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Abstract: Larix principis-rupprechtii Mayr (larch) is a native conifer species in North China, and also a
major silvicultural and timber species in the region. Climate change has led to a change in its suitable
distribution area. However, the dominant factors affecting changes in its suitable distribution and
migration trends are not clear. In this study, based on forest resource inventory data and bioclimatic
data in Hebei and Shanxi provinces, China, we built an ensemble model based on seven algorithms to
simulate the larch’s potential suitable distribution areas under three shared socioeconomic pathways
(SSPs: SSP1-2.6, SSP2-4.5, and SSP5-8.5) for the current and future (2021-2040, 2041-2060 and 2080-
2100). The results revealed that: (1) ensemble models significantly improved the predictive accuracy
(ROC =0.95, TSS = 0.81, KAPPA = 0.65); (2) the current potentially suitable distribution area was
concentrated in the Bashang Plateau and the northwestern mountain range of the study area. Among
them, 12.38% were highly suitable distribution areas, 12.67% were moderately suitable distribution
areas, and 12.01% were lowly suitable distribution areas; (3) the main climatic factors affecting larch
distribution were mean temperature of driest quarter, mean diurnal range, precipitation of warmest
quarter, and temperature annual range; (4) under different future climate scenarios, the contraction of
the suitable distribution area of larch increased significantly with increasing SSP radiation intensity.
By 2100, the suitable distribution area of larch was expected to decrease by 26.5% under SSP1-2.6,
57.9% under SSP2-4.5, and 75.7% under SSP5-8.5 scenarios; (5) from 2021 to 2100, the different
suitable distribution areas of larch showed a trend of migration to the northeast. Under the SSP5-8.5
scenario, the migration distance of different suitable distribution areas was the largest, in which the
high suitable distribution area migrated 232.60 km, the middle suitable distribution area migrated
206.75 km, and the low suitable distribution area migrated 163.43 km. The results revealed the
impact of climate change on the larch distribution, which provided a scientific basis for making forest

management decisions.

Keywords: Larix principis-rupprechtii; ensemble model; climate change; suitable distribution; species
distribution models

1. Introduction

Climate change greatly affects the distribution of species [1] and is considered to be
one of the major threats to biodiversity [2,3]. Forests play a key role in mitigating global
warming [4,5]. In the context of global climate change, most tree species occupy a certain
climatic niche [6] that is constantly changing. The consequence is that the habitat quality of
species is degraded, the area is reduced, and species are forced to spread to polar regions or
high elevations [7]. Due to the long growth cycle and slow migration of trees, it is difficult
to adapt to rapidly changing climatic conditions [8]. According to the sixth assessment
report of IPCC, climate change will be more severe in the future [9]. Therefore, in the
context of continuous global warming, elucidating the change in tree distribution and the
mechanism leading to this change has become the focus of the current research [10,11].

Inner Asian forests are sensitive to changes in temperature and precipitation [12,13].
In the past few decades, a significant rise in temperature in northern China has led to
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severe drought [14]. Drought caused a large area of forest contraction [15] and massive
death of trees [16]. It has also been suggested that future temperature increases will
cause trees to migrate to higher elevations and higher latitudes [17-19]. The migration of
trees to more suitable habitats is an adaptive response to climate change [20]. However,
different tree species in different regions are not consistent in response to climate change,
which brings challenges for forestry workers to formulate corresponding strategies [21].
Accurate determination of the impact of climate change on changes in trees’ distribution is
essential for forest management [22]. Shared socioeconomic pathways (SSPs) have high
climate sensitivity in the context of global warming and the consequent climatic changes [9].
Among them, four core scenarios were widely used in research on species distribution,
namely, SSP1-2.6, S5P2-4.5, SSP3-7.0, and SSP5-8.5.

Species distribution models (SDMs) are effective tools to predict the geographical range
of species by combining environmental variables and species location information [23].
With the development of remote sensing and geographic information technology, SDMs are
widely used in biodiversity assessment [24], species potential distribution prediction [25],
protection of rare species [26,27], and so on. At present, the widely used SDMs include
random forest (RF) [6], artificial neural network (ANN) [28], generalized linear model
(GLM) [29], maximum entropy (MaxEnt) [30], etc. However, because the principles and
algorithms of each model are different, it is difficult to select an appropriate model to
predict precisely the suitable distribution of species [31]. In order to solve this kind of
uncertainty, more and more research has adopted the ensemble modeling approach, which
combines predictions across different modeling methods [32]. The ensemble model (EM)
is considered to be an effective method to evaluate the potential distribution of species
at a large spatial scale [33], and can effectively solve the uncertainty caused by a single
model [34]. The EM has been used to predict the distribution of forests [35,36] and other
species [37], and good prediction accuracy has been obtained.

