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Abstract: Tomicus yunnanensis Kirkendall (Coleoptera: Scolytinae) is a stem-boring pest that endan-
gers Pinus yunnanensis Franch (Pinales:Pinoideae), which seriously affects the ecological environment
safety in southwest China. In order to understand the potential distribution pattern and change in
the potential distribution of P. yunnanensis and T. yunnanensis, this study used the maximum entropy
model to predict the distribution of potentially suitable areas for P. yunnanensis and T. yunnanensis
and explored the relationships between their different spatiotemporal distributions based on change
analysis. The experimental results show that altitude is the main factor restricting the current distri-
bution of P. yunnanensis. The current suitable areas of P. yunnanensis are mainly distributed in Yunnan,
Sichuan and Guizhou. The minimum temperature of the coldest month is the main factor affecting
the current distribution of T. yunnanensis. The current suitable areas of T. yunnanensis are mainly
distributed in Yunnan, Sichuan and Tibet. Under future climate scenarios, the total suitable areas of
P. yunnanensis and T. yunnanensis are expected to increase. The suitable areas tend to move to higher
altitudes in the west and higher latitudes in the north. At the same time, this study finds that there is
an obvious bottleneck of expansion to northeastern Sichuan near the Daba Mountains. The results
of intersection analysis showed that, with future climate change, P. yunnanensis and T. yunnanensis
mainly showed lowly suitable (or unsuitable)—lowly suitable (or unsuitable) to moderately (or
highly) suitable—and moderate (or high) variation patterns of suitable areas under the SSP1-2.6 cli-
mate scenario. These results will provide an important basis for the breeding of P. yunnanensis and
controlling T. yunnanensis.

Keywords: Pinus yunnanensis; Tomicus yunnanensis; maximum entropy model; environmental variables;
potential distribution; suitable areas

1. Introduction

Global climate change has seriously affected forests with different biomes and ecosys-
tems’ stability, which is one of the crucial factors that affect the distribution of species and
causes huge economic losses. According to the Sixth Assessment Report (AR6) “Climate
Change 2021: The Physical Science Basis”, released by the Intergovernmental Panel on
Climate Change (IPCC) in August 2021, global warming is expected to continue, with the
average Earth’s surface temperature rising by 0.3—4.5 degrees Celsius by 2100 compared
to 1986 to 2005 [1]. According to the Blue Book of China Climate Change (2021), released
by the Climate Change Center of the China Meteorological Administration, China is a
sensitive and significant area of global climate change, and its temperature rise rate is
significantly higher than the global average level in the same period. From 1951-2020,
China’s annual mean surface temperature has shown a significant upward trend with a
rate of 0.26 °C/decade, and the average precipitation has shown an upward trend [2,3].
Previous studies showed [4-6] that global climate change, especially the rise of average
temperature, posed a serious threat to the sustainability of the global ecosystem and hugely
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impacted species distribution. The synergistic effect of global climate change, human
activities and biological invasions may lead to habitat destruction and increase the risk
of species extinction [7]. Land-use changes caused by human activities, such as changes
in management practices and land use, lead to habitat fragmentation, which has exerted
great impacts on species distribution and climate change in China [8,9]. Balint et al. [10]
pointed out that climate change is an important driver of biodiversity loss, habitat fragmen-
tation and species spatial pattern changes. Therefore, understanding species distribution
dynamics under climate change is crucial for making conservation plans and assessing the
potential impacts of climate change on species migration [11].

Species distribution and richness are important indicators to protect biological di-
versity under global climate change [12]. Currently, species distribution models (SDMs)
have been widely used in studies of species distribution on the impact of climate change,
mainly to evaluate species occurrence or richness and spatial distribution [13,14]. SDMs
are based on species’ known distribution points and environmental factors, using a mathe-
matical algorithm to construct models, determine the distribution of the species unknown
probability and then estimate its distribution in the whole ecological niche space, finally
through the distribution of mapping to the study of geographic space for the regional
distribution of species of potential [8,15]. At present, commonly used SDMs mainly include
the Bioclimate Analysis and Prediction System (BIOCLIM), Ecological Niche Factor Anal-
ysis (ENFA), Genetic Algorithm for rule-set Production (GARP) and Maximum Entropy
Modeling (MaxEnt) [15]. However, SDMs only consider environmental factors affecting
species distribution and lack analysis of interactions between species and prediction of the
potential distribution of species [16]. Currently, the MaxEnt model is a commonly used
prediction model for species-suitable areas and can obtain good prediction results with
few species distribution points. At the same time, the MaxEnt model is simple to operate
and has been proven to be the most reliable SDM model [5]. The MaxEnt model has been
widely used in agriculture [17-20], forestry [21,22], fisheries [23—-26], endangered animal
and plant protection [27-30] and pest prediction and control [31-34].

