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Abstract: As climatic and geographical conditions change in the future, species” habitats will also
change. Phoebe zhennan is a national second-level key protected wild plant in China with extremely
high economic value and landscape value. In order to better protect the resources of P. zhennan and
achieve the goal of the sustainable development of P. zhennan resources, we predict potential suit-
able areas for P. zhennan under different scenarios in the future. We collect the current distribution
data of P. zhennan, and in combination with nine climate factors and three geographical factors, use
the MaxEnt ecological niche model and ArcGIS geographic information system software to predict
and analyze potential suitable areas for P. zhennan in different climate scenarios in the future. The
result shows that more accurate prediction results can be obtained by using China’s climatic and ge-
ographical data before clipping as environmental variables. The precipitation of the warmest quar-
ter and the slope are the main influencing factors in the prediction of potential suitable areas for
P. zhennan. The future potential suitable areas for P. zhennan are mainly distributed in the central-southern
and southern regions of China, with a tendency to expand towards the Tibet Autonomous Region
and the northeast. The suitable habitat area will increase significantly, and the highly suitable habitat
area will be more concentrated. These research results can provide valuable references for the effective
protection of existing P. zhennan populations, the cultivation of P. zhennan within suitable habitats in
the future, the establishment of a P. zhennan reserve, and the promotion of the sustainable utilization of
P. zhennan resources.

Keywords: climate change; environmental factor; future climate scenario; MaxEnt model; Phoebe
zhennan sustainability; Phoebe zhennan; potential suitable area

1. Introduction

Climate plays a decisive role in the distribution of species, and climate change will
cause changes in temperature and water availability in the future, which will seriously
affect the stability and balance of global vegetation ecosystems [1]. As the global climate
changes, the potential distribution areas of species will also change [2]. However, the
potential distribution range of species is also greatly influenced by other environmental
factors, such as growth environments and habits [3,4]. Therefore, it is important to take ge-
ographical factors into account when predicting the response of the potential geographical
distribution of a species to climate change, which is of great significance for the protection
and sustainable development of species.

Phoebe zhennan S. K. Lee & F. N. Wei is a precious timber species unique to China. It
is a national secondary protected endangered species in China and is mainly distributed
in the western part of the subtropical evergreen broad-leaved forest area, with a humid
climate, abundant rainfall, and an elevation of generally less than 1500 m. According to
Hu Shengke [5], man-made interference leads to the deterioration of habitat conditions,
which is one of the factors influencing the loss of P. zhennan resources. In addition, natural

Sustainability 2024, 16, 7971. https:/ /doi.org/10.3390/su16187971

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16187971
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0008-2974-5889
https://orcid.org/0000-0003-1098-5133
https://doi.org/10.3390/su16187971
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16187971?type=check_update&version=1

Sustainability 2024, 16, 7971

20f 18

climate change is likely to further endanger P. zhennan [6]. Climate change may lead to
changes in the environmental conditions of its habitat, such as temperature and humidity,
which, in turn, would affect the growth and reproduction of P. zhennan. With the increase
in greenhouse gas concentrations, the relatively stable subtropical broad-leaved forest may
be threatened in the subtropical region due to its vulnerability to climate change, and this
will also affect the potential suitable habitat of P. zhennan in the future [7].

The niche model has become a powerful tool for predicting the potential geographic
distribution of species. It predicts the potential geographic distribution of a species in
an entire research area based on different algorithms, using the distribution records of
known species and environmental factors that may affect each species’ distribution [8].
At present, the widely used niche models include Climex [9], Bioclim [10], Domain [11],
and MaxEnt [12], among which the MaxEnt (Maximum entropy model) model is the best-
performing and most widely applied model [13-16]. Many scholars have used the MaxEnt
model to predict species distribution [17-20]. For example, Yang Shanyun et al. [21]
identified that the main factor affecting the potential suitable habitat distribution of
P. zhennan is climate. In addition, Huang Chengshi et al. [22] studied the relationship
between P. zhennan and altitude, aspect, and slope. Therefore, in this study, P. zhennan will
be used as the research subject, and its potential suitable habitat in China will be predicted
under both climate-only conditions and climate—geographic dual conditions using the
MaxEnt model, exploring its range of variation and migration trend. The research results
will provide a scientific theoretical basis for the formulation of protection measures for P.
zhennan, which is of great significance for maintaining the stability of the ecosystem.

2. Materials and Methods
2.1. Species Data

Through the database of the Chinese Virtual Herbarium [23], 436 records of geographi-
cal distribution data on P. zhennan were obtained. After removing duplicate and incomplete
data, a total of 85 valid data points were determined for this study. The green markers in
(Figure 1) represent the sampling distribution points of P. zhennan.
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Figure 1. The distribution of Phoebe zhennan sample points in China.