Larch forest plays a key role in the regional carbon budget [38,39], and larch is one of
the most sensitive tree species to climate change [40]. The study indicates that the future
distribution of Larix chinensis Beissn. in the low-altitude areas of the Qinling Mountains
will become extinct, and the suitable habitat will be transferred to higher-altitude areas [1].
In China, the suitable distribution area of L. kaempferi (Lamb.) Carr. will be reduced and
migrated northward [41]. Larch species distributed in Northeast China show different
migration patterns and respond to climate change by reducing and expanding the suitable
distribution area [42,43]. L. principis-rupprechtii is one of the commonly used afforestation
tree species in North China [44], which has high economic and ecological value [45]. The
suitable distribution pattern of L. principis-rupprechtii has changed under the influence of
dominant climate factors [46,47]. However, most of the previous studies are based on a
single model, and there is a lot of uncertainty in the results. Therefore, the EM is used to
predict the suitable distribution of L. principis-rupprechtii, which is intended to improve the
prediction accuracy and provide a reference for planting area management.

In this study, we selected L. principis-rupprechtii, which is widely distributed in Hebei
and Shanxi provinces, as the research object, and used the EM to predict its potential
distribution under baseline and different projected future climate change scenarios. The
research mainly solves the following three problems: (1) is there any change in the potential
suitable distribution area at current and projected future climate change scenarios; (2) what
are the main climatic factors affecting the potential distribution of L. principis-rupprechtii; (3)
whether the migration trend of suitable distribution areas is consistent in different periods
and climatic scenarios. The results of this study can provide a theoretical basis for the
adaptive management of L. principis-rupprechtii.

2. Materials and Methods
2.1. Study Area

Hebei and Shanxi provinces (110°14-119°50 E, 34°34-42°40 N) are the primary distri-
bution areas of L. principis-rupprechtii in China. The terrain of the region is characterized by
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complex and diverse types of landforms, including plateaus, mountains, hills, and basins.
The average elevation in the mountains is around 1500 m. The study area is characterized
by a temperate continental monsoon climate with a hot and rainy summer and a cold
and dry winter. The annual temperature is 4-14 °C, and the annual precipitation is 300—
800 mm [48,49]. The dominant species include L. principis-rupprechtii, Pinus tabulaeformis
Carr., Platycladus orientalis (Linn.) Franco, Quercus mongolica Fisch. ex Ledeb. etc. [50].

2.2. Species Occurrence Data

The geographical occurrence data for L. principis-rupprechtii were from a variety of
sources, including forest resources inventory data in Hebei Province and Shanxi Province,
field survey data (temporary and permanent sampling plots), the Chinese Virtual Herbar-
ium (http:/ /www.cvh.ac.cn (accessed on 15 November 2021))and the National Specimen
Information Infrastructure (http://www.nsii.org.cn (accessed on 15 November 2021)). To
improve the predictive accuracy, we selected only occurrence data points with natural
origin. In addition, to avoid overrepresentation of climatic conditions in densely sampled
areas and prevent spatial autocorrelation, a minimum distance of 3 km between sampling
points was considered. Finally, we obtained a total of 306 distribution points to build the
model (Figure 1).

111°E 114°E 117°E 120°E
| | 1 1
N
4 jL Z
T L_ o
& / o
<+ f <+
Z Z
o — — =
o el
Altitude
e 3091
r4 i Z
% - —%
I I
® Occurrance data
0 100 200 400
—— e— k)

| | | |
111°E 114°E 117°E 120°E
Figure 1. Study area and geographic locations of Larix principis-rupprechtii population distribution.

2.3. Environmental Variables

The current and future (2021-2100) bioclimatic data with a 30 arc-second resolution (ap-
proximately 800 m) were obtained from the WorldClim database (http:/ /www.Worldclim.
org (accessed on 18 November 2021). We selected medium-resolution Beijing Climate
Center Climate System Model version 2 (BCC-CSM2-MR), which is widely used in China,
to derive future climate change scenario data. Three future climate scenarios, including low
radiation intensity (SSP1-2.6), medium radiation intensity (5SP2-4.5), and high radiation
intensity (S5P5-8.5) were used. We also simulated the suitable distribution of larch species
in three future periods: 2030s (average for 2021-2040), 2050s (average for 2041-2060), and
2090s (average for 2081-2100) under the projected climate change scenarios mentioned
above [51]. Study shows that a 10-fold change in resolution will not seriously affect the
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fitting accuracy of the species distribution model [23]. Considering comprehensively, a total
of 19 climatic factors related to temperature and precipitation were resampled at 250 m
resolution.