There are more than 113 formally recognized species of the genus Pinus, mainly dis-
tributed in the northern hemisphere; they form an important part of forest ecosystems [35].
Pinus yunnanensis Franch is mainly distributed in Yunnan, Sichuan, Guizhou, Guangxi
and Tibet. It is a major timber and afforestation tree species in Yunnan Province, with
an area of more than 4.8 million hm? [36]. Tomicus yunnanensis Kirkendall and Faccoli is
a stem-boring pest that harms a variety of pine plants. It is only distributed in Yunnan
Province, Guizhou Province, Sichuan Province and other regions of China [37]. It is one
of the main pests of P. yunnanensis. It occurs on a large scale every year and continues to
spread to Sichuan Province, Guizhou Province and other places, seriously affecting the
ecological and environmental security in southwest China [38]. However, there are few
studies on the potential distribution relationship between P. yunnanensis and T. yunnanensis
under climate change.

Based on the current distribution data of P. yunnanensis and T. yunnanensis, this study
intends to use the MaxEnt model to predict the distribution of P. yunnanensis and T. yunnanensis
and comparative analysis of suitability classes of potentially suitable areas based on factors
such as future climatic conditions, topography and soil. The main contributions of this study
are: (1) revealing the dominant environmental factors affecting the growth of P. yunnanensis and
T. yunnanensis, (2) modeling the potential adaptation of P. yunnanensis and T. yunnanensis under
current and future climate scenarios and (3) exploring the relationship between P. yunnanensis
and T. yunnanensis, which provides resources for the breeding and cultivation of P. yunnanensis
and the control of T. yunnanensis.

2. Materials and Methods
2.1. Species Occurrence Data and Environmental Factors

The distribution data of P. yunnanensis and T. yunnanensis were mainly collected through the
Global Biodiversity Information Facility (https://www.gbif.org/zh/ accessed on 8 June 2022),
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the National Herbarium Teaching Specimen Resource Sharing Sub-Bank (http://mnh.
scu.edu.cn/ accessed on 8 June 2022) and the China Journal Full-text Database (https:
//www.cnkinet/ accessed on 8 June 2022). After the data were acquired, the latitude and
longitude were uniformly converted into a decimal by using the latitude and longitude
conversion formula to realize the distribution data and the basic geospatial data. To prevent
density distribution between P. yunnanensis and T. yunnanensis, dense distribution points
would cause problems, such as the overfitting of the model. In this study, the duplicated
data were first removed, and only one record was kept. Second, the distribution data of
P. yunnanensis and T. yunnanensis were loaded into ArcGIS (version 10.8) to check for correct
identification, and the Spatially Rarefy Occurrence Data for SDMs in the SDM Toolbox was
used according to the principle that the distance between P. yunnanensis and T. yunnanensis
was greater than 50 m. A total of 74 distribution points of P. yunnanensis and 14 distribution
points of T. yunnanensis were finally selected. After the data processing, the distribution
data were saved as a CSV file according to the species name, longitude and latitude.

A total of 24 environmental factors in 3 categories that influence the growth of P. yunnanensis
and T. yunnanensis were selected for subsequent analysis (Table 1). The climate factors were
obtained from the World Climate Database (https://www.worldclim.org/ accessed on
9 June 2022) with a spatial resolution of 2.5 min. The current climate factors used in this
study were 19 bioclimatic factors (BIO1-BIO19) from 1970-2000 and elevation variables
(ELEV). The soil and vegetation factors came from the National Qinghai-Tibet Plateau Data
Science Center (http://data.tpdc.ac.cn/zh-hans/ accessed on 9 June 2022). Soil factors
mainly include soil available water content (AWC_CLASS), soil pH (T_PH_H,0O) and
carbonate or lime content (T_CACQ3), and vegetation factors mainly include vegetation
type (VEGETATION). Due to the lack of future topographic data on climate change, this
study defaults that the national topography will not change during the forecast period [4].
The base map of China came from the National Basic Geographic Information System
(http:/ /nfgis.nsdi.gov.cn/ accessed on 9 June 2022).

Table 1. The 24 environmental factors used in this study.