The current main distribution range of P. zhennan is in southern and southwestern
China. The provinces of Sichuan and Guizhou had the greatest amount of P. zhennan,
followed by Jiangxi, Hubei, Hunan, and Chongging. P. zhennan sampling points in other
provinces and cities had relatively fewer distribution areas.
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2.2. Climate Data

All climate data used in this study were sourced from the WorldClim database [24],
with a resolution of 2.5 min. The climate data consisted of 19 specific factors, as shown in
Table 1, and their correlation analysis is shown in Figure 2.

Table 1. Bioclimatic variables.

Code of Factor Description for Factor (Unit)

bl Annual Mean Temperature (°C)
b2 Mean Diurnal Range (°C)
b3 Isothermality
b4 Temperature Seasonality
b5 Max Temperature of the Warmest Month (°C)
b6 Min Temperature of the Coldest Month (°C)
b7 Temperature Annual Range (°C)
b8 Mean Temperature of the Wettest Quarter (°C)
b9 Mean Temperature of the Driest Quarter (°C)
b10 Mean Temperature of the Warmest Quarter (°C)
b1l Mean Temperature of the Coldest Quarter (°C)
b12 Annual Precipitation (mm)
b13 Precipitation of the Wettest Month (mm)
bl4 Precipitation of the Driest Month (mm)
b15 Precipitation Seasonality (mm)
bl6 Precipitation of the Wettest Quarter (mm)
b17 Precipitation of the Driest Quarter (mm)
b18 Precipitation of the Warmest Quarter (mm)
b19 Precipitation of Coldest Quarter (mm)
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Figure 2. Results of partial correlation analysis of climate factors.

The correlation coefficient was the Pearson correlation coefficient. Pearson correlation
analysis requires two or more variables. The covariance was the basis for the correlation
analysis. The covariance calculation formula is as follows (1).

COV(ry) = 7 L - DD <1>
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where x; and y; are the variable values, ¥ and ¥ are the average values of the variables, n
is the sample size, and COV (x, ) is the calculated value of the covariance. The larger the
value, the more obvious the correlation between the variables, and the correlation was also
divided into positive correlation and negative correlation. When the variable value unit
was not uniform, the data difference was too large, which led to the correlation analysis
not being accurate enough. Therefore, to solve this problem, a correlation analysis could
be carried out after standardization. At the same time, the correlation coefficient could be
obtained by using covariance divided by standard deviation (2).

¥ (xi — %) (y; — )

X — X
1
\/i(xi ~-%)’(yi —y)°

COR(x,y) =

where COR(x,y) represents the correlation coefficient after the standardization of the
dimensionless influence, and the value range was within [—1, 1]. When the absolute value
tended towards 1, the correlation was greater, and when it tended towards 0, the correlation
was smaller. When the coefficient was negative, this showed a negative correlation. When
the coefficient was regular, this showed a positive correlation [25].

According to significance testing, the correlation analysis of climate factors in this
study was credible. The absolute value of the correlation coefficient exceeded 0.7, which
showed a very close correlation relationship. A coefficient between 0.4 and 0.7 indicated a
close relationship, and a coefficient between 0.2 and 0.4 indicated a general relationship. In
order to avoid multicollinearity between climatic factors, which would lead to the over-
fitting of the model, combined with the environmental needs and survival characteristics of
P. zhennan, this study selected the climatic factors with a correlation coefficient absolute
value of less than 0.8 as the important influencing factors regarding suitable areas for
P. zhennan and retained them. Among them, these factors included annual mean temper-
ature (b1), mean diurnal range (b2), isothermality (b3), max temperature of the warmest
month (b5), min temperature of the coldest month (b6), mean temperature of the wettest
quarter (b8), precipitation of the driest month (b14), precipitation seasonality (b15), and
precipitation of the warmest quarter (b18). Among them, the wettest and warmest quarters
refer to the months of June, July, and August.

The future climate scenario data adopted the BCC-CSM2-MR climate system model,
using four different shared socioeconomic pathways: SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5. The medium-resolution climate system model, BCC-CSM2-MR, is one of the
latest models developed by the National Climate Center. This model significantly improves
the simulation of global temperature evolution and the distribution of the annual average
precipitation climate in China compared to its earlier version, BCC-CSM1.1m. Therefore,
this study used the future data from this model to predict and analyze the potential suitable
habitat of P. zhennan.

For the prediction of potential suitable areas for P. zhennan, two time periods, 2041-2060
and 2061-2080, were selected for this study. The reason for choosing these two time periods
was that model uncertainty tends to increase with longer prediction times, which can
affect the accuracy of model predictions. Given that the focus of this study was on the
mid-century sustainability of P. zhennan, these time periods were of particular importance
for conservation efforts. Taking these factors into account, we decided to focus on the time
periods of 2041-2060 and 2061-2080 to more accurately predict potential suitable areas for
P. zhennan.