In order to avoid the problem of model fitting due to the collinearity of climatic
factors [52], correlation analysis and variance inflation factor analysis [53,54] were carried
out. Climatic factors with Irl < 0.8 and VIF < 10 were selected. Finally, eight climatic
factors were selected to build the model (Table 1).

Table 1. Climatic factors used to predict the potential distribution of larch. The variables selected for
building model are marked with an asterisk (*).

Variable Name Code Unit VIF
Annual mean temperature BIO1 °C
Mean diurnal range (mean of monthly (max temp—min temp)) BIO2 * °C 2.87
Isothermally (BIO2/BIO?) (* 100) BIO3 * - 3.71
Temperature seasonality (standard deviation * 100) BIO4 -
Max temperature of warmest month BIOS5 * °C 1.71
Min temperature of coldest month BIO6 °C
Temperature annual range (BIO5-BIO6) BIO7 * °C 5.46
Mean temperature of wettest quarter BIOS8 °C
Mean temperature of driest quarter BIO9 * °C 3.77
Mean temperature of warmest quarter BIO10 °C
Mean temperature of coldest quarter BIO11 °C
Annual precipitation BIO12 mm
Precipitation of wettest month BIO13 mm
Precipitation of driest month BIO14 mm
Precipitation seasonality (coefficient of variation) BIO15* mm 7.69
Precipitation of wettest quarter BIO16 mm
Precipitation of driest quarter BIO17 mm
Precipitation of warmest quarter BIO18 * mm 4.57
Precipitation of coldest quarter BIO19 * mm 1.87

2.4. Research Methods
2.4.1. Establishment of Single Species Distribution Model

This study used 10 model algorithms in the “biomod2” package in R 3.6.3 [34,55,56].
These model algorithms included surface range envelope (SRE), flexible discriminant
analysis (FDA), classification tree analysis (CTA), generalized boosting model (GBM), ANN,
RE, MaxEnt, GLM, generalized additive model (GAM), and multiple adaptive regression
splines (MARS). Most SDMs require species absence data. In this research, we randomly
generated pseudo-existence point data at least 3 km between the pseudo-existence points
and the existence point data [27,32]. To reduce the predictive uncertainty caused by the
randomly generated point position, we generated three sets of pseudo-absence data, and
the number of pseudo-existence points in each group was 1500. The sample data (including
occurrence data and pseudo sampling points) were randomly divided into two parts: 75%
of the data as the training data set, and 25% as the test data set [27]. Each model algorithm
was repeated 10 times with every sample dataset. A total of 300 single model results were
obtained (3 sets of sample data x 10 model algorithms x 10 replicates). For all modeling
algorithms, we used the default setting of the “biomod2” package [57].

2.4.2. Model Evaluation

We choose three kinds of model evaluation metrics embedded in the “biomod2”
package to evaluate the fitting accuracy. Cohen’s kappa statistic (KAPPA) was used to
evaluate the consistency between sample data and simulation results. The true skill statistic
(TSS) developed from KAPPA contained the advantages of KAPPA while avoiding its
disadvantages. Receiver operating characteristic (ROC) was the most widely used index to
evaluate the model. The area under ROC curve (AUC) value could indicate the accuracy of
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the model prediction. The higher the value, the stronger the prediction ability of the model.
The reference criteria for the three evaluation indicators are shown in Table 2 [58-60].

Table 2. Model evaluation index reference standard.

Evaluation Index Excellent Better Moderate General Failure
Kappa 0.80-1.00 0.60-0.80 0.40-0.60 0.20-0.40 0.00-0.20
TSS 0.80-1.00 0.60-0.85 0.40-0.60 0.20-0.40 0.00-0.20
ROC 0.90-1.00 0.80-0.90 0.70-0.80 0.60-0.70 0.00-0.60

2.4.3. Ensemble Model Construction

To reduce the uncertainty caused by modeling algorithms, we comprehensively con-
sidered the two evaluation indicators of ROC and TSS to build the EM [53]. Only single
model results with an ROC value greater than 0.9 and TSS value greater than 0.7 were
retained, and the EM was constructed by the weighted average method. The results were
projected on the ArcGIS 10.2 platform. The distribution areas of L. principis-rupprechtii
were divided into four classes [53]: unsuitable area (0.0-0.2), lowly suitable area (0.2-0.4),
moderately suitable area (0.4-0.6), and highly suitable area (0.6-1.0). At the same time,
we overlaid suitable and unsuitable area classifications under current and future climate
scenarios, and finally obtained the unsuitable areas, unchangeable potential suitable areas,
degraded potential suitable areas, and increased potential suitable areas under future
climate scenarios [32].

