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Introduction: As an important coniferous tree in northeast China, Pinus
koraiensis not only maintains the stability of the forest ecosystem at high
latitudes but also plays a crucial role in regional socioeconomic development.
With the intensification of climate change in recent years, the stability of P,
koraiensis habitats is constantly disturbed by external uncertain environmental
factors, which greatly affects the geographical distribution of P koraiensis.
However, its geographical distribution is still unclear, which greatly hinders
further understanding of the ecological process of P. koraiensis. Consequently,
it is particularly important to explore the potential distribution and migration of
P. koraiensis during several critical periods.

Methods: Random forest (RF) was used to establish the redistribution of P,
koraiensis.

Results: The results showed that temperature seasonality and precipitation in
the coldest quarter were the key factors limiting the current distribution of P,
koraiensis. Currently, P. koraiensis is mainly distributed in the Lesser Khingan
Mountains and Changbai Mountains, with a total suitable area of ~4.59 x 105
km?2. In the past, the historical distribution of P. koraiensis during the LIG period
was basically consistent with the current distribution range, but its distribution
range was more complete. In the LGM period, the suitable distribution of P,
koraiensis became fragmented, especially at the connection between the Lesser
Khingan Mountains and the Changbai Mountains. Under future climate scenarios,
the suitable distribution of P. koraiensis is projected to increase, while the highly
suitable distribution will be reduced. The dramatically worrying change is that
the suitable habitats of P. koraiensis are gradually breaking and separating in the
junction zone between the Lesser Khingan Mountains and Changbai Mountains,
which will cause the ecological corridor to break. The shifts in the distribution
centroid indicated that the P. koraiensis population will migrate northward.

Discussion: However, it remains to be verified whether long-distance migration
can be achieved without human assistance. Our results can provide some
solutions for protection and management strategies for P. koraiensis populations
and the impact of climate change, shedding light on the effectiveness of
management responses.
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1 Introduction

The sign of global warming has been remarkable over the
past century. It is expected that global temperatures will rise
by 1.1-6.4°C in the 21st century (Sanjay et al, 2017). An
increasing number of climate warming events are first affecting
environmentally sensitive areas, especially in high-latitude and
high-altitude regions (IPCC, 2014). Vegetation, due to its rapid
responses to changing environmental conditions, was the first area
to receive attention from researchers to investigate climate change
(Tinner et al, 2013). In the Northern Hemisphere, vegetation
was projected to expand toward polar and high altitudes with
climate warming (Ernakovich et al, 2014). In high-latitude regions,
the possible distribution range and optimal distribution range of
Khingan larch in the Greater Khingan Mountains and spruce, fir,
and redwood in the eastern mountains of the Lesser Khingan
Mountains from 1961 to 2010 shifted northward (Zhao et al., 2013;
Ma et al., 2014). The distribution range of evergreen broad-leaved
forests in eastern China has expanded to the north (Fan et al., 2022).
The forests in Northeast China are the largest forest distribution
area in the high-latitude area of China and the central distribution
area of broad-leaved Korean pine (Pinus koraiensis Siebold and
Zucc.) forest (Ji, 2010; Lyu et al,, 2017). As an excellent timber
and economic tree species, P. koraiensis not only maintains and
conserves soil and water but also plays an important role in regional
socioeconomic development (Aizawa et al., 2012). Indeed, climate
change has led to a certain degree of reduction to the distribution
range of the P. koraiensis population in isolated patches. In
addition, the migration ability of P. koraiensis is limited due to its
phenotypic plasticity, seed dispersal ability, reproductive capacity,
and degree of range fragmentation, making it unable to occupy new
ecological niches, resulting in a serious decline in these population.
Consequently, the populations in these isolated patches are difficult
to recover through natural regeneration (Liang et al., 2018; Liu
et al., 2023). In addition, climate-induced changes in the location
of suitable habitats may cause the distribution of P. koraiensis to
deviate from existing protected areas, and the reduction in the
P. koraiensis population caused by human destruction in non-
protected areas must also be carefully considered (Aratijo et al.,
2004; Heller and Zavaleta, 2009). Therefore, it is particularly
important to explore the potential distribution of P. koraiensis
under climate change and formulate relevant protection strategies.

Species distribution models (SDMs) have been widely applied
to select the key environmental variables correlated with species
distribution and quantitatively determine the effects of climate
change on species habitats (Austin, 2007). Currently, commonly
used models include the maximum entropy model (MaxEnt),
random forest (RF), surface range envelope (SRE; usually called
BIOCLIM), generalized additive model (GAM), Bayesian models
(BA), genetic algorithm for rule-set prediction (GARP) and
ecological niche factor analysis (ENFA) (Hirzel et al, 2002
Beaumont et al., 2005; Elith et al., 2006; Sanchez-Flores, 2007;
Rong et al, 2019). Among them, RF with machine learning
performance are being broadly used to predict the potential
distribution of species because of their advantages, such as human-
computer interaction, effective development of intelligent systems,
and reduction of human burden (Janiesch et al, 2021). RF is
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based on decision trees and incorporates random attribute selection
during training through bagging technology, generating a large
number of classification and regression trees, and then performing
regression analysis on selected subsamples. It is an integrated
machine learning method that circumvents the previously common
pitfall of overfitting in machine learning models, obtaining a
more accurate and stable prediction (Breiman, 2001). Besides,
the RF is very effective in processing large amounts of data,
can deal well with missing data, can effectively solve nonlinear,
interaction, collinearity and other problems, can directly measure
the importance of variables, and thereby has received widespread
attention in the prediction of species distribution (Bi et al,
2013; Bradter et al., 2013). Benefiting from its broad application
prospects, increasing research has also proven the reliability and
accuracy of RF in predicting species distributions (Sahragard et al.,
2018; Zhang etal., 2020). Kaky et al. (2020) employed eight different
models, including support-vector machine (SVM), classification
and regression trees (CART), MaxEnt, RF, boosted regression trees
(BRT), flexible discriminant analysis (FDA), maximum likelihood
estimation (MLE) and generalized linear model (GLM), to simulate
and compare the potential geographic distributions of medicinal
plants in Egypt, with their results indicating that RF has the highest
predictive performance. Amiri et al. (2020) compared five species
distribution models, covering classification tree analysis (CTA),
multivariate adaptive regression splines (MARS), GLM, RF and
MaxEnt, to predict the distribution of Artemisia species in central
Iran, finding that the projected results of RF had the highest
accuracy among these models. Stock et al. (2020) used GAM and
RF models to predict the distribution of six fish species, concluding
that the RF exhibited superior predictive performance. Therefore,
RF was used as predictive models for the potential distribution of
target species in climate change scenarios in this study.