2.3. Geographic Data

The elevation data were sourced from the historical climate data in the WorldClim
database [24]. Data with a variable of 2.5 min were used as the research object, and the data
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unit was consistent with the variable of climate data. Slope and aspect data were obtained
through the “Slope Extraction” and “Aspect Extraction” tools in ArcMap.

2.4. MaxEnt Ecological Niche Model

The MaxEnt niche model is a commonly used research method for predicting the
distribution of suitable areas for species. The MaxEnt model used in this study was
based on JAVA implementation, and the Maximum Entropy Species Distribution Modeling,
Version 3.4.4 software was used to calculate the current suitable areas for P. zhennan in
different environmental situations and predict potential suitable areas in the future. The
model parameter setting included options to check the created response curves, generate
pictures of predictions, and perform jackknife to measure variable importance. Additionally,
the settings panel included an option to add a random seed. The random test percentage
was set to 25, replicates were set to 10, and other parameters maintained the default values
of the MaxEnt model. The prediction results of the MaxEnt model were evaluated by a
Receiver Operating Characteristic (ROC) curve, and the Area Under the Curve (AUC) value
was used to evaluate the prediction effect. The closer the AUC value was to 1, the better
the prediction effect of the model was. Generally, an AUC value less than 0.7 indicated that
the prediction effect of the model was very poor, 0.7~0.8 indicated that the prediction effect
was relatively accurate, 0.8~0.9 indicated that the prediction effect was very accurate, and
0.9~1.0 indicated that the prediction effect was extremely accurate [26-28].

In this study, two different environmental variables were used to predict the future
suitable areas for P. zhennan. The first one only considered the influence of climatic factors
on suitable areas for P. zhennan. The nine selected climatic factors were used as the biological
environment variables of the MaxEnt model to explore the changes in suitable areas for
P. zhennan in different climatic conditions. In the second model, the geographical factors
were added to the environmental factors, and a total of 12 biological environment variables
were used for the MaxEnt model to explore the changes in the potential suitable areas for
P. zhennan in the future.

3. Results
3.1. Potential Suitable Areas for P. zhennan under Climatic Conditions Only
3.1.1. Predicted Results of Potential Suitable Areas for P. zhennan

Taking climate as the environmental factor, the future potential distribution of
P. zhennan under different climate conditions was obtained by repeatedly calculating the
MaxEnt model 10 times and taking the average value. The results showed the predicted
distribution of suitable areas for P. zhennan in different socioeconomic scenarios for the
periods of 2041-2060 and 2061-2080 (Figure 3). The area of each potential suitable area for
P. zhennan was calculated (Table 2). In this study, we used the natural discontinuity point
classification method (Jenks) to reclassify the prediction results for P. zhennan. The natural
discontinuity point classification method was based on the characteristics of the existing
data, and the classification interval was identified. Similar values were more appropri-
ately grouped [29,30]. This classification method maximized the differences between the
categories of each suitable area and minimized the differences within these categories [31].

In the future scenario of SSP1-2.6, the potential suitable habitat range of P. zhennan
expanded from the southwest of China to the northeast. In the years 2061-2080, the
highly suitable habitat in the eastern part of Jiangxi Province and most of Fujian Province
transformed into a moderately suitable habitat. In the future scenario of SSP2-4.5, the overall
suitable habitat range in the years 2061-2080 was not much different from the previous
20 years, but the distribution of highly suitable habitat areas for P. zhennan shifted from the
south to the north and the area increased significantly. In the future scenario of SSP3-7.0,
the suitable habitat range for P. zhennan continued to expand towards the northwest of
China, and the distribution range of each suitable habitat extended outward. In the future
scenario of SSP5-8.5, the range of highly suitable habitat and moderately suitable habitat
for P. zhennan in the years 2061-2080 shrunk compared to the years 20412060, but the
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most significant change was a significant decrease in the area of highly suitable habitat,
which transformed into moderately suitable habitat, while some moderately suitable
habitat transformed into poorly suitable habitat. In summary, the range of highly suitable
habitat areas and moderately suitable habitat areas for P. zhennan increased by varying

degrees in the future.
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Figure 3. Potential suitable areas for Phoebe zhennan under climatic conditions.
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Table 2. Potential suitable area sizes under different future scenarios of climatic conditions. (unit:
10,000 square kilometers).