2.4.4. Dominant Environmental Factor Analysis

The relative importance of the environmental factors was assessed using the biomod2
method. Pearson’s correlation coefficient between the reference prediction and the “shuf-
fled” prediction was also calculated. The important value of each variable was 1 minus
the correlation coefficient. The higher the score was, the more important the variable
was [53,56]. In this study, the relative importance percentage of environmental factors in
the final model was obtained by calculating the average value of different environmental
factors through multiple operations. Finally, the response curves were used to analyze the
dominant factors affecting the suitable distribution of L. principis-rupprechtii based on the
results of the optimal model.

2.4.5. Centroid Shifts

We used the ArcGIS10.2 platform to calculate the area of highly suitable areas, mod-
erately suitable areas, and lowly suitable areas under different climate scenarios for the
current and future respectively. In addition, we used the SDM toolbox [61] to calculate
the location of centroids in different periods and draw shift paths under different climatic
scenarios [2,53].

3. Results
3.1. Model Accuracy Evaluation

Based on the values of ROC, KAPPA, and TSS metrics (Figure 2), the predictive
performance of the SRE algorithm was proved the worst. The algorithms with a mean ROC
value greater than 0.9, a mean TSS value greater than 0.7, and a mean KAPPA value greater
than 0.52 were selected for ensemble modeling. Finally, seven algorithms were selected
(FDA, GBM, RF, MAXENT, GLM, ANN, and MARS). The ROC, TSS, and KAPPA values of
the EM were 0.95, 0.81, and 0.65, respectively, indicating more accurate predictions than all
of the single models.
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Figure 2. Comparison of ROC, TSS and KAPPA of ten models and ensemble model. MARS: multiple
adaptive regression splines; GLM: generalized linear model; GBM: generalized boosting model; CTA:
classification tree analysis; ANN: artificial neural network; SRE: surface range envelope; FDA: flexible
discriminant analysis; RF: random forest; GAM: generalized additive model; MAXENT: maximum
entropy. Black diamond blocks represent outliers.

3.2. Importance of Environmental Factors

The results of the relative importance analysis of climatic factors showed that the
cumulative contribution rate of mean temperature of driest quarter (BIO9), mean diurnal
range (BIO2), precipitation of warmest quarter (BIO18), and temperature annual range
(BIO7) was 81.25%, indicating that the four climatic factors were the main factors affecting
the larch suitable distribution (Table 3).

Table 3. Variable contribution (%) in different models. MARS: multiple adaptive regression splines;
GLM: generalized linear model; GBM: generalized boosting model; CTA: classification tree analysis;
ANN: artificial neural network; SRE: surface range envelope; FDA: flexible discriminant analysis; RF:
random forest; GAM: generalized additive model; MAXENT: maximum entropy.

Variable MARS

GLM

GBM CTA ANN SRE FDA RF GAM MAXENT Relative Importance

BIO9
BIO2
BIO18
BIO7
BIO5
BIO3
BIO15
BIO19

62.59
12.87
7.94
6.82
0.92
7.20
1.19
0.47

58.09
14.38
7.23
12.25
1.26
5.77
0.61
0.41

76.28
5.18
11.39
0.18
3.56
3.11
0.30
0.01

72.99
11.84
9.72
0.00
1.15
3.12
1.18
0.00

37.40
9.39
14.22
9.92
6.34
2.33
11.72
8.68

25.82
15.94
9.94
3.93
19.54
8.75
13.12
297

48.25
12.02
9.07
12.07
6.94
8.48
1.38
1.78

40.02
7.16
10.80
9.17
16.67
7.74
6.53
1.92

32.44
18.01
5.18
17.64
543
16.00
4.53
0.77

79.00 53.29
5.48 11.23
9.53 9.50
0.29 7.23
2.39 6.42
1.16 6.37
1.54 4.21
0.60 1.76

Response curve analysis showed that the occurrence probability of larch decreased
with increasing BIO9. The higher suitability for larch occurred in areas with BIO2 less than
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13.5 °C. The occurrence probability increased with increasing BIO18, and the occurrence
probability reached the maximum value when the precipitation reached 405 mm. Larch
showed a higher suitability in areas with a BIO7 of 27-48.3 °C (Figure 3).
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Figure 3. Response curve analysis on dominant environmental variables for L. principis-rupprechtii.