In China, P. koraiensis was included in the “International
Union for Conservation of Nature (IUCN) red list” in 2013, with
a protection level of Vulnerable (VU). According to historical
investigation, the natural conditions of the Lesser Khingan
Mountains are the most suitable for the growth of P. koraiensis,
andwere preliminarily collected according to the field sampling
more than half of the world’s P. koraiensis population is distributed
here (Li et al., 2020). However, in 1948, the natural P. koraiensis
forest located in the Lesser Khingan Mountains started to decreased
from 1.2 million hectares to <5 x 10* hectares after 56 years
of logging, with only ~3 million mature trees remaining (Guo
et al, 2012). As a constructive tree species in the original broad-
leaved P. koraiensis forest in Northeast China, the number of P.
koraiensis in the original forest has decreased significantly due
to long-term destructive interference, and many broad-leaved P.
koraiensis forests have degenerated into secondary forests (Lin et al.,
2020; Wang et al., 2021). In addition, there is a lack of P. koraiensis
seed sources around a large area of secondary forests, or even if
there are P. koraiensis seed sources (with a small amount of artificial
P. koraiensis forests around the secondary forest), interference
from pine fruit picking and other activities can create obstacles to
the natural regeneration of P. koraiensis due to insufficient seed
sources (Li et al, 2012; Wang et al., 2022). After the cones of
P. koraiensis mature and fall off, the trees must rely on rodents
to spread the seeds (large-seeded pine species) and complete the
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subsequent regeneration process, which is also one of the reasons
for the obstacles in P. koraiensis regeneration. In the context of
global warming, the natural regeneration and regeneration capacity
of P. koraiensis forests located in high latitude areas will inevitably
continue to decrease. Therefore, it is crucial to determine whether
the P. koraiensis population can track to climate change. To
address this question, this study will employ RF to project the
redistribution and migration of P. koraiensis under future climate
scenarios. This research has three objectives: (1) identify the critical
environmental variables limiting the current distribution range of
the P. koraiensis population, (2) project the future redistribution of
P. koraiensis in response to varying climate change scenarios and
track the shifts in the potential distributions of this species, and
(3) formulate protection and management strategies based on the
above conclusions and the current situation of P. koraiensis.

2 Materials and methods

2.1 P. koraiensis presence records

We gathered the presence data of P. koraiensis through
three methods. First, field investigations of P. koraiensis were
implemented from 2021 to 2023 with the assistance of the
Department of Forestry. The distance between the investigated
points was >20km. For each point of presence, the storing
information with the location’s name, longitude, latitude, and
altitude was recorded. Second, we downloaded and arranged
presence data from the websites of the Global Biodiversity
Information® (GBIF), Chinese Virtual Herbarium? (CVH), China
National Forest Resource Continuous Investigation Platform,’
China’s Nature Reserve Specimen Resource Sharing Platform,*
and China’s Teaching Specimen Resource Sharing Platform.®
Third, we collected relevant occurrence records from literature.
We then eliminated occurrence data with incomplete geographic
information or minimal geographic coordinate differences, and
initially collected 239 presence points of the P. koraiensis.
Furthermore, to eliminate sample error due to records with
overfitting and unclear spatial information, we used the “Spatial
rarity Occurrence Data” tool in the SDM toolbox of ArcGIS
10.4 (Esri, Environmental Systems Research Institute) to filter
distribution points, and only one site per 10 x 10 square kilometers
was retained. Finally, 109 filtered records constituted the presence
data for P. koraiensis (Figure 1).

2.2 Environmental data

The environmental data consisted of 19 bioclimatic variables
and three topographic variables (Table 1). Climate data from
the global climate (WorldClim 1.4%) were downloaded and used

http://www.gbif.org
https://www.cvh.ac.cn
http://www.stgz.org.cn
http://www.papc.cn

http://mnh.scu.edu.cn
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as climate variables, and a resolution of 30 “climate variables
was chosen, including three periods of past, present and future
(The resolution for all periods has been uniformly calibrated
and standardized). The terrain data are derived from the digital
elevation model (DEM) data of the geospatial data cloud’” with a
spatial resolution of 30 m, including elevation, slope and aspect.
We used ArcGIS 10.4 to convert the elevation layer into slope and
aspect layers. We accessed the National Fundamental Geographic
Information System® and downloaded the National Map as the
analytical base map.