Type Environmental Factors Description of Environmental Factors
BIO1 Annual Mean Temperature
BIO2 Mean Diurnal Range
BIO3 * Isothermality
BIO4 Temperature Seasonality
BIO5 Maximum Temperature of Warmest Month
Temperature BIO6 * Minimum Temperature of Coldest month
BIO7 * Temperature Annual Range
BIO8 Mean Temperature of Wettest Quarter
BIO9 Mean Temperature of Driest Quarter
BIO10 Mean Temperature of Warmest Quarter
BIO11 Mean Temperature of Coldest Quarter
BIO12 Annual Precipitation
BIO13 Precipitation of Wettest Month
BIO14 Precipitation of Driest Month
Precipitation BIO15 * Precipitation Seasonality
BIO16 Precipitation of Wettest Quarter
BIO17 Precipitation of Driest Quarter
BIO18 Precipitation of Warmest Quarter
BIO19 * Precipitation of Coldest Quarter
Terrain ELEV * Elevation
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Table 1. Cont.

Type Environmental Factors Description of Environmental Factors
AWC_CLASS * Soil’s available water content
Soil T_CACO3* Soil’s carbonate or lime content
T_PH_H20* Soil’s pH
Vegetation VEGETATION * Vegetation type

* Indicates the environmental factors involved in MaxEnt modeling after filtering.

The future environmental factor variables in this study were selected from the BCC-
CSM2-MR model in the World Climate Database. The emission paths were the future
climate scenarios of SSP1-2.6 and SSP5-8.5 of shared social economy pathways (SSPs). The
BCC-CSM2-MR model came from the Sixth International Coupling Model Comparison
Program (CMIP6), which was a climate system model developed by the Beijing Climate
Center. It accurately predicts variables such as temperature and precipitation [39]. Future
climate forecasts include two periods, 2021-2040 and 2061-2080. All environmental factor
variables were converted to ASCII format for MaxEnt analysis.

2.2. Environmental Factor Pre-Process

Previous studies have revealed the problem of multicollinearity among variables
of environmental factors [21,40,41]. In order to avoid excessive fitting of the model and
multiple linear relationships among variables, environmental factors were pretreated in
this study. First, the environmental factors with similar properties were removed. Secondly,
the Remove Highly Correlated Variables tool in the SDM Toolbox of ArcGIS was used to
calculate the correlation among 24 environmental factor variables (Figure 1). If there were
two or more environmental factor correlation coefficients |r| > 0.8, the variable with the
clearer ecological significance was retained. The filtered factors are shown in Table 1.

T CACO3 _

T PH H20 [
VEGETATION [
BIO1 0.8
BIO10 |
BIO11 [ 0.6
BIOI2 |
BIO13 | -0.4
BIO14 |
BIO1S | 0.2
BIO16 [
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BIO19 [
BIO2 [ e
BIO3 |
BIO4 [
BIOS |
BIO6 [ L 0.6
BIO7 | y— = , —
BIOS [ -—0.8
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T _CACO3 |

Environmental factor
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Figure 1. Matrix of environmental factor correlation coefficients.
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2.3. MaxEnt Model Construction and Result Evaluation

Based on the processed samples of P. yunnanensis and T. yunnanensis, the selected
environmental factors were input into the MaxEnt model, 75% of the data were randomly
selected as the training set for model construction, and the remaining 25% were used as the
test set for model evaluation. The model was iterated 10 times, “Bootstrap” was selected for
the iteration run type, and the default parameters were used for the others. For potential
distribution predictions under future climates, future environmental factor variables need
to be entered into the projection layers directory/file column, and 10 iterations were used
to average each run.

In this study, the nonparametric estimation of the Jackknife method was used to
evaluate the contribution rate of each environmental factor and the receiver operating char-
acteristic (ROC) curve of the influence of each environmental variable on the distribution
of P. yunnanensis and T. yunnanensis. The area under the ROC curve (AUC) was used to
evaluate the accuracy of model predictions [40,41]. AUC values range from [0.5, 1], and
typically, model performance was classified as failing (0.5-0.6), poor (0.6-0.7), fair (0.7-0.8),
good (0.8-0.9) or excellent (0.9-1.0). AUC values close to 1 indicated that the model pre-
dicts more accurate results [42]. The relative contribution of each environmental factor to
the model was evaluated according to the percentage contribution rate of environmental
factors output by the MaxEnt model. The dominant environmental factors affected the
geographical distribution of P. yunnanensis and T. yunnanensis.