3.3. Current Suitable Distribution

The suitable distribution map of larch under the current climatic conditions was
obtained based on the prediction results of the EM (Figure 4). The results showed that the
suitable distribution areas for larch were mainly distributed in Yan Mountain, Xiaowutai
Mountain, and Bashang Plateau of Hebei Province, and in Lvliang Mountain, Wutai
Mountain, and Heng Mountain of Shanxi Province. The area proportions of highly suitable,
moderately suitable, lowly suitable area, and unsuitable habitats were 12.38%, 12.67%,
12.01%, and 62.94%, respectively (Table 4).

Table 4. Different classes of suitable area for L. principis-rupprechtii under current and future

climate scenarios.

Year Scenarios Area (km?) (Percentage%)

Unsuitable Lowly Suitable Moderately Suitable Highly Suitable
Current - 217,466.11 (62.94) 41,490.91 (12.01) 43,775.43 (12.67) 42,767.55 (12.38)
SSP1-2.6 251,465.14 (72.78) 31,949.68 (9.25) 29,295.60 (8.48) 32,789.58 (9.49)

2030s SSP2-4.5 267,255.20 (77.35) 23,063.57 (6.68) 27,431.03 (7.94) 27,750.19 (8.03)
SSP5-8.5 244,645.18 (70.81) 43,288.29 (12.53) 29,480.38 (8.53) 28,086.15 (8.13)
SSP1-2.6 239,840.97 (69.42)  50,343.42 (14.57) 27,750.19 (8.03) 27,565.42 (7.98)
2050s SSP2-4.5 267,759.14 (77.50) 32,184.85 (9.32) 23,046.77 (6.67) 22,509.24 (6.51)
SSP5-8.5 268,565.44 (77.73) 31,176.97 (9.02) 22,173.28 (6.42) 23,584.31 (6.83)
SSP1-2.6 251,414.75 (72.77)  40,768.60 (11.80) 26,943.89 (7.80) 26,372.76 (7.63)
2090s SSP2-4.5 291,595.42 (84.40) 23,365.93 (6.76) 15,151.74 (4.39) 15,386.91 (4.45)

SSP5-8.5 312,962.39 (90.58) 14,966.96 (4.33) 8835.72 (2.56) 8734.93 (2.53)
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Figure 4. Current suitable distribution area of L. principis-rupprechtii.

3.4. Future Suitable Distribution

The suitable distribution areas of larch varied greatly under different climate scenarios
in the future (Table 4 and Figure 5). Under the SSP1-2.6 climate scenario, the moderately
and highly suitable distribution areas showed a decreasing trend by the 2050s but showed
an increasing trend by the 2090s. However, under the SSP2-4.5 and SSP5-8.5 climate
scenarios, the moderately and highly suitable areas showed a significantly decreasing trend
by the 2090s, especially under the SSP5-8.5 climate scenario. Based on the SSP5-8.5 climate
scenario, the total unsuitable areas increased by 90.58% in 2090, whereas the moderately
and highly suitable areas decreased by 2.56% and 2.53%, respectively (Table 4).

In the SSP1-2.6 climate scenario, the distribution areas did not change much in different
periods (Figure 5). Under the SSP2-4.5 climate scenario, the suitable distribution areas
tended to migrate to high latitudes, while the suitable distribution areas of low latitudes
continued to shrink, even lost by the end of this century. Under the SSP5-8.5 climate
scenario, larch distribution showed extreme changes, and all the suitable distribution areas
except Bashang distributed in Zhangjiakou and Chengde regions in the low latitudes were
lost by the end of this century.
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Figure 5. Potential spatial distribution of L. principis-rupprechtii under different climate change
scenarios in 2030s—2090s based on the ensemble model.