The current climate data (1950-2000) are obtained by using
the thin plate smoothing spline function interpolation method
on the observed data of meteorological stations all over the
world (Hijmans et al., 2005). For past periods, we selected the
Last Interglacial period (~120,000-140,000 years ago, LIG, similar
to the current climate) and the Last Glacial Maximum period
(~22,000 years ago, LGM) in paleoclimatic data to predict the
distribution of past critical periods. The original data were derived
from the Coupled Model Intercomparison Project (CMIP5), and
the climate conditions during the LIG and LGM were reconstructed
using similar data from the CCSM4 climate model framework
(Hasumi and Emori, 2004). Typically, general circulation models
(GCMs) generate future and past climate scenarios, that have been
scaled down and calibrated (deviation-corrected) by WorldClim.
The future period includes the 2050s (2041-2060) and the 2070s
(2061-2080). The data come from the BCC-CSMI1.1 climate
model of the Beijing Climate Center, China Meteorological
Administration, which is among the global climate models (GCMs)
released by the fifth Intergovernmental Panel on Climate Change
(IPCC AR5) (Stocker, 2014). The Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report (AR5) published
Representative concentration pathways (RCPs) with four distinct
trajectories of greenhouse gas concentrations: a strict mitigation
scenario (RCP2.6), two moderate emission scenarios (RCP4.5,
RCP6.0), and a high greenhousegas emission scenario (RCP8.5).
These pathways are measured by the total radiative forcing (RF)
in the year 2100 compared to the values from the year 1750,
representing scenarios where the total radiative forcing in the year
2100 is higher by 2.6, 4.5, 6, and 8.5 W/m? respectively (Uhorakeye
and Moller, 2017). We selected RCP2.6, RCP4.5 and RCP8.5 to
project the future distributions of P. koraiensis in the 2050s and
2070s in this study.

To eliminate over-fitting of the models due to multi-collinearity
between these environmental factors, two methods were chosen to
filter the variables in turn. First, we used the Pearson correlation
coefficients (r) to calculate the correlation within environmental
variables, with only one (r > 0.8) retained in each set of strongly
correlated factors. Furthermore, the retained variables were filtered
using the nonzero regression coefficients from the least absolute
shrinkage and selection (LASSO) regularized method. LASSO is a
method of regression analysis that uses selection and regularization
of variables to improve the accuracy and reliability of statistical
model predictions. The method stabilizes the model parameters
by shrinking the regression coefficients, reducing some of these

7
8
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FIGURE 1
Current distribution of Pinus koraiensis in China

coeflicients to zero (Ning et al., 2021a). The feature selection is
carried out after the shrinkage, where every non-zero value is
selected for the construction of the model. Accuracy is enhanced
as the method incorporates coefficient shrinkage, thereby reducing
variance and reducing bias. Ultimately, 10 environmental variables,
including Bio2, Bio3, Bio4, Bio5, Bio8, Bio9, Biol3, Biol5, BiolS8,
and Biol9, were selected to participate in the modeling based on
the screening results.

2.3 P koraiensis distribution predicted
by RF

The RF contained in the BioMod2 package in R was used
to predict the potential distribution of P. koraiensis in this
study. To eliminate sample bias caused by the occurrence records
from different sources, we randomly generated pseudo-presence
points using ArcGIS 10.4. Finally, a total of 500 presence and
pseudo-presence datasets form a point-based input dataset. Then,
10-fold cross-validation process was used to train and validate
the model. Of the 10 subsets, one subset was kept for model
validation and the remaining subsets were used as training data.
In each subset, a single model was trained using 70% of the
occurrence data and the remaining data was used to evaluate
the predictive performance of the model. The model is then run
10 times for cross-validation, resulting in better accuracy, fewer
errors, and more realistic predictions. Concurrently, the weights
of environmental variables affecting the geographical distribution
of P. koraiensis can be filtered out. Environmental variables with a
cumulative contribution of more than 80% (in descending order

Frontiersin Forests and Global Change

of weight) were selected as pivotal variables. Ultimately, a more
accurate and real distribution of P. koraiensis was obtained.

The output layers were imported into ArcGIS 10.4 for further
analysis, and the final distribution map was generated. The
habitat suitability index (HSI) was applied to classify the suitable
distribution of P. koraiensis. This method was first proposed by the
United States Fish and Wildlife Service in the Habitat Assessment
Program (Habitat Evaluation Procedures, HEP), and the HSI is
widely used to quantify the relationship between an organism’s
habitat preference and habitat factors (Lu et al., 2012; Zhang et al.,
2018). Hence, the potential distribution of P. koraiensis was divided
into four categories: unsuitable (0-0.3), marginally suitable (0.31-
0.5), moderately suitable (0.51-0.7) and highly suitable (0.71-1).
Next, we calculated the suitable area for current, past and future
climate scenarios by multiplying the number of grid cells present
by their spatial resolution.

We used the AUC, TSS and Kappa value as the evaluation
indices of the statistical accuracy of the model (Table 2). AUC refers
to the area surrounded by the receiver operating characteristic
curve (ROC) and coordinate axis. For indicators quantified by the
ROC curve, the range value ranges from 0 to 1. The closer the value
is to 1, the higher the accuracy of the model is (Wiley et al., 2003).
The kappa coefficient is a statistical index to measure classification
accuracy, with a range between —1 and 1. True skill statistics (TSS)
is an improved test index derived from the kappa coefficient, and it
is mainly used to convert continuous predicted values into binary
values and provide an accuracy measure, where its value range is the
same as that of the kappa coefficient (Allouche et al., 2006; Hipolito
etal., 2015). The closer the value is to 1, the higher the accuracy of
the model is.
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TABLE 1 Evaluation of potential factors for modeling predicted
distributions of Pinus koraiensis.