The MaxEnt model estimated the suitable probability (P) of species in each grid
in ASCII format, and the value range is [0,1]. First, the *.asc format was converted to
raster format by using the conversion tool in ArcGIS. Then the reclassification tool in the
analysis tool was used to divide the fitness level, and the maximum training sensitivity
and specificity (MaxSS) [43] method was used to determine the threshold (y); when the
existence probability of a species in a certain area P <y, it is defined as an unsuitable area.
Then the mean value of (1-y) was used to define the lowly suitable areas, the moderately
suitable areas and the highly suitable areas. Finally, the reclassification results are saved in
raster format. The habitat suitability of P. yunnanensis was divided into unsuitable areas
(0-0.2833), lowly suitable areas (0.2833-0.5222), moderately suitable areas (0.5222-0.7611)
and highly suitable areas (0.7611-1) according to the definition of suitability grades from
low to high. The habitat suitability of T. yunnanensis was divided into unsuitable areas
(0-0.2423), lowly suitable areas (0.2423-0.4949), moderately suitable areas (0.4949-0.7475)
and highly suitable areas (0.7475-1). Then this study calculated suitable areas under
different climate scenarios by using calculated geometry.

2.4. Changes in the Potential Distribution of P. yunnanensis and T. yunnanensis

According to current and two different future climate change scenarios, the geographical
distribution maps for current, 2021-2040 and 2061-2080 were created, and the potential
distribution maps of P. yunnanensis and T. yunnanensis were compared. With a view to
determine the spatial changes in the distribution, the data from different time periods in the
raster format were converted into vectors using the raster—vector conversion tool in ArcGIS
(Version10.8, Environmental Systems Research Institute Inc., Redlands, CA, USA). Intersection
analysis was performed on the vector data to compute and analyze the differences [20,28].

3. Results
3.1. Model Accuracy Evaluation

The ROC curve was used to test the accuracy of the prediction of suitable areas for
P. yunnanensis and T. yunnanensis. The average training AUC of the model, as shown in
Figure 2, and the average AUC values are all over 0.9, which indicates that the model has
excellent accuracy. Therefore, the MaxEnt (MaxEnt.jar) model can accurately simulate the
potential geographic distribution of P. yunnanensis and T. yunnanensis.
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Figure 2. ROC curves and mean test AUC (10 replicate runs) of (A) P. yunnanensis and (B) T. yunnanensis.

3.2. Environmental Factors Affecting the Distribution of P. yunnanensis and T. yunnanensis

Figure 3 shows the percentage contribution of each environmental factor output from
the MaxEnt model to predict the current of P. yunnanensis and T. yunnanensis. The realization
results show that under the current climate environment, altitude (43.6%), isothermality
(14.1%), the minimum temperature of the coldest month (9.3%), soil’s available water con-
tent (8.9%), annual temperature range (7.8%) and topsoil carbonate or lime content (7.5%)
are the dominant environmental factors affecting the potential distribution of P. yunnanensis.
The soil’s available water content (31.6%), isothermality (29.7%) and the minimum tem-
perature of the coldest month (29.2%) are the dominant environmental factors that affect
the potential distribution of T. yunnanensis. Under the future climate scenario model, the
dominant environmental factors affecting the potential distribution of P. yunnanensis and
T. yunnanensis are the same as those under the current climate environment.

VEGETATION T_PH_H20 T_CACO3| AWC_CLASS ELEV

BIO19 @ sio1s [ BIO7 Il B106 Il B103

100 | I

Percent contribution %

Pinus yunnanensis ~ Tomicus yunnanensis

Current climate scenarios

Figure 3. Percentage of environmental factors of P. yunnanensis and T. yunnanensis.
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Jackknife of regularized training gain for Pinus yunnanensis

Using the Jackknife method to evaluate the impact of various environmental factors
on predicting the current (Figure 4), the experimental results show that among the envi-
ronmental factors affecting the potential distribution of P. yunnanensis, the single variable
of elevation (ELEV) has the largest gain in modeling which indicates that this variable
carries the most valuable information for modeling. The minimum temperature of the
coldest month (BIO6) and annual temperature range (BIO?) also contribute significantly
to the modeling. Among the environmental factors that affect the potential distribution
of T. yunnanensis, the minimum temperature of the coldest month (BIO6) has the largest
gain in modeling. When it is excluded alone, the gain decreases the most, which indi-
cates that this variable carries the necessary modeling requirements and has the most
valuable information.
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variable.T PH H20
variable. VEGETATION
variable.BIO|5
variable.BIO19

variable.BIO3

Environmental Variable

variable.BIO6
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(B) Tomicus yunnanensis
Figure 4. Jackknife test of variable importance in the species ((A) P. yunnanensis; (B) T. yunnanensis).