Under the three climate scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5, The area of un-
suitable areas increased rapidly before 2030, while decreased under SSP1-2.6 and SSP2-4.5
between the 2030s and 2050s. However, there was a significant increase in the area of
unsuitable areas under different climatic scenarios after the 2050s. The area changes of
lowly suitable areas showed a fluctuating state, whereas the area of moderately and highly
suitable areas showed a downward trend under three climatic scenarios. From SSP1-
2.6 to SSP5-8.5 climate scenarios, the area of moderately and highly suitable areas of L.
principis-rupprechtii decreased more sharply (Figure 6).
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Figure 6. Change in the area of the different suitable areas of L. principis-rupprechtii in future cli-
mate scenarios.

3.5. The Change of Suitable Distribution Pattern in the Future

Overlay analysis indicated that the increased potential suitable areas were smaller
than the degraded potential suitable areas, and there was a peak in the increased potential
suitable areas in the 2050s (Figure 7 and Table 5). The increased potential suitable areas
were mainly concentrated in Guancen Mountain and Hongtao Mountain in the northwest
of Shanxi Province and Daqing Mountain in the northwest of Hebei Province. Under
the SSP1-2.6 climate scenario, the change of unsuitable and degraded suitable areas of L.
principis-rupprechtii would be significant in the 2030s, but not in the 2050s and 2090s. Under
the SSP2-4.5 climate scenario, except for increased potential suitable and unsuitable areas,
the area of degraded potential suitable areas increased significantly. Under the SSP5-8.5
climate scenario, the degraded suitable areas increased sharply, accounting for 30.60% of
the total area until the 2090s.

Table 5. Spatial variation in suitable distribution areas of L. principis-rupprechtii in different periods.

Area (km?) (Percentage is Shown in Brackets)

Scenarios Year
Unchangeable . Increased
Unsuitable Areas Potential guitable Degre.ided Potential Potential Suitable
Suitable Areas
Areas Areas
2030s 206,749.03 (59.84) 93,463.73 (27.05) 44,716.11 (12.94) 571.13 (0.17)
SSP1-2.6 2050s 201,810.43 (58.41) 100,149.31 (28.99) 38,030.53 (11.01) 5509.72 (1.59)
2090s 203,322.25 (58.85) 90,087.34 (26.07) 48,092.50 (13.92) 3997.91 (1.16)
2030s 207,320.16 (60.01) 78,244.80 (22.65) 59,935.04 (17.35) 0.00 (0.00)
SSP2-4.5 2050s 205,338.00 (59.43) 75,758.70 (21.93) 62,421.14 (18.07) 1982.16 (0.57)
2090s 207,269.76 (59.99) 53,854.19 (15.59) 84,325.65 (24.41) 50.39 (0.01)
2030s 206,967.40 (59.90) 100,502.07 (29.09) 37,677.78 (10.91) 352.76 (0.10)
SSP5-8.5 2050s 206,043.51 (59.64) 75,657.92 (21.90) 62,521.93 (18.10) 1276.64 (0.37)
2090s 207,252.97 (59.99) 32,470.42 (9.40) 105,709.43 (30.60) 67.19 (0.02)
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Figure 7. The spatial pattern of suitable areas for L. principis-rupprechtii in different periods.

3.6. Centroid Migration

There were some differences in centroid and migration distance among different suit-
able areas under different climatic scenarios (Figure 8, Table 6). At present, the centroids of
lowly, moderately, and highly suitable areas of L. principis-rupprechtii shifted from southwest
to northeast. In the future different climate scenarios, the centroids of lowly, moderately,
and highly suitable areas of L. principis-rupprechtii would migrate towards north. With
increasing climate scenario concentrations, the migration distance increased significantly.
Under the SSP5-8.5 climate scenario, the migration distances of highly, moderately, and
lowly suitable areas were 232.60 km, 206.75 km, and 163.43 km, respectively.
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Figure 8. Centroid shifts under current and future climate scenarios for L. principis-rupprechtii.

Table 6. Centroid shift distances under current and future climate scenarios for L. principis-rupprechtii.