Lowly Suitable Moderately Highly Suitable

Circumstances Area Suitable Area Area Total

CURRENT 87.967 73.651 68.2934 2299114
SSP1-2.6:2041-2060 81.0347 68.3038 77.533 226.8715
SSP1-2.6:2061-2080 85.533 89.2049 71.0191 245.757
SSP2-4.5:2041-2060 86.2153 81.059 88.7205 255.9948
SSP2-4.5:2061-2080 73.3194 69.3455 99.9479 242.6128
SSP3-7.0:2041-2060 75.5625 92.1649 62.7361 230.4635
SSP3-7.0:2061-2080 92.8021 86.3142 71.3524 250.4687
SSP5-8.5:2041-2060 75.7118 87.0851 85.8924 248.6893
SSP5-8.5:2061-2080 98.342 85.4427 55.8542 239.6389

3.1.2. Evaluation Indicators for the Prediction of Suitable Areas for P. zhennan

After the completion of the MaxEnt model, the accuracy of the predicted model re-
sults could be determined based on the AUC value of the running results. In this study,
eight model results were predicted based on climate data for two future time periods,
2041-2060 and 20612080, as well as four different shared socioeconomic pathway scenarios.

Figure 4 shows the ROC curves for the period 2061-2080 under the SSP1-2.6 socioe-
conomic pathway scenario. The area under the ROC curve represents the AUC value.
According to the standard for model performance indicators, a higher AUC value closer to
1 and a lower standard deviation indicate a higher accuracy and reliability of the MaxEnt
model predictions. In this study, each model was calculated 10 times, and the AUC value
was averaged over the 10 calculations.

Average Sensitivity vs. 1 - Specificity for Phoebe_zhennan

4 Mean (AUC=0.987) =
Mean +/- one stddev ®
4 Random Prediction ®

o e o o o o =
2 & & S & @ o
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0.0 0.1 0.2 03 0.4 05 0.6 07 08 09 1.0
1 - Specificity (Fractional Predicted Area)

Figure 4. The ROC curve of distribution model based solely on climatic variables in China.

Table 3 shows the AUC values and standard deviations for the two future time periods
under the four different future scenarios. All AUC values were above 0.98, with very small
standard deviations. The accuracy of the model’s predictions was very high, indicating
that the model’s predictive performance was very good.

Table 3. AUC values and standard deviations for Phoebe zhennan’s under different future scenarios of
climatic conditions.

Circumstances AUC Value Standard Deviation
SSP1-2.6:2041-2060 0.991 0.005
SSP1-2.6:2061-2080 0.987 0.013
SSP2-4.5:2041-2060 0.988 0.009
SSP2-4.5:2061-2080 0.989 0.009
SSP3-7.0:2041-2060 0.988 0.014
SSP3-7.0:2061-2080 0.988 0.011
SSP5-8.5:2041-2060 0.990 0.005

SSP5-8.5:2061-2080 0.989 0.007
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3.1.3. Analysis of Environmental Factors for the Prediction of P. zhennan’s Suitable Areas

Different climate factors had a significant impact on the suitable habitat areas for
P. zhennan, and the results of the knife-cutting method are presented through a bar graph to
show the influence of important climate factors on the distribution of P. zhennan. Figure 5
shows the impact of the nine climate factors on the distribution of P. zhennan.

Jackknife of AUC for Phoebe_zhennan

b1 - Withoutvariable ®
_| With only variable ®

b14 With all variables ®

Environmental Variable
= =
= = (=2 (=2 (=2 -h —-h
(=] (=] (5] w ) (=] o

I I L I I I 1 I I I I I

076 078 080 082 084 086 088 090 092 094 096 098 1.00
AUC

Figure 5. Variable importance analysis of Phoebe zhennan based solely on climatic factors.

There were few differences in the model environment variable analysis charts of different
scenarios and different periods. Therefore, the model environmental variable analysis chart
for the period of 20612080 for SSP1-2.6 was taken as an example. Based on an analysis
of the environmental factors predicted for the years 2041-2060 and 20612080 using four
different future climate models, the main three climate influencing factors for predicting the
potential habitat of P. zhennan were the precipitation of the warmest quarter (b18), the min
temperature of coldest month (b6), and the annual mean temperature (b1). If these climate
factors were missing in the prediction model for the potential habitat of P. zhennan, it would
greatly affect the prediction results. The precipitation of the driest month (b14) was the least
influential climate factor in the prediction of the potential habitat of P. zhennan, which was
consistent with the characteristics of P. zhennan being shade-tolerant and moisture-loving
but not heat-tolerant. Therefore, it could be concluded from the literature that the selected
climate factors were reliable for model calculations and suitable for predicting the potential
habitat of P. zhennan.