3.3. The Current Potential Distribution of P. yunnanensis and T. yunnanensis

The MaxEnt model was used to predict the current potential distribution of P. yunnanensis
and T. yunnanensis (Figure 5, Table 2). The highly suitable areas of P. yunnanensis are scattered,
while those of T. yunnanensis are more concentrated. The area of the highly suitable areas of
P. yunnanensis is about 5.92 x 104 km?, and the area of the moderately suitable areas is about
24.09 x 10* km?. The area of the highly suitable areas of T. yunnanensis is about 4.31 x 10* km?,
and the area of the moderately suitable areas is about 9.14 x 10* km?.
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Figure 5. Potential distribution of (A) P. yunnanensis and (B) T. yunnanensis under current climatic conditions.
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Table 2. Predicted suitable areas of P. yunnanensis and T. yunnanensis under different climate scenarios.
Total Suitable Area Lowly Suitable Area Moderately Suitable Area Highly Suitable Area
Species Climate Scenarios Area Area Area Area
0, 0 0 0,
(x10* km?) Trend (%) (x10* km?) Trend (%) (x10* km?) Trend (%) (x10* km?) Trend (%)
Current 1970-2000 63.42 33.40 24.09 592
SSP1-2.6 2021-2040 111.12 75.21 47.97 43.62 63.08 161.85 0.08 —98.64
P. yunnanensis - 2061-2080 111.72 76.15 22.43 —32.84 81.43 238.02 7.86 32.77
SSP5-8.5 2021-2040 111.28 75.47 21.67 —35.11 81.32 237.67 8.29 40.03
o 2061-2080 90.78 43.14 75.62 126.40 13.03 —45.91 1.86 —68.58
Current 1970-2000 22.81 9.36 9.14 4.31
SSP1-2.6 2021-2040 54.78 140.15 14.15 51.12 18.25 99.67 22.38 419.26
T. yunnanensis - 2061-2080 59.47 160.71 17.07 82.31 19.04 108.32 23.35 441.76
SSP5-8.5 2021-2040 53.94 136.48 19.63 109.72 15.73 72.10 18.57 330.85
o 2061-2080 35.12 53.97 11.68 24.79 11.65 27.46 12.18 182.60

Trend (%) reflects the percentage of area change compared to the current climate.

3.4. The Future Potential Distribution of P. yunnanensis and T. yunnanensis

This study analyzed the potential distribution of P. yunnanensis and T. yunnanensis
under two shared socioeconomic pathways (5SP1-2.6 and SSP5-8.5) during two future
periods (2021-2040 and 2061-2080) (Figures 6 and 7, Table 2). Under the future climate sce-
nario, the suitable areas of P. yunnanensis and T. yunnanensis will increase and expand to the
northeast. Under the SSP1-2.6 climate scenario, the area of suitable areas for P. yunnanensis
and T. yunnanensis shows an overall upward trend. At the same time, there is an overall
upward and then a downward trend under the SSP2-8.5 climate scenario.
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Figure 6. The future potential distribution of P. yunnanensis under different climate scenarios.

Under the SSP1-2.6 climate scenario, the area of lowly suitable areas for P. yunnanensis
from 2021 to 2040 is expected to increase in southeastern Tibet, western Yunnan and eastern
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Guangxi. The area of moderately suitable areas is expected to increase in northeastern
Sichuan, Guizhou and southeastern Yunnan, while the highly suitable areas will be mostly
reduced. Compared with 2021-2040, the area of the lowly suitable area of P. yunnanensis
shrinks by half from 2061 to 2080, while the moderately suitable areas increase by about
18.35 x 10* km?, which are mainly distributed in southeastern Tibet, Yunnan, Guizhou,
eastern Sichuan and Western Guangxi. The highly suitable areas of P. yunnanensis increase
by about 7.78 x 10* km?, mainly distributed in eastern Sichuan and western Guizhou. Un-
der the SSP5-8.5 climate scenario, the area of the moderately suitable areas of P. yunnanensis
shrink slightly from 2021 to 2040 and the area of the moderately suitable areas is ex-
pected to increase in southeastern Tibet, Yunnan, Guizhou, eastern Sichuan and western
Guangxi, while the area of highly suitable areas is expected to increase in eastern Sichuan
and western Guizhou. From 2061 to 2080, the total area of the suitable growth areas
of P. yunnanensis will shrink. Compared with 2021 to 2040, the lowly suitable areas will
increase by about 53.95 x 10* km?, while the moderately suitable areas will shrink signifi-
cantly by about 68.29 x 10* km?, and the area of the highly suitable areas will shrink by
about 6.43 x 10* km?.
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Figure 7. The future potential distribution of T. yunnanensis under different climate scenarios.