Scenarios Year Highly Suitable Moderately Suitable Lowly Suitable

Longitude Latitude I\gl.grahon Longitude Latitude Migration Longitude Latitude Migration
©) ©) istance ©) ©) Distance o) ©) Distance

(km) (km) (km)

Current 114.87 39.56 114.02 39.25 113.51 38.72

2030s 114.81 40.00 48.40 114.18 39.58 39.09 114.02 39.41 87.83

SSP1-2.6 2050s 115.16 40.31 86.58 114.85 40.15 122.62 114.18 39.53 106.73

2090s 115.18 40.42 98.81 114.36 39.94 81.75 114.02 39.48 94.38

2030s 115.50 40.35 103.07 114.90 39.97 109.44 114.48 39.61 129.43

SSP2-4.5 2050s 115.70 40.63 138.27 114.63 40.19 116.49 114.28 39.80 136.11

2090s 115.24 40.66 125.62 115.16 40.58 176.60 114.23 39.91 145.88

2030s 115.00 40.11 61.59 114.81 39.85 9491 113.95 39.33 76.95

SSP5-8.5 2050s 115.27 40.67 127.26 114.41 40.005 89.79 114.13 39.69 120.45

2090s 115.28 41.63 232.60 115.15 40.90 206.75 114.27 40.07 163.43
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4. Discussion
4.1. Ensemble Model Evaluation

At present, the research on the suitable distribution of L. principis-rupprechtii is mainly
focused on the single species distribution model [47,62]. Due to the different algorithms of
different models and different ways of dealing with data, there are some differences in the
importance of environmental factors, model fitting evaluation, and suitable distribution [63].
For example, Liu et al. [62] found that the dominant factors affecting the distribution
of L. principis-rupprechtii were the highest temperature of the hottest month, the annual
temperature difference, and seasonal temperature variation. However, Lv et al. [47] thought
that larch’s distribution was mainly affected by the accumulative temperature below 0 °C
and the mean precipitation of wet quarter. The uncertainty of a single distribution model
can be reduced to some extent by building an EM [31,64]. The “Biomod2” software package
can not only predict the current distribution of L. principis-rupprechtii in an ensemble way
but also predict the potential distribution area under future climate scenarios [35,65]. In this
study, based on the “Biomod2” software package, 10 single species distribution models and
EM were constructed using the latest CMIP6 climate data, and the results were evaluated
by KAPPA, ROC, and TSS. According to the evaluation metrics, the six single species
distribution models of FDA, GBM, RE, MAXENT, GLM, and MARS performed better,
followed by GAM, ANN, and CTA models, while the SRE model performed the worst.
This is consistent with other results using multiple models to predict species distribution,
which shows that the simulation effect of RF is better, while the performance of SRE is the
worst [2,32,66]. Some studies have shown that there is some uncertainty in using ROC
alone to evaluate the model [67]. Therefore, we select the results of a single model with
ROC > 0.9 and TSS > 0.7 to construct the EM. The results show that the three indicators of
the EM have been significantly improved, in which TSS and ROC have reached an excellent
level (TSS = 0.81, ROC = 0.95), KAPPA value has reached a better degree (KAPPA = 0.65).
Through the model evaluation, it can be found that the EM was better than the single
species distribution model.

4.2. Dominant Climatic Factor

The analysis of the relative importance of climate factors showed that the mean tem-
perature of driest quarter (BIO9) and the mean diurnal range (BIO2) had a significant
influence on the suitable distribution of L. principis-rupprechtii, with a total relative impor-
tance of 64.52%, followed by the precipitation of warmest quarter (BIO18) and temperature
annual range (BIO7), with a total relative importance of 16.73%. Other climatic factors
had no significant effect on larch’s suitable distribution (Table 3). The results showed that
temperature was the key factor affecting the suitable distribution of L. principis-rupprechtii,
which was similar to that of Liu [64] and Liu et al. [62].

The response curve analysis indicated that the suitable ranges were —16.4 to —5.7 °C
for BIO9 and the presence probability decreased with increasing temperature. BIO9 is the
most important climatic factor to limit the growth of L. olgensis [22] and to influence the
distribution of Larix chinensis [1] and Larix gmelinii [68]. BIO9 may affect the respiration
process of larch in winter. The low temperature reduces the activity of enzymes and
limits the decomposition rate of organic matter, thus storing more assimilated substances
for the growth of larch. Some studies have also shown that there is a close relationship
between winter temperature and plant distribution [69]. The cold tolerance of larch is
the result of long-term adaptation to low temperature in winter [70,71]. It is difficult for
larch to adapt to the rapid warming of the climate. The mean diurnal range of L. principis-
rupprechtii was less than 13.5 °C. BIO2 reflects the change in temperature during the day.
Photosynthesis and respiration of plants during the day contribute to the accumulation
of nutrients [72,73]. Global climate change shows that the temperature rises faster during
the night than during the day [74]. This change is not conducive to the accumulation of
plant nutrients. The suitable ranges were 24.7 to 48.4 °C for BIO7. Some studies have
also shown that BIO? influences the distribution of coniferous forests [20] and L. gmelinii
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in China [68]. The suitable ranges were 222.2 to 409 mm for BIO18, and the presence
probability of larch increased with increasing precipitation. When the precipitation reached
409 mm, precipitation was no longer the main factor limiting larch distribution. This was
consistent with the characteristics of the temperate monsoon climate in the study area.
In the study area, the average annual precipitation ranges from 300 to 800 mm, and the
precipitation is mainly concentrated in the warmest season [48,49]. Summer is the main
growing season for L. principis-rupprechtii. Sufficient precipitation in summer can provide
sufficient water for the physiological process and growth of trees [39].