Although the importance of the variables was approximately the same under different
socioeconomic scenarios and time periods, the range of suitable variables for P. zhennan
growth varied. Since precipitation during the warmest season (June-August) was the
most important climatic variable influencing the prediction of potential suitable areas for
P. zhennan, the optimal range for this variable is provided. According to the model results,
the optimum ranges of precipitation suitable for P. zhennan growth during 2041-2060 under
the four different socioeconomic pathways (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5)
were 399.61-2213.20 mm, 401.49-1621.10 mm, 400.21-1254.53 mm, and 407.45-1443.77 mm,
respectively. Similarly, for the period of 2061-2080, the optimum ranges of precipita-
tion suitable for the growth of P. zhennan were 403.52-1295 mm, 403.65-1230.36 mm,
393.38-1160.12 mm, and 394.46-2051.29 mm, respectively.

3.2. Potential Suitable Areas for P. zhennan under Climatic and Geographical Conditions
3.2.1. Predicted Results of Potential Suitable Areas for P. zhennan

Using climate and geography as environmental factors, the potential distribution of
P. zhennan in the future was obtained by calculating the average value through the MaxEnt
model 10 times. The results showed the distribution range of suitable habitats for P. zhennan
under different future scenarios at different prediction times (Figure 6). Table 4 displays
the areas of suitable habitats for each future scenario.
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Figure 6. Potential suitable areas of Phoebe zhennan under climatic and geographical conditions.
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Table 4. Potential suitable area sizes under different future scenarios of climatic and geographical
conditions (unit: 10,000 square kilometers).

Lowly Suitable Moderately Highly Suitable

Circumstances Area Suitable Area Area Total

CURRENT 81.4757 65.3281 55.7899 202.5937
SSP1-2.6:2041-2060 127.604 80.1632 85.2951 293.0623
SSP1-2.6:2061-2080 129.977 72.9288 102.698 305.6038
SSP2-4.5:2041-2060 120.139 84.6806 105.323 310.1426
SSP2-4.5:2061-2080 135.342 93.0434 112.932 341.3174
SSP3-7.0:2041-2060 142.601 103.099 88.7483 334.4483
SSP3-7.0:2061-2080 140.292 91.0052 83.533 314.8302
SSP5-8.5:2041-2060 118.556 87.1094 128.509 334.1744
SSP5-8.5:2061-2080 153.339 82.9427 130.125 366.4067

In the future scenario of SSP1-2.6, the main distribution range of P. zhennan expanded
towards the Tibet Autonomous Region. The central region of China was mainly a highly
suitable area for P. zhennan. Over time, the distribution range of this highly suitable area
further expanded. In addition, considering the future environmental changes in the Tibet
Autonomous Region, the southeastern part was warm and humid, suitable for the growth
of P. zhennan. Therefore, the southeastern part of Tibet became the main potential suitable
area for P. zhennan in the future. In the future scenario of SSP2-4.5, the distribution range of
suitable areas for P. zhennan further extended towards the northeast direction from 2061
to 2080. The area of poorly suitable areas significantly increased compared to the current
situation, and the moderately suitable area in the Tibet Autonomous Region also expanded
compared to the period from 2041 to 2060. Not much change was seen in the distribution
ranges of other highly suitable areas and moderately suitable areas. In the future scenario
of SSP3-7.0, the distribution range of suitable areas shrunk from 2061 to 2080, and there
was a trend of eastward migration in the distribution range of highly suitable areas. In the
future scenario of SSP5-8.5, the potential distribution range of suitable areas for P. zhennan
continued to expand towards the northeast from 2061 to 2080, with the most significant
increase observed for the area of poorly suitable areas.

3.2.2. Evaluation Indicators for the Prediction of Suitable Areas for P. zhennan

The mean performance metrics of ROC curves, AUC values, and standard deviations
for 2014-2060 and 2061-2080 under climatic—geographic conditions were obtained by the
MaxEnt model with 10 calculations for four different models.

The ROC curves for the projected potential suitable areas for P. zhennan under the SSP1-2.6
scenario for 2061-2080 are shown (Figure 7). The area below the ROC curve is the AUC value.
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Figure 7. The ROC curve of distribution model based on climatic and geographical variables in China.
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The analysis showed that the ROC curve for this future scenario of environmental
factors was significantly different from the curve for the climate-only factors, and the
performance index AUC value was 0.990.

According to the data in Table 5, it can be seen that the AUC values of the four different
future scenarios for 2041-2060 and 2061-2080 were above 0.980, and the AUC values of each
model were the averages of 10 repetitions of the MaxEnt model with standard deviations
below 0.010.

Table 5. AUC values and standard deviations for Phoebe zhennan under different future scenarios of
climatic and geographical conditions.