Factors Variable  Description (Unit)
Climate variables BIO1 Annual mean temperature (°C)
BIO2 Mean diurnal range [mean of monthly
(max temp — min temp)] (°C)
BIO3 Isothermality (BIO2/BIO7) (x 100) (%)
BIO4 Temperature seasonality (standard
deviation x 100) (°C)
BIO5 Max temperature of warmest month (°C)
BIO6 Min temperature of coldest month (°C)
BIO7 Temperature annual range (BIO5-BIO6)
()]
BIOS Mean temperature of wettest quarter (°C)
BIOY9 Mean temperature of driest quarter (°C)
BIO10 Mean temperature of warmest quarter (°C)
BIO11 Mean temperature of coldest quarter (°C)
BIO12 Annual precipitation (mm)
BIO13 Precipitation of wettest month (mm)
BIO14 Precipitation of driest month (mm)
BIO15 Precipitation seasonality (coefficient of
variation) (%)
BIO16 Precipitation of wettest quarter (mm)
BIO17 Precipitation of driest quarter (mm)
BIO18 Precipitation of warmest quarter (mm)
BIO19 Precipitation coldest quarter (mm)
Terrain variables DEM Altitude (m)
SLOPE Slope (%)
ASPECT Aspect (°)

TABLE 2 Model evaluation indicators.

Index Extremely Very High Average  Fail

AUC 1.0-0.9 0.9-0.8 0.8-0.7 0.7-0.6 0.6-0.5

Kappa 1.0-0.85 0.85- 0.74-0.65 0.65-0.5 <0.5
0.74

TSS 1.0-0.81 0.81- 0.74- 0.61 0.61-0.5 <05
0.74

2.4 The centroid changes using SDM tools
from current to future climate scenarios

To measure the change trend of the P. koraiensis distribution,
the SDM toolkit® for ArcGIS 10.4 was used to track the current
and future distribution changes in suitable habitat (Brown, 2014).
Measuring the centroid shifts of species distributions quantifies
the core changes within the range of species distribution to a

9 http://www.sdmtoolbox.org
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central point (centroid), then creating a vector file that describes the
magnitude and direction of change over time, and generating maps
of distribution changes under different climate change scenarios.

3 Results

3.1 Screening of important environmental
variables and model performance

Based on the RF results, we obtained the ranking of
of P.
koraiensis, and selected the variables that reached an 80%

environmental variables affecting the distribution
cumulative contribution rate. Furthermore, we selected the top
five environmental variables in terms of average cumulative
contribution rate as the important environmental variables
(Figures 2A, B). Five dominant variables with contribution rates
varying from large to small were Bio4 (temperature seasonality),
Biol9

Biol5 (precipitation seasonality), and Bio5 (max temperature

(precipitation coldest quarter), Bio3 (isothermality),
of warmest month). In addition, the total contribution rate of
environmental variables related to temperature is higher than
that of rainfall-related environmental variables among the five
important variables, indicating that P. koraiensis is more sensitive
to temperature than precipitation, which will help us further
comprehend the response of P. koraiensis to climate change.

The obtained AUC, kappa and TSS values of each period based
on the prediction of the model are shown in Figure 3. The results
show that the model established in this study has high reliability,
with AUC values >0.95, kappa values >0.8 and TSS values >0.85 in
each period, indicating that the model has relatively high prediction
accuracy and accurate prediction results.

3.2 Potential distribution of P. koraiensis in
China from the past to the future

3.2.1 Potential distribution of P. koraiensis in the
current climate scenarios

The current distribution of P. koraiensis in China is shown
in Figure 4, where it is distributed in southeastern Heilongjiang
Province, central and eastern Jilin Province, northern Liaoning
Province, and northeastern Inner Mongolia. Suitable distribution
mainly extends along the Lesser Khingan Mountains to the
Changbai Mountains, bordering North Korea. At present, the total
suitable area of P. koraiensis is ~4.59 x 10° km?, and the highly
suitable area, moderately suitable area, and marginally suitable area
are ~3.09 x 10°, 6.47 x 10%, and 8.52 x 10* km?, respectively
(Figure 5).

3.2.2 Potential distribution of P. koraiensis in the
past

The suitable distribution of P. koraiensis in past climate
scenarios is shown in Figure 6. Under the LIG (Figure 6A), the
potential distribution of P. koraiensis was mainly distributed in
central and eastern Heilongjiang Province, Jilin Province and
southeastern Jilin Province, with a total suitable area of ~4.93 x
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FIGURE 3
Three indicators for predicting the accuracy of current, past and future climate scenarios for Pinus koraiensis.

10° km?. The highly suitable area was ~2.40 x 10° km?, accounting
for 48.59% of the total distribution area and showing a continuous
and concentrated distribution range.

Under the LGM ( ), the suitable distribution of P.
koraiensis gradually showed a fragmented distribution range, with
the total area amounting to ~4.89 X 10° km?. The highly,
moderately, and marginally suitable areas were ~2.08 x 10°, 1.45
x 10%, and 1.36 x 10° km?, respectively. Compared with that of
the LIG period, the total suitable area decreased by 0.96%, in which
the highly suitable area and marginally suitable area decreased by
3.21 x 10* and 5.10 x 10* km?, respectively, while the moderately
suitable area increased by 7.84 x 10* km?.

Compared with the current potential distribution, the suitable
distribution area of P. koraiensis has decreased since the LIG period.
However, the highly suitable distribution increased significantly by
an average of 8.54 x 10* km?. From the LIG period to the LGM
period, the suitable habitat of P. koraiensis gradually narrowed.
In particular, the suitable distribution area at the junction of
the Lesser Khingan Mountains and the Changbai Mountains is
continuously reduced, forming a fault zone and interrupting the

Frontiersin

ecological corridor of P. koraiensis migration. Although the suitable
distribution has recovered somewhat in the current period, it is
generally in a shrinking state, meaning that the suitable distribution
of P. koraiensis is facing enormous challenges.