Under the SSP1-2.6 climate scenario, the area of lowly suitable areas for P. yunnanensis
from 2021 to 2040 is expected to increase in southeastern Tibet, western Yunnan and eastern
Guangxi. The area of moderately suitable areas is expected to increase in northeastern
Sichuan, Guizhou and southeastern Yunnan, while the highly suitable areas will be mostly
reduced. Compared with 2021-2040, the area of the lowly suitable area of P. yunnanensis
shrinks by half from 2061 to 2080, while the moderately suitable areas increase by about
18.35 x 10* km?, which are mainly distributed in southeastern Tibet, Yunnan, Guizhou,
eastern Sichuan and Western Guangxi. The highly suitable areas of P. yunnanensis increase
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by about 7.78 x 10* km?, mainly distributed in eastern Sichuan and western Guizhou. Un-
der the SSP5-8.5 climate scenario, the area of the moderately suitable areas of P. yunnanensis
shrink slightly from 2021 to 2040 and the area of the moderately suitable areas is ex-
pected to increase in southeastern Tibet, Yunnan, Guizhou, eastern Sichuan and western
Guangxi, while the area of highly suitable areas is expected to increase in eastern Sichuan
and western Guizhou. From 2061 to 2080, the total area of the suitable growth areas
of P. yunnanensis will shrink. Compared with 2021 to 2040, the lowly suitable areas will
increase by about 53.95 x 10* km?, while the moderately suitable areas will shrink signifi-
cantly by about 68.29 x 10* km?, and the area of the highly suitable areas will shrink by
about 6.43 x 10* km?.

Under the SSP1-2.6 climate scenario, the total area of suitable areas for T. yunnanensis
is expected to increase from 2021 to 2040, and the area of lowly suitable areas is expected to
increase by about 4.79 x 10* km? in northeastern Sichuan, southwestern Yunnan and north-
western Guizhou. The area of moderately suitable areas is expected to increase by about
9.11 x 10* km? in northeastern Sichuan, northwestern Guizhou and southeastern Yunnan,
and the area of highly suitable areas is expected to increase by about 18.07 x 10* km?
in southeastern Tibet, northeastern Sichuan, western Guizhou and northeastern Yun-
nan. Compared with 2021-2040, the total area suitable for the growth of T. yunnanensis
from 2061 to 2080 is expected to be the largest, about 59.47 x 10* km?. Under the SSP5-8.5
climate scenario, from 2021-2040 to 2061-2080, the moderately suitable and highly suitable
areas of T. yunnanensis are expected to increase substantially and then show a trend of shrink-
ing. It is estimated that the area of the moderately suitable areas from 2061 to 2080 will
decrease by 4.08 x 10* km?. Compared with that of 2021 to 2040, the area of the highly
suitable areas is expected to decrease by 6.39 x 10* km?.