Circumstances AUC Value Standard Deviation
SSP1-2.6:2041-2060 0.988 0.007
SSP1-2.6:2061-2080 0.990 0.004
SSP2-4.5:2041-2060 0.989 0.008
SSP2-4.5:2061-2080 0.991 0.005
SSP3-7.0:2041-2060 0.991 0.004
SSP3-7.0:2061-2080 0.990 0.009
SSP5-8.5:2041-2060 0.990 0.006
SSP5-8.5:2061-2080 0.989 0.008

3.2.3. Analysis of Environmental Factors for the Prediction of P. zhennan’s Suitable Areas

Elevation, aspect, and slope were used as ecological factors along with the climatic
factors for predicting the distribution range of potential suitable habitat areas, and the
potential habitat of P. zhennan was re-projected in the MaxEnt model. The influence of
climatic and geographical factors on the prediction of potential habitat for P. zhennan was
analyzed (Figure 8).

Jackknife of AUC for Phoebe_zhennan
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Figure 8. Variable importance analysis of Phoebe zhennan based on climatic and geographical factors.

Since the results of the environmental factor analysis for each period of the four different
future models did not differ significantly, environmental variable maps for the period of
2061-2080 for SSP1-2.6 were taken for analysis. According to the future analysis, slope had
the greatest influence among the geographic factors on the prediction of potential suitable
areas for P. zhennan, and slope direction had the least influence (Figure 8). Among the
climatic factors, the precipitation during the warmest quarter (b18) was the factor that had
the greatest influence on the prediction of potential suitable areas for P. zhennan, and the
annual mean temperature (b1) and the min temperature of the coldest month (b6) also had
a very high degree of influence on the prediction of suitable areas for P. zhennan, while
the precipitation during the driest month (b14) was the climatic factor that had the least
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influence on the prediction of the distribution of potential suitable areas for P. zhennan in the
future. Among the most influential variables of climate and geography, the optimal range of
variables suitable for P. zhennan growth was predicted based on the MaxEnt model results.
Under the four different socioeconomic pathways (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5),
the ranges of the warmest season (June-August) precipitation suitable for the growth of
P. zhennan during the period of 2041-2060 were 399.69-1134.17 mm, 401.62-1720.64 mm,
404.02-1374.34 mm, and 411.23-1285.33 mm, respectively. The optimum slope ranges were
0.07-14.34°, 0.06-5.87°, 0.06-7.12°, and 0.08-5.52°. Additionally, the optimum warmest
seasonal precipitation suitable for P. zhennan during 2061-2080 was from 412.73-1386.55 mm,
402.11-1335.51 mm, 387.46-1513.93 mm, and 387.32-1099.09 mm, respectively. The optimum
slope was 0.08-20.21°, 0.07-13.95°, 0.05-18.38°, and 0.05-18.7°, respectively.

The results showed that, although the effects of geographic factors on the prediction
of potential suitable areas for P. zhennan were usually lesser than most climatic factors, they
still played an important role in the accuracy of the prediction results by causing changes
in temperature and precipitation. Therefore, analyzing the effects of geographic factors on
the future distribution of potential suitable areas for P. zhennan was necessary to improve
the accuracy of our predictions.

4. Discussion
4.1. Accuracy and Stability of the Predicted Results of the Model for the Potential Suitable Areas for
P. zhennan

In this study, we found that the environmental factors were influenced by the Chinese
border when using the MaxEnt model to predict potential suitable areas for P. zhennan
in China. Therefore, it was not accurate to solely rely on climate and geographical data
within China to predict potential suitable areas for P. zhennan. Instead, a more reasonable
approach would be to first predict the potential suitable areas for P. zhennan in southwest
China and neighboring countries, considering the continuity of altitude and climatic factors
in the region. Subsequently, the potential suitable areas within China could be accurately
identified by cutting out the suitable areas. This approach ensured the accuracy of the
results while avoiding the loss of altitude and climatic factor continuity that could have
occurred if the environmental factors were applied after cutting.

The range and area of potential suitable areas for P. zhennan obtained by the MaxEnt
model calculations differed only under climatic conditions and under both climatic and
geographical conditions. The AUC value was the performance evaluation metric of the
MaxEnt model, and it was the difference in the performance metric for two different
environmental factors (Figure 9).