3.2.3 Potential distribution of P. koraiensis in
future periods

The future distributions of P. koraiensis are shown in
Under most future climate scenarios, the suitable habitat range
of P. koraiensis expanded, but the main distribution area in the
Lesser Khingan Mountains and Changbai Mountains shrank; in
particular, the intersection of the two mountains formed a fault
zone, and the distribution expanded in the Greater Khingan
Mountains in northern Heilongjiang Province. Overall, the suitable
distribution was fragmented, and small patches gradually separated
from relatively complete habitats, which is not conducive to the
distribution of P. koraiensis.

Among the three emission paths in the 2050s, under RCP2.6
( ), the range of suitable distribution of P. koraiensis
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spread to the Greater Khingan Mountains in the northern part of
Heilongjiang Province. The total suitable area was ~6.83 x 10°
km?, in which the areas of high, moderate and marginal suitability
were ~2.42 x 10° km?, 2.56 x 10° km? and 1.85 x 10° km?,
respectively. Compared to the current distribution, the overall
suitable area has increased by 2.24 x 10° km?. The moderately
suitable area and marginally suitable area increased significantly,
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increasing by 1.91 x 10° km? and 9.93 x 10* km?, respectively, and
the major additions were located in the Lesser Khingan Mountains
and Greater Khingan Mountains. However, the highly suitable area
decreased by 21.57%.

Under RCP4.5 (Figure 7C), the total suitable area of P.
koraiensis was 4.28 x 10° km?, and the areas of highly, moderately
and marginally suitable habitats accounted for 51.87%, 14.98%

07 frontiersin.org


https://doi.org/10.3389/ffgc.2024.1326319
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Chen et al. 10.3389/ffgc.2024.1326319

A B
80°0:0" 90"0:0" 100°q'0" 1 10°(2'0" 120°q'0" 1 30°Q‘0" 8()°0:0" 90"0"0” 100°q'0" 1 10°(2'0" l20°q'0" 1 30°q'0"
N N
o w<¢s B W¢E
=N S4
S X s
vy vy
5 o]
j=4 f=1
) )
< L 3
5 o
j= j=
= g
(2] (2]
22- [ Unsuitable Zg_ [ Unsuitable
< |:| Marginally suitable IS |:| Marginally suitable
|:| Moderately suilable |:| Moderately suilable
5 I Highly suitable % B ighly suitable
& e-
) 0 2,560 ) 0 2,560
- - Km - [ = Km
FIGURE 6

(A, B) Potential distribution of Pinus koraiensis in China under past climate scenarios. (A) In the LIG; (B) In the LGM.

8000 90°00"  100°00"  110°00" 120°010"  130°00" 80°00"  90°00"  100°00" 110500 120°00"  130°00" 8000 90°00"  100°00"  110°00" 120°010"  130°00"
N N N

5 w@,a 5 \v@k =] w

=1 £4 4

=3 =3 =

g g g

& & &

2 2 2

=3 =3 =3

g g g

2 ) &

2] [ Unsuitable =3 [ Unsuitable = [ Unsuitable

g [] Marginally suitable g [ Marginally suitable g [] Marginally suitable

[ Moderately suilable [ Moderately suilable [ Moderately suilable

s ] I Highly suitable 5| I Highly suitable 5| M Highly suitable

g g g

s 0 2,560 s 0 2,560 s 0 2,560

o Km L Km L Km
80900 90°00"  100°00"  110°00"  120°010"  130°00" 80°00"  90°00"  100°00"  110°00"  120°00"  130°00" 80°00"  90°00"  100°00"  110°00"  120°00"  130°00"
x N N

o| o] b e

=1 £4 S4

2 2] =

g g g

& & &

2 2 2

= = s

g g g

< < <

2 a a

= [ Unsuitable 54 [ unsitble g4 [ unsuitable

g [ Marginally suitable & [ Marginally suitable & [ Marginally suitable

[ Moderately suilable ] Moderately suilable ] Moderately suilable

= | [ Highly suitable = | I Highly suitable 5| I Highly suitable

g g g

S 0 2,560 & 0 2,560 s 0 2,560

o Km - Km { - Km

FIGURE 7
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and 33.16%, respectively. In RCP8.5 (Figure 7E), there was no  15.12% and 32.97% of the total suitable areas, respectively.
significant difference between the total suitable area of P. koraiensis ~ Compared with that under RCP2.6, the total suitable area of P.
and RCP4.5, which was ~4.25 x 10° km?, and the highly, koraiensis under RCP4.5 and RCP8.5 was greatly reduced, mainly in
moderately and marginally suitable areas accounted for 51.91%, the Greater Khingan Mountains region. Compared to those under
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the current climate, the total area and the area of each classification
were reduced to varying degrees.

By the 2070s, under the three RCPs, the total suitable area
of P. koraiensis increased to different degrees. Under RCP2.6
(Figure 7B), the total suitable area of P. koraiensis reached 7.12 x
10° km?2, which is 2.5 x 10° km? more than that in the current
period. The moderately and marginally suitable distributions with
areas of 1.5 x 10° and 3.04 x 10° km? increased, extending to
the Greater Khingan Mountains in northwestern Heilongjiang and
northeastern Inner Mongolia. However, the highly suitable area was
2.6 x 10° km?2, which is 28.66% less than that in the current period,
and the main reduction area was located in the Changbai Mountain
range at the intersection of Heilongjiang and Jilin Provinces.

Under RCP4.5 (Figure 7D), the total suitable area was 6.48
x 10° km?. Among all climate scenarios, the highly suitable
area of RCP4.5 was the largest, reaching 3.16 X 10° km?; it
was mainly distributed in northwestern Heilongjiang and in the
Greater Khingan Mountains in northeastern Inner Mongolia. The
moderately and marginally suitable areas accounted for 18.24
and 32.90% of the total suitable area, respectively, with varying
degrees of increase compared with those of the current period,
and the new areas were also mainly in the Greater Khingan
Mountains region.