3.5. Changes in the Potential Distribution of P. yunnanensis and T. yunnanensis

By comparative analysis of suitable areas classes of P. yunnanensis and T. yunnanensis
under different climate scenarios, the spatial variation map of habitat suitability area was
mapped (Figure 8). Table 3 shows changes in the potential distribution of P. yunnanensis
and T. yunnanensis under different climate scenarios. Two major observations can be drawn,
as shown in Table 3. First, a suitable class 1 area for P. yunnanensis is 188.81 x 10% km?2,
of which 187.78 x 10* km? is unsuitable for T. yunnanensis in the current climate. Under
the climatic conditions of SSP1-2.6, the unsuitable areas of T. yunnanensis in 2021-2040
and 2061-2080 are 140.78 x 10* and 140.61 x 10* km?, respectively, whereas for the years
2021-2040 and 2061-2080 under SSP5-8.5, the areas of unsuitable areas are 141.02 x 10* and
160.71 x 10* km?, respectively. Secondly, a suitable class 4 area for P. yunnanensis is
5.92 x 10* km2, and the potential distribution for P. yunnanensis is the unsuitable area,
the lowly suitable area and the moderately suitable area, with an area of 5.6 x 10* km?
in the current climate. Under the SSP1-2.6 climate scenario, a suitable class 4 area for
P. yunnanensis will shrink by 98.64% and increase by 32.77% in 2021-2040 and 2061-2080
compared with the current climate, respectively, of which the unsuitable area, lowly suit-
able area and moderately suitable area of T. yunnanensis in 2021-2040 will shrink by 45.71%
and increase by 6.42% in 2061-2080, respectively. A suitable class 4 area for P. yunnanensis
will increase by 40.03% and shrink by 68.58% in 2021-2040 and 2061-2080 compared with
the current climate, respectively, of which the unsuitable area, lowly suitable area and
moderately suitable area of T. yunnanensis in 2021-2040 will increase by 215.71% and in
2061-2080 will shrink by 74.11% under the SSP5-8.5 climate scenario, respectively.
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Figure 8. Changes in the potential distribution of P. yunnanensis and T. yunnanensis under different
climate scenarios. (“1” indicates unsuitable areas, “2” indicates lowly suitable areas, “3” indicates
moderately suitable areas, and “4” indicates highly suitable areas).
Table 3. Changes in the potential distribution of P. yunnanensis and T. yunnanensis under different
climate scenarios.
SSP1-2.6 SSP5-8.5
Current
2021-2040 2061-2080 2021-2040 2061-2080
Aera Aera Aera Aera Aera
Change  ((1otkm?)  Change  (aptkmyny  ChANEe (qptikm?  ChAmEe (qptkm?n  ChAMEE (q0tkm?)
1-1 187.78 1-1 140.78 1-1 140.61 1-1 141.02 1-1 160.71
3-2 4.33 3-2 10.65 3-2 14.68 3-2 0.30 3-2 2.20
3-3 4.76 3-3 14.08 3-3 16.56 3-3 13.32 3-3 2.24
34 2.93 34 13.92 3-4 21.25 34 2.13 3-4 1.70
4-1 2.85 4-1 0.00 4-1 2.12 4-1 0.0 4-1 0.64
42 1.37 4-2 0.01 4-2 1.79 4-2 021 4-2 0.36
4-3 1.38 4-3 0.03 4-3 2.05 4-3 17.47 4-3 045

4. Discussion
4.1. Potential Current Distribution of Suitable Areas for P. yunnanensis and T. yunnanensis

The response curves showed how the predicted probability of presence changed as
each environmental variable varied (Figure S1). A probability value greater than MaxSS indi-
cated that the environment was suitable for the growth of P. yunnanensis and T. yunnanensis.
Under current climatic conditions, the area of the currently suitable areas for P. yunnanensis
is predicted to increase, with a highly suitable altitude of 1500 to 2500 m, an isotherm of
47-49 and a minimum temperature of 2-8 °C in the coldest months. Temperature changes
have important effects on plant growth, and at high altitudes, where temperatures are rela-
tively low, the physiological activity of trees is affected; temperature has a strong influence
on the length of the growing season, and lower temperatures at high altitudes may shorten
the length of the growing season for which plants are suitable [44]. Previous studies [44]
have shown that the altitude of the P. yunnanensis distribution area is 1000-4000 m, with a
larger distribution area at 2000-2500 m above sea level. The results of this study are also
similar to those of previous studies.

Temperature and precipitation are the main factors limiting the current distribution
of T. yunnanensis. The experimental results of the Jackknife method show that the mini-
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mum temperature of the coldest month (BIO6) has the greatest influence on the potential
distribution of T. yunnanensis. Under current climatic conditions, the predicted minimum
temperature of the coldest month for T. yunnanensis is 0-1 °C (Figure S2). The complex
relationship between temperature and physiological processes affects the geographical
distribution of species [45]. Since T. yunnanensis has almost no overwintering habit, it is a fre-
quent tree resident throughout the year. T. yunnanensis also has a long period of adult moth
damage and is highly susceptible to multiple tip changes. Typically, in years with moderate
precipitation, trees grow extremely well and are highly resistant to insects. Abundant pre-
cipitation can curb the insect’s multiple translocations to the tops and trunks of trees. In the
event of drought or relatively low temperatures, P. yunnanensis grows poorly and is poorly
resistant to insects; the level of naturally secreted insect-resistant substances in the tree
decreases and the release of volatile secretions that attract T. yunnanensis to settle increases,
thus creating conditions for the reproduction and development of T. yunnanensis [46].