This study conducted a comprehensive analysis on the prediction of potential suitable
areas for P. zhennan in eight future scenarios in China. The future scenarios were composed
of four socioeconomic paths (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) and two future time
periods (20412060 and 2061-2080). S1-54 represented the future scenarios of SSP1-2.6, SSP2-
4.5, 55P3-7.0, and SSP5-8.5 during the time period of 2041-2060, while 55-58 represented the
future scenarios of SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 during the time period of 2061
2080. It was noteworthy that there were differences in the performance indicators between
the climate-geographical condition prediction results and the performance indicators of the
only climate conditions. A line graph of the differences in performance indicators for the
four different shared socioeconomic path scenarios is plotted in Figure 9, which shows the
difference and standard deviation of the AUC values of P. zhennan in climatic geography
and in climatic conditions only. Geographical factors were important influencing factors on
biological suitable areas [32]. The analysis of the figure showed that the accuracy of model
predictions was generally higher when climatic geography was used as an environmental
factor, except for the 2041-2060 period of SSP2-2.6. The standard deviations of 2041-2060
for SSP1-2.6, 2041-2060 for SSP5-8.5, and 2061-2080 for SSP5-8.5 increased when climate
geography was considered as an environmental factor. However, the standard deviations
of other future models decreased.
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Figure 9. Analysis of AUC values and standard deviations for P. zhennan’s predictive performance
metrics under different periods and scenarios.

The predictive performance of the model was very good, as indicated by the AUC val-
ues being above 0.980 under different climate and geographical conditions, with standard
deviations below 0.010. To address the issue of the multicollinearity of climate variables
and its impact on prediction accuracy, this study conducted a correlation analysis among
the environmental variables used to predict the suitable habitat of P. zhennan. Based on
this analysis, specific climate factors were selected to improve the accuracy of the pre-
diction results. The prediction effect of the data before clipping on the suitable areas for
P. zhennan was much better than that after clipping, as can be seen from the following
figure, showing a significant difference in the AUC value of the performance index between
the environmental data before and after clipping (Figure 10). The predicted distribution
map of the potential future suitable areas for P. zhennan revealed the use of climate and
geography as an environmental factor for prediction, resulting in more refined results
(Figure 6). Hence, it was more reliable to use the climatic and geographical data before
clipping as the environmental data in predicting the potential suitable areas for P. zhennan
using the MaxEnt model.
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Figure 10. Differences in AUC values under different models for climatic conditions and models that
consider only climatic and geographical conditions.
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Among these models, Modell represented a prediction model that only included
climate factors before data clipping in China. Model2 represented a prediction model
that included climate and geographical factors before data clipping. Model3 and Model4
represented the prediction of suitable areas after data clipping and the results of prediction
models that only used climate and climate geography as environmental factors. Further-
more, the other eight future scenarios, composed of four socioeconomic paths (SS5P1-2.6,
5SP2-4.5, SSP3-7.0, and SSP5-8.5) and two time periods (2041-2060 and 2061-2080), were
used to analyze the AUC value performance index. Specifically, s1-s4 represented the
four future scenarios from 2041 to 2060, and s5-s8 represented the four future scenarios
from 2061 to 2080. The AUC value analysis demonstrated the model’s performance and
suitability for predicting potential suitable areas.

4.2. Analysis of Potential Suitable Areas for P. zhennan for Different Environmental Factors

When climate and geography were used as an environmental factor, P. zhennan had
an overall larger area of potential future suitable areas (poorly suitable areas, moder-
ately suitable areas, and highly suitable areas) and a larger range of suitable areas in the
four different socioeconomic pathway scenarios and two future time periods, 2041-2060
and 2061-2080, than when only climate was used as an environmental factor.

The analysis showed that the area of highly suitable and poorly suitable zones of P.
zhennan was larger than the area under climatic conditions only when climatic and geography
factors were used as an environmental factor, while the area of moderately suitable zones did
not differ significantly between the two environmental factor cases (Figure 11).
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Figure 11. The areas of potential suitable areas for Phoebe zhennan under climate-only conditions and
combined climate and geographical conditions.

This study examined the different potential suitable areas for P. zhennan in China
under different environmental variables. The areas of these zones were analyzed based
on climate conditions only and climate conditions combined with geographic conditions.
There were six categories of potential suitable areas identified as follows: poorly suitable
areas under climate conditions only (low_climate), moderately suitable areas under climate
conditions only (moderately_climate), highly suitable areas under climate conditions only
(highly_climate), poorly suitable areas under both climate and geographic conditions
(low_climate and geographic), moderately suitable areas under both climate and geographic
conditions (moderately_climate and geographic), and highly suitable areas under both
climate and geographic conditions (highly_climate and geographic). The study showed
that the potential future suitable area for P. zhennan will expand from the southwest
to the northeast over time, and the overall area of this suitable area will increase. The
demonstrated expansion trend of the suitable area for P. zhennan is consistent with the
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findings of Xie [33], who determined that there will be an expansion in the future suitable
area for ancient trees (including P. zhennan) in Sichuan. It also coincides with the conclusion
prediction that the suitable area for P. zhennan will expand in China as a whole, and is
largely consistent with the conclusion by Ding X [34], who concluded that the suitable
area for P. zhennan will migrate to the north. P. zhennan prefers a warm and humid climate
environment, and also has high requirements for the geographical conditions of its growth
environment. Therefore, it is reasonable to add geographic factors to the environmental
factors used for predicting the potential future suitable areas for P. zhennan.