Under RCP8.5 (Figure 7F), the highly suitable area was 2.47 x
10° km?, representing a decrease of ~6.24 x 10* km? compared
with the current period. The moderately suitable and marginally
suitable areas accounted for 26.34 and 33.14% of the total suitable
habitat, respectively. It is worth noting which areas are still in
a local expansion state. Different from other climate scenarios, a
marginally suitable distribution of fragmented patches appeared
in northeastern Xinjiang in the 2070s under the three predicted
concentration paths.

3.3 Potential suitable distribution centroid
migration of P. koraiensis

The centroid migration map of P. koraiensis distributions is
shown Figure 8. At present, the suitable distribution centroid of
P. koraiensis is located in the Zhangguangcai-Ridge Mountains, a
branch of Changbai Mountains, at the junction of Heilongjiang and
Jilin provinces. Under the RCP 2.6 climate scenario, the population
centroid will move to southeast Mudanjiang City, Changbai
Mountains by the 2050s, and northwest to Yichun City, the Lesser
Khingan Mountains by 2070s. The northern boundary will move
north by 0.3°-4° in latitude. Under the RCP 4.5 climate scenario,
the population centroid will move to southeast Harbin City, south
edge of the Lesser Khingan Mountains by the 2050s, and northwest
to Yichun City by 2070s. The northern boundary will move north
by 1°-3° in latitude. Under the RCP 8.5 climate scenario, the
population centroid will move to southeast Harbin City by 2050s,
and northwest to Heihe City by 2070s. The northern boundary
will move north by 1°-4° in latitude. The direction of centroid
migration was different under the future climate change scenarios
according to the centroid migration map, while the general trend
change is consistent with the transition from low latitude to
high latitude.
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4 Discussion

P. koraiensis is a dominant species in mixed conifer and
broadleaved forests, where in China, it is distributed only along the
Changbai Mountains to the Little Khingan Mountains in northeast
China, mainly growing on slopes, hills and valleys, typically
occurring in mild regions with more than 70% humidity and at
altitudes from 600 m to 1,500 m (Li M. et al., 2021). Nearly half
of the world’s P. koraiensis germplasm resources are located in the
Little Khingan Mountains region, Yichun City, China, in which is
home to the largest, most primeval forest in Asia, possessing many
natural top-tier communities of P. koraiensis (Li X. et al., 2021).
Natural P. koraiensis forest absorbs large amounts of CO, and
contributes to climate change regulation, making it a prominent
coniferous tree species of great value for the maintenance and
protection of the environment in East Asia (Dai et al., 2013;
Wang et al., 2023). Therefore, the response of P. koraiensis forests
is vital in the face of climate change. The continuous rise in
global temperatures may disrupt the existing equilibrium of forests,
and without appropriate management and measures, continuous
climate change further exacerbates forest degradation.

The prediction results showed that the current suitable range
of P. koraiensis is mainly distributed along the Lesser Khingan
Mountains to the Changbai Mountains bordering North Korea.
According to the field surveys and historical distribution data, the
simulated distribution range is basically consistent with the actual
distribution area. In the past, the results showed that the historical
distribution of P. koraiensis was in a shrinking state compared
with the current range, while the fragmentation of the suitable
distribution was especially serious in the LGM period. Although the
suitable distribution of P. koraiensis has recovered somewhat from
the LGM to the present period, it is still in a shrinking state. Under
future climate scenarios, the suitable distribution of P. koraiensis
will become more fragmented at the connection between the Lesser
Khingan Mountains and the Changbai Mountains, causing the
ecological corridor to break, which will further block the spread of
P. koraiensis. Overall, whether in the past or present, the suitable
distribution of P. koraiensis in the ecological corridor between
the Lesser Khingan Mountains and the Changbai Mountains is
undergoing significant changes. During the Quaternary Glacier, the
junction between the Lesser Khingan Mountains and the Changbai
Mountains was a corridor for many species to migrate south, and
then this hotbed of life gradually returned to the north with climate
change (Hewitt, 2000; Lang et al, 2002). There is a gathering
of Changbai flora, which is deeply influenced by the flora of
North China, and the flora of Mongolia and the Lesser Khingan
Mountains are permeated at the same time. Despite the infiltration
of southern plants, more than 78% of the seed plants here belong to
the temperate distribution of components, occupying an absolute
advantage, with typical northern characteristics (Peiyun et al,
1995). Thus, the forest types here are very complex, with a large
area of primitive P. koraiensis forests, spruce and fir forests, larch
forests, coniferous and broad-leaved mixed forest, white birch
forests, poplar-birch forests and other forest types present, but
this also intensifies forest competition and succession (Wang X.
et al., 2006; Deng et al,, 2023). P. koraiensis forest is the top-level
community of this forest, which means that the forest succession
here will eventually become a P. koraiensis forest without human

frontiersin.org


https://doi.org/10.3389/ffgc.2024.1326319
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Chen et al. 10.3389/ffgc.2024.1326319
126°(I)'0"E 127°(|)'0"E 128°(|)'0"E 129°(I)'0"E 130°(|)'0"E 131°(|)'0"E 132°(I)'0"E 133°(|)'0"E 134°(?'0"E 135°(I)'0"E
N
Z
> | RCP8.5-2070s |
>
EN Heihe City
2
S N
>
2
Z
S L
>
&
-
z He
s L
>
& :
RCP4.5-2050s/%
g Harbin Cit /
S L
P /
w
- /
gurrent @ M

z
S F2.6-2050s i
S
-

FIGURE 8
The distributional centroid changes of Pinus koraiensis.

interference (Yu et al., 2022). However, it is often difficult to find
P. koraiensis seedlings in P. koraiensis forests, which means that P.
koraiensis as the dominant tree species will eventually be replaced
by other tree species. Over time, the suitable areas for the existing P.
koraiensis forest will gradually become patchy, while small patches
will gradually disappear.