4.3. Suitable Distribution Pattern

The study indicated that climate change had a significant impact on the larch’s dis-
tribution. Currently, it was mainly distributed in the Bashang Plateau, Yan Mountain,
Taihang Mountain, Heng Mountain, Wutai Mountain, and Lvliang Mountain. Our result
was consistent with the actual distribution [50,75]. The suitable distribution areas would
shrink and migrate to varying degrees under different climatic scenarios in the future,
which was consistent with the results of other studies [1,41,43]. The results showed that
the distribution of L. principis-rupprechtii was sensitive to climate change. The contraction
degree under SSP1-2.6 was much lower than that under SSP5-8.5. The suitable distribution
areas under different climate scenarios showed a sharp contraction in 2030, then shrank
slowly. The reason for this contraction may be that L. principis-rupprechtii has a long growth
cycle and slow migration, so it is difficult to adapt to rapidly changing climatic condi-
tions [8]. On the other hand, it may be that other tree species invade its distribution areas
under the condition of global warming [76].

With the increase in climate scenario concentrations, the more the loss of potential
suitable areas, the smaller the increased potential suitable areas. This result may be due
to the slow migration of L. principis-rupprechtii [8]. However, different climate scenarios
showed consistency: increased potential suitable areas were mainly distributed in the
northwest of the study area, and the degraded potential suitable areas were mainly located
in low latitudes. The topography of the study area is high in the northwest and low in
the southeast, which shows that L. principis-rupprechtii has a trend of migration to high
altitudes. This was consistent with the results of Lv et al. [47]. A study has also shown that
future climate change promotes the growth of high-altitude larch and inhibits the growth of
low-altitude larch [77]. Under different climate scenarios in the future, the area of degraded
potential suitable areas of L. principis-rupprechtii was much larger than that of increased
potential suitable areas, which was consistent with the results of Zhao et al. [18]. Analyzing
distribution pattern changes is helpful for understanding how L. principis-rupprechtii might
respond to future climates.

4.4. Centroid Migration

Based on the analysis of the centroid and migration distance of different suitable
areas, the results showed that the centroids of lowly, moderately, and highly suitable areas
of L. principis-rupprechtii shifted from southwest to northeast under the current climatic
conditions. Under different climatic scenarios in the future, the different suitable distribu-
tion areas, except for highly suitable areas, in which centroids showed a northwestward
migration in the SSP1-2.6 climate scenario until 2030, generally showed a trend of migration
towards the northeast. This was consistent with the migration results of larch [41,43,78].
Our research indicated the migration distance under SSP5-8.5 was about twice as much
as that under SSP1-2.6 at the end of this century. Zhao et al. [1] also showed that the
degraded area of L. chinensis in high concentration climate scenarios was twice as much
as that in low concentration climate scenarios. Centroid migration analysis can provide
further interpretation of the sensitivity of L. principis-rupprechtii to climate change [40].
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5. Conclusions

Based on ten single species distribution models, the EM was constructed to predict
the suitable distribution of L. principis-rupprechtii. The evaluation metrics of ROC, TSS,
and KAPPA were significantly improved, indicating the predictive results of the EM were
accurate and reliable. Climate factors, including the mean temperature of driest quarter,
the mean diurnal range, the precipitation of warmest quarter, and temperature annual
range, were the main determinants shaping the distribution of L. principis-rupprechtii.
Under future climate scenarios, the suitable areas of L. principis-rupprechtii would shrink
and migrate to high latitudes. From SSP1-2.6 to SSP5-8.5 climate scenarios, the area of
moderately and highly suitable areas of L. principis-rupprechtii decreased more sharply.
Our study further proved that larch’s distribution was sensitive to climate change. This
work provides a feasible approach to understanding the possible impacts of climate change
on L. principis-rupprechtii. Our study will be helpful for the sustainable management of L.
principis-rupprechtii forests.
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