4.3. Migration Paths of P. zhennan’s Potential Suitable Areas

In Section 4.2, we discussed the area size that may be suitable for P. zhennan to grow in
under different environmental conditions. In order to more comprehensively understand
the future distribution of P. zhennan, it is particularly important to further study the overall
distribution range of its potential suitable areas. Therefore, in this section, we will focus
on the migration paths of P. zhennan in potential suitable areas under the influence of only
climate and both climate and geography factors, in order to more accurately predict the
adaptability and distribution of P. zhennan under different environmental conditions.

From the analysis in Figure 12, it can be seen that in the period of 2041-2060, regardless
of the socioeconomic path scenario, the potential suitable habitat area for P. zhennan showed
an overall trend of migrating to the northwest. However, in the future period of 2061-2080,
this situation began to change. Under the three socioeconomic path scenarios of SSP1-2.6,
5SP2-4.5 and SSP3-7.0, the potential suitable areas for P. zhennan began to move eastward.
For the SSP5-8.5 scenario, this was a high-forcing climate scenario characterized by strong
climate change impacts [35]. This study shows that, under this scenario, environmental
conditions suitable for the growth of P. zhennan appeared in the western region. There-
fore, compared with other scenarios, the migration path of P. zhennan under the SSP5-8.5
scenario showed significant differences, and the potential suitable areas for P. zhennan
move farther west. This may reflect that, under more severe climate change conditions,
the distribution range of P. zhennan may undergo greater adjustments in order to adapt to
environmental changes.
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Figure 12. Migration pathways of Phoebe zhennan in climate-only future potential suitable areas.
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Through the analysis of Figure 13, we can observe that there was a significant difference
between the migration path of P. zhennan under the combined influence of climate and
geographical factors and the migration path only affected by climate factors. Under the
combined influence of these two factors, the potential suitable area for P. zhennan showed a
migration trend toward the northwest in all four socioeconomic pathway scenarios. This
trend reflects the ecological niche adjustment of P. zhennan to adapt to climate change. As
the socioeconomic path scenario changed from SSP1 to SSP5, that is, with the acceleration
of climate change and the increase in environmental challenges in the future, the survival
pressure faced by P. zhennan also increased accordingly. In order to survive in more severe
climatic conditions, the potential suitable area for P. zhennan not only changed more widely,
but also migrated further.

Despite the different environments, by analyzing the migration behavior of P. zhennan
under different socioeconomic pathways, the potential impact of future climate change on
biodiversity can be better predicted. This migration behavior is the natural response of
P. zhennan as an organism to environmental changes, and it is also an adaptive way for its
population to continue to survive and reproduce.
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Figure 13. Migration pathways of Phoebe zhennan in potential suitable areas in the future under the
dual influences of climate and geography.

5. Conclusions

This study used the MaxEnt model to predict the distribution range of potential
suitable areas for P. zhennan in different future ecological environments, and the distribution
of potential suitable areas for P. zhennan was compared and analyzed in four shared
socioeconomic path scenarios and two time periods (2041-2060 and 2061-2080). The
research results showed that more accurate prediction results could be obtained by using
climatic and geographical factors before clipping as environmental variables.

Among the climatic factors, precipitation during the warmest quarter was the most
influential factor in predicting potential suitable areas for P. zhennan, while precipitation
during the driest month was the least influential factor. Among the geographic factors,
slope had the greatest impact on the prediction of potential suitable habitat, while aspect
had the least impact.
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According to the predictions of the MaxEnt model in the two periods of 2041-2060
and 2061-2080, the future potential suitable areas for P. zhennan were mainly located in the
central-southern and southern regions of China. However, when future climate change and
the growing conditions of P. zhennan were considered, the potential suitable area also tended
to expand toward the Tibet Autonomous Region and northeast China. In the projections of
future potential habitat areas that took both climatic and geographic factors into account, the
areas of highly suitable, moderately suitable, and poorly suitable habitat areas for P. zhennan
all increased significantly compared to the current suitable habitat areas. It was worth
noting that the distribution range of potential suitable areas for P. zhennan was relatively
stable in the two time periods. The poorly suitable area had the widest distribution range
and was less suitable for P. zhennan growth, mostly surrounding the moderately suitable
area, forming a ring-shaped area in which a small amount of P. zhennan was considered for
planting. On the other hand, the moderately suitable area encompassed the highly suitable
area for the growth of P. zhennan, and it was recommended that a large number of highly
quality P. zhennan be cultivated in this area for future research to promote its use.
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