Results from the variable filtering revealed temperature and
precipitation as primary limiting factors determining the current
distribution of P. koraiensis. An increasing number of studies have
found that the distribution of P. koraiensis is closely related to
its growth and development, namely, whether it migrates with
latitude or altitude (Liu et al., 2016; Petrenko et al.,, 2022). P.
koraiensis is a tree species that is distributed in humid temperate
regions and that has strong cold resistance, and there is no frost
damage to old or young trees during the winter in the Lesser
Khingan Mountains at —30°C (Wang X. P. et al., 2006; Li et al.,
2023). Therefore, P. koraiensis has a certain degree of plasticity
in temperature requirements under humid conditions, with a
greater adaptability to temperature (Yuan et al., 20215 Song et al,
2023). Therefore, its potential geographical distribution seems to
be larger than its current natural geographical distribution. As
global temperatures rise, the high-latitude climate niche of P.
koraiensis seems more suitable for its northward migration trend.
Xu and Yan (2001) considered that the latitudinal boundary of
the potential distribution of P. koraiensis would move northward.
Lyu et al. (2017) deemed that the future warming climate
may make the suitable distribution range of P. koraiensis move
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northward because tree species characteristics and location are
the key factors affecting tree growth response to climate change.
Precipitation is an important factor that cannot be ignored in the
growth and development process of P. koraiensis. During seedling
development, due to the underdeveloped root system, P. koraiensis
requires a humid environment to grow better, especially during the
germination and seedling stages (Zhang et al., 2015; Wang et al,
2021). According to research from Yuan et al. (2021), it is believed
that the speed of high growth of P. koraiensis in June is closely
related to the magnitude of air humidity, and the rainfall from
May to June has a significant impact on the annual high growth.
P. koraiensis has a high plasticity in soil moisture requirements,
ranging from well-drained moist soil to relatively dry and barren
steep slopes where it can develop into forests (Kim et al., 2019).
However, it is not suitable for growing on waterlogged land with
poor drainage and poor ventilation (Choi, 2008). Therefore, in low-
lying valleys with poor drainage, P. koraiensis is often replaced by
larch and spruce fir (Yu et al., 2006). According to some studies,
temperature and precipitation are considered the key climate
factors affecting the composition and structure of P. koraiensis
mixed forests (Sun et al., 2021). Zhang et al. (2014) thought that P.
koraiensis will continue to exist, but all the forests dominated by P.
koraiensis in this area will be transferred and become broad-leaved
forests due to global warming and increased precipitation in the
future. In addition, a warming climate could exacerbate the death of
forest trees by heat-induced drought (Wang et al., 2017; Ning et al.,
2022). Studies have shown that climate warming will cause tree
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species to migrate to regions with higher latitudes and elevations
to adapt to climate change (Alexander et al., 2018; You et al., 2018).
However, there are many obstacles that may prevent species from
migrating to higher latitudes and elevations, such as insufficient
habitat, encountering more barriers to dispersal, increasing average
annual temperature and decreasing total annual precipitation in
lowlands compared to alpine regions (Chen et al., 2011; Zu et al,
2021). Undoubtedly, there are many environmental factors that
affect the natural geographical distribution of P. koraiensis under
future climate change. Similar to other tree species, P. koraiensis
may grow as long as it meets the suitable living environment.
Notably, some human factors need to be carefully considered in
future climate change research.

Despite our predicted results indicated, which potential
changes in the potential distribution of P. koraiensis, it did not
furnish absolute projections. There are two key points that must
be noted. On the one hand, the growth and regeneration processes
of P. koraiensis are very interesting phenomena. Its seedlings are
usually far away from the parent tree (Miyaki, 1987). However, P.
koraiensis seedlings prefer shade and therefore need mature trees
to block sunlight (Zhang et al., 2012). Due to the obstruction of
sunlight by large trees, as well as the inhibition of seed germination
by secondary metabolites secreted by the roots of P. koraiensis, the
growth space of P. koraiensis seedlings is severely compressed (Sun
etal., 2016). Therefore, P. koraiensis seeds need to be transported to
the broad-leaved or deciduous forests surrounding the P. koraiensis
forest by rodents and birds (Hayashida, 1989). The seeds stored
by these animals usually germinate together, with four or five
seedlings squeezed together to grow (Li et al., 2019). It is not until P.
koraiensis individuals reach four or five meters tall that they stand
out compared to other trees. Most broad-leaved trees can grow to
just over 20 m, while P. koraiensis can grow to over 40 m (Qian et al.,
2003). Usually, P. koraiensis and A. nephrolepis are dominant tree
species in these forests, forming a unique mixed forest of needled
and broad-leaved trees (Nakamura and Krestov, 2005). Regarding
wooden stakes created by humans or lightning, stakes will slowly
loosen and pulverize under the decomposition of microorganisms
and insects, becoming a loose and fertile breeding ground (Stokland
etal, 2012). Subsequently, A. nephrolepis seeds appear, and almost
every aged P. koraiensis stump grows A. nephrolepis saplings, which
can provide the most comfortable seedbed for A. nephrolepis. If
there were no stakes, A. nephrolepis seedlings would grow on the
naturally fallen trunk of P. koraiensis. These fallen trees, also known
as nanny trees, support A. nephrolepis seedings that require a soft
substrate. Finally, a unique mixed forest of P. koraiensis and A.
nephrolepis is formed (Li and Zhu, 1991). On the other hand,
we also need to consider that the spread of P. koraiensis seeds is
limited by species dispersal capacity and interspecific competition
(Liang et al., 2018). In particular, P. koraiensis is a large-seeded
pine, and its main mode of transmission is seeds being carried and
buried by rodents, resulting in its short propagation distance and
its distribution being limited to the area around the mother tree
(Wang et al., 2021). According to previous studies, the distance
from the mother tree of pine seeds spread by rodents is no more
than 50 m, which means that it is almost impossible for P. koraiensis
seeds to achieve long-distance propagation (Wang et al., 2019). In
addition, except for P. koraiensis seeds that humans gather, most of
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the remaining seeds will be eaten by rodents, and a small number
of seeds will be cut off by rodents during germination, which is also
one of the main reasons for the poor natural renewal ability of P.
koraiensis, leading to a decrease in population distribution (Wang
etal., 2021).