4.2. Potential Future Distribution and Relationship between P. yunnanensis and T. yunnanensis

Most previous studies have suggested that climate warming is causing plant and
animal species to migrate to higher altitudes and toward polar regions [47-50]. In this study,
different climate scenarios are used to predict the potential range changes of P. yunnanensis
and T. yunnanensis (Figures 5-7). The experimental results indicate that under future
climate scenarios, the suitable areas of both P. yunnanensis and T. yunnanensis tend to move
to higher altitudes in the west and higher latitudes in the north in response to global climate
change. In general, the total area of suitable areas of P. yunnanensis increased. This trend
is mainly reflected in the increase in the area of low and moderately suitable areas. The
increase in the area of the low and moderately suitable areas is mainly manifested in two
ways. First, global warming has transformed some areas of the Yunnan-Guizhou-Sichuan
Plateau and the Qinghai-Tibet Plateau from initially unsuitable areas to lowly suitable
areas and lowly suitable areas to moderately suitable areas [51,52]. Second, under the
influence of climate change, some moderate and highly suitable areas are transformed into
lowly suitable or even unsuitable areas. This phenomenon suggests that climate change
limits the growth of plants in fitness areas, while global warming may also affect plant life
activities through photosynthesis and respiration [5]. At the same time, land-use changes
caused by human activities, such as changes in management practices and land use, lead to
habitat fragmentation [8,9].

Under the future climate scenario of this study, the total suitable area of T. yunnanensis
is expected to increase in the near future, especially in southeastern Tibet, northeastern
Sichuan, western Guizhou and northeastern Yunnan, which may become the distribution
centers of this species. Although the magnitude of area change in suitable areas varies under
various scenarios, these scenarios will pose serious challenges for T. yunnanensis control
in the coming decades. Figure 7 shows a clear bottleneck of expansion of T. yunnanensis
into northeastern Sichuan near the Daba Mountains [53]. Therefore, in the coming decades,
we need to focus on strengthening the monitoring and control of T. yunnanensis near the
Daba Mountains while combining with MaxEnt models to predict the potential distribution
of T. yunnanensis. At the same time, regular surveys should be conducted to ensure early
detection of pest outbreaks, and a sound forest monitoring and reporting system should be
established to ensure timely monitoring of climate change impacts on P. yunnanensis and
T. yunnanensis, then timely formulation of T. yunnanensis control measures.

In this study, it can be observed from the current and future potential distribution
of P. yunnanensis and T. yunnanensis (Figures 6 and 7, Tables 2 and 3) that under the
SSP1-2.6 climate scenario, with the future climate change, the area of suitable habitats for
P. yunnanensis and T. yunnanensis showed an upward trend. Especially in the moderately
suitable areas of P. yunnanensis, the area of the suitable area for T. yunnanensis increased
continuously and reached the maximum in 2061-2080. Under the SSP1-2.6 climate scenario,
with the passage of time, the highly suitable area of P. yunnanensis, the unsuitable area,
the lowly suitable area and the moderately suitable area of T. yunnanensis have significant
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upward trends. This may be related to the combination of socioeconomic trends and climate
policies in the SSP1-2.6 scenario leading to an increase in forest area and good growth of
P. yunnanensis [54]. In contrast, under the SSP5-8.5 climate scenario, in 2061-2080, due to
the increase in greenhouse gas emissions and increased climate extremes [55,56], most of the
suitable areas of P. yunnanensis change from moderately and highly suitable areas to lowly
suitable areas due to poor growth and insect resistance of P. yunnanensis (Figure 6), resulting
in the proliferation of T. yunnanensis. Therefore, under the SSP5-8.5 climate scenario, with
the future climate change, the suitable areas of P. yunnanensis and T. yunnanensis showed a
trend of first increasing and then decreasing (the highest in 2021-2040).

5. Conclusions

This study predicted the potential distribution of P. yunnanensis and T. yunnanensis
under two periods and two shared socioeconomic pathways using the MaxEnt model. Un-
der current climatic conditions, elevation (ELEV), the minimum temperature in the coldest
month (BIO6) and annual temperature range (BIO7) constrain the current distribution of
P. yunnanensi. The minimum temperature in the coldest month (BIO6), elevation (ELEV)
and minimum temperature in the coldest month (BIO6) are the most important variable
of the current distribution of T. yunnanensis. Under different climate change scenarios,
the adaptation areas of P. yunnanensis and T. yunnanensis are increasing, and both have a
tendency to move to higher altitudes in the west and higher latitudes in the north. At the
same time, this study found an obvious bottleneck of expansion to the northeast of Sichuan
near the Daba Mountains, which provides a possible solution for controlling T. yunnanensis.
This study provides an important basis for the breeding of P. yunnanensis and controlling
T. yunnanensis. However, this study only considers the influence of climatic factors in
the woldclime database. In future research, the impact of human activities and economic
development on P. yunnanensis and T. yunnanensis will be further studied.
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