emergence of seedlings requires higher precipitation [45]. Nevertheless, the
hydrological profile, site characteristics, and ecological needs of related species determine
the relationship between water availability and species distribution [46], which also leads
to different suitable habitat distribution of A. truncatum and X. sorbifolium and different
migration routes in the future. Their suitable area both span a wide range of longitude.
Although the soil conditions in these areas are quite different, soil factors (soil organic
carbon content, soil moisture, and soil pH) are not the main environmental factors limiting
their distribution. It indicates that the two species can adapt to various soil conditions.

UVB (280-320 nm) is one of the light signal factors in plant growth and development. It
regulates plant morphogenesis, circadian rhythm, growth, and development by regulating
the expression of related genes through multiple pathways [47,48]. However, high-intensity
UVB can cause a lot of reactive oxygen species in plants, which damages proteins and
DNA, induces plant defense systems, and promotes plant tissue to produce secondary
metabolites [49,50]. In this study, we found that the seasonal variation of UVB (UV2)
had a greater impact on the distribution of the suitable areas of A. truncatum than that of
X. sorbifolium, and further quantitative research about the influence should be carried out.

The potential suitable habitat of A. truncatum and X. sorbifolium showed high sensitivity
in different climate scenarios. A common trend of the changes in the suitable habitat of
the two tree species was that, under the circumstance of high concentration of greenhouse
gas emissions, the expansion area of the suitable habitat was larger than that of the low
concentration of greenhouse gas emissions. The suitable habitat and the centroid transfer
distance of both species increase with the greenhouse gas emissions; to be exact, both
species will migrate to northeast in different degrees. This is in accordance with the
fact that, with the warming of the climate, the suitable habitats of most animals and
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plants will migrate to high latitudes [51,52]. We found that heat and hydrology have
important impacts on the distribution of both species too. If the variation coefficient of
temperature and precipitation is within the tolerable ecological range of A. truncatum and
X. sorbifolium, both species will benefit from climate warming, resulting in an increase in
suitable habitat area.

In the future extreme climate, we should respond reasonably according to the pre-
diction results, rationalize afforestation, and provide corresponding development strate-
gies [53]. The growth of economic tree species depends on excellent climatic conditions,
which requires appropriate precipitation and temperature conditions. Therefore, we should
cultivate them and re-establish habitats on the basis of understanding the appropriate
climatic conditions [54,55].

Increasing the biodiversity of ecosystems can increase their resistance to climate
change [56]. In some ecologically sensitive areas (loess Plateau, Inner Mongolia Plateau,
etc.), combining vegetation restoration with some agricultural production projects and
appropriately increasing the planting area of local economic tree species can not only solve
the shortage of herbal edible oil and limited cultivated land resources, but also realize
ecological sustainable development. Increasing the biodiversity of ecologically sensitive
areas while increasing the income of local people. However, when selecting introductions,
it is also important to introduce interspecific relationships with native species.

The model predicted that new potential suitable habitats appeared for A. truncatum
in the Northeast Plain, Inner Mongolia Plateau, and Russia, and for X. sorbifolium, in the
Northeast Plain and Inner Mongolia Plateau, under different climate scenarios. At the same
time, the habitats of both species disappeared in some areas. Greenhouse gas emissions
changed their habitats. The research can provide valuable information and meaningful
maps for the future development of the two economic tree species, which is more con-
ducive to determine the possible but undetermined alternative habitats. According to the
prediction results, the suitable area for reintroduction and the priority area for large-scale
planting can also be established.

The suitable area predicted by the MaxEnt model does not represent all areas that
species can naturally reach in the future. The expansion of distribution area of both
species would depend on many factors affecting migration and landscape barriers [27].
We selected several bioclimatic variables that may affect the habitat of both species and
established the study regions of both species to speculate its suitable habitat. This cannot
be regarded as a completely objective modeling method. Future research needs to explore
the environmental stress and related physiological response mechanisms of both species in
detail. However, according to the existing information of biological environment variables,
some authors have comprehensively pointed out the importance of giving priority to the
prediction of an SDM model, including animal and plant protection, species invasion, and
pest control [27,57,58]. The model represents a speculation of possibility, which is, indeed,
not realistic. However, for the future, we can only speculate based on existing knowledge
to provide direction for the future. As our research shows, climate change affects the
distribution range of A. truncatum and X. sorbifolium. In the absence of relevant information,
such as limited investigation opportunities and insufficient financial support, ready-made
and applicable SDMs may be one of the best tools to deeply understand the potential
distribution of species under climate change. This work can provide a reference for the
rational and economic afforestation and ecological industry construction of A. truncatum
and X. sorbifolium.

5. Conclusions

Based on 31 environmental factors, the current and future potential distribution areas
of A. truncatum and X. sorbifolium were predicted by a MaxEnt model. The results showed
that A. truncatum and X. sorbifolium were mainly sensitive to environmental variables
related to temperature and precipitation. Compared with X. sorbifolium, A. truncatum
was more suitable for warm and humid climates. Under different climate scenarios, the
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potential distribution of A. truncatum and X. sorbifolium migrated northeast to higher
latitudes. The change in potential distribution under a high greenhouse emission scenario
was greater than that under a low greenhouse emission scenario. The migration scale
of suitable habitat of A. truncatum was greater than that of X. sorbifolium, indicating that
A. truncatum was more adaptable to climate change.
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Appendix A

Table Al. The centroid coordinates and centroid migration distance of A. truncatum and X. sorbifolium
under current and future climate scenarios.

A. truncatum (km) X. sorbifolium (km)

Current 2050s 2070s Current 2050s 2070s
RCP2.6 117.012° E, 118.003°E, 117.819°E, 112.441°E, 113.208°E, 112.464°E,
’ 37.671° N 39.593° N 38.786° N 37.942° N 38.872° N 38.642° N
RCPAS 117.012° E, 118.243°E, 118.805°E, 112.441°E, 112.890°E, 112.857°E,
’ 37.671° N 39.455° N 39.702° N 37.942° N 38.805° N 39.047° N
RCP6.0 117.012° E, 118.622°E, 118.575°E, 112.441°E, 112919°E, 112.808°E,
’ 37.671° N 39.362° N 39.675° N 37.942° N 38.805° N 38.849° N
RCPS.5 117.012° E, 118.820°E, 119.721°E, 112.441°E, 113.091°E, 113.096°E,
’ 37.671° N 39.825° N 40.572° N 37.942° N 39.020° N 39.327° N
Current to 2050s to Current to Current 2050s to Current to

2050s 2070s 2070s t02050s 2070s 2070s

RCP2.6 230.4 91.12 142.62 123.13 69.4 77.86

RCP4.5 2254 55.45 274.25 103.64 27.06 128.09

RCP6.0 234.46 35.04 260.88 104.62 10.79 105.8

RCP8.5 286.25 112.94 398.28 132.55 34.14 164.18
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