There are some limitations in our study. First, we were able
to use only a small sample size because there may be some
areas that have not been investigated due to limitations imposed
by mountains and rivers (Beniston, 2003). According to relevant
historical materials, most P. koraiensis occurrence records appear in
the Little Khingan Mountains and the Changbai Mountains (Zhang
et al,, 2011). However, some studies have shown that P. koraiensis
likely exists in the Greater Khingan Mountains (Cheng and Yan,
2007). The Greater Khingan Mountains in northeast China have the
largest intact primary forest with a wide distribution range, and its
suitable distribution area may not have been excavated or recorded
(Zhao et al., 2020). In addition, in real life, large-scale migration
is not possible. Being a large-seeded pine species, P. koraiensis
has a short dispersal distance that is limited to the area around
the parent trees, and it mainly relies on animal dispersal, which
are all adverse factors affecting its dispersal (Ning et al., 2021b).
Previous studies have shown that the majority of P. koraiensis
seeds scatter within a distance of <50 m (Wang et al., 2019). Put
differently, realization of long-distance seed dispersal events is
nearly unfeasible with the existing dispersal range, which would
result in zero dispersal on the scale of our models. Additionally,
geographical barriers such as mountains and rivers nearly impede
communication between species, making short-distance dispersal
events predominate within local geographical ranges (Ning et al.,
2021a). However, our predictive results indicated that the potential
distribution area of P. koraiensis will shift northward, exhibiting
a pattern of long-distance migration. There may be a mechanism
that enables wider dispersal of P. koraiensis seeds within the local
geographic range, but it is currently unclear. Moreover, other
studies have also not uncovered substantial evidence of long-
distance migration. Therefore, it's necessary to further explore
distribution expansion studies related to seed dispersal.

Our study analyzed the effects of climate change on the
distribution of P. koraiensis, but in reality, we need to consider
not only biological factors such as seed dispersal and interspecific
competition but also the effects of forest fires and human footprints
on the natural regeneration of P. koraiensis forests. Overall, from
the perspective of various factors, climate change has threatened the
habitat of P. koraiensis, which is very unfavorable to the population
development of P. koraiensis. Therefore, the protection of P.
koraiensis is urgent. Protected area networks (conservation reserve
systems with fixed boundaries) need to be established as soon
as possible. In addition, specific and synchronized management
strategies need to be put on the agenda, especially because the
location of suitable habitat may deviate from the scope of the
protected area due to climate change. First, we should focus on
protecting the shrinking part of the suitable distribution area of P.
koraiensis while also promoting the spread of P. koraiensis into new
suitable habitats by modifying the boundaries of protected areas to
incorporate unprotected areas into protected areas. Second, given
the actions of climate change, we should strengthen and develop
forest strength, find places where P. koraiensis may exist as primary
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forests, establish new protected areas, and adopt measures such
as adjusting and reforming the species composition structure to
protect P. koraiensis. Then, in situ conservation strategies should
be adopted to protect its habitat, ban timber harvesting, implement
sustainable management systems such as thinning and artificial
plantation combinations, protect and promote the regeneration of
P. koraiensis mother trees, and enhance the protection of existing
natural forests to maintain the genetic diversity of this species.
Finally, ex situ protection of P. koraiensis should be combined with
in situ protection. Ex situ protection means establishing protected
areas, while ex situ protection means planting P. koraiensis in
unnatural areas, such as by cloning seed orchards and other
measures to expand the genetic basis and protect the population
of P. koraiensis.

5 Conclusion

The RF was used to predict the potential habitat distribution
of P. koraiensis in China under various past, current and future
climate scenarios. The results showed that the current distribution
of P. koraiensis was mainly distributed in the Lesser Khingan
Mountains and Changbai Mountains. Temperature and rainfall
are important environmental factors limiting the distribution of P.
koraiensis. From LIG to LGM, the potential distribution range of
P. koraiensis will decrease, and the habitat will gradually become
fragmented from the complete distribution. Under the future
climate scenario, the shocking change is that the suitable habitat
at the junction of the Lesser Khingan Mountains and Changbai
Mountains will gradually become patchy until separated, leading to
the break of the ecological corridor for the spread of P. koraiensis
seeds. Furthermore, this situation will hinder gene exchange
between P. koraiensis populations, leading to local extinction of
populations. However, it remains to be verified whether long-
distance migration can be achieved without human assistance.
Therefore, it is necessary to strengthen conservation measures.
Based on the predicted results, the boundary of protected areas can
be adjusted depending on the migration direction of P. koraiensis,
and new protected areas can be established in unprotected districts.
In addition, the P. koraiensis population can be protected through
a combination of ex situ conservation and in situ conservation.
Furthermore, the protection of existing natural forests of P.
koraiensis can be strengthened by banning timber harvesting and
implementing sustainable management systems to maintain the
genetic diversity of this species.
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