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A better understanding of the distribution of suitable habitats of Larix kaemp-
feri and its environmental constraints is crucial to know how global climate
change will affect its growth and future dynamics. We simulated global suit-
able distribution areas of L. kaempferi under current and future climates, us-
ing different representative concentration pathway (RCP) scenarios, to evalu-
ate the main factors affecting its geographical distribution. The results showed
that  under current  climate  conditions  the suitable  distribution areas  of  L.
kaempferi are concentrated in Europe and Asia, followed by North America.
The  “Germany-Sweden-Britain”  (19.42%  of  the  total  worldwide  area)  and
“China-Japan-North Korea” (43.11%) regions  are the  cores for  L. kaempferi
distribution. The suitable distribution area for  L. kaempferi  is large in China
(33.75% of the total area). The suitable distribution areas in Asia, Europe, and
China decreased and shifted northward in the RCP scenarios. The main cli-
matic factors affecting the distribution of L. kaempferi were the annual mean
temperature, mean temperature of the coldest quarter, annual mean precipi-
tation,  and precipitation in the driest  month.  L. kaempferi could adapt or
move to higher latitudes/altitudes to cope with climate change. Our results
contribute to the introduction, cultivation, and management of L. kaempferi
and potentially of other deciduous gymnosperms.

Keywords: Suitable Distribution Areas, Maxent Model, Environmental Variable,
RCPs, Cultivation and Management

Introduction
Species  survival  and  forest  ecosystems

are increasingly  changing due to the rapid
increase in global temperature (Williams &
Nelson  2018).  Change  in  temperature is
one of the most important factors impact-
ing on species distribution, along with inva-
sive pests,  disease,  and land use change.
There was a dozen of important tree spe-
cies whose range has been altered by dis-
ease/pests  or  the  sprawl  of  urbanization/

agriculture (Dyderski et al. 2018). Changes
in species distribution are becoming more
and more common, in particular latitudinal
and altitudinal changes in the northern re-
gions (Nakada & Fukatsu 2012). 

Predicting changes in the potential distri-
bution  areas  of  species  under  global  cli-
mate change has become a topic of inter-
est in current research (Rehfeldt & Jaquish
2010,  Dyderski et al. 2018), and is essential
both  to  assess  the  impacts  of  climate
change  on  forests  and  develop  adaptive
forest management strategies (Zhang et al.
2015, 2020, Wang et al. 2016).

Previous studies have demonstrated that
temperature  and  precipitation  influence
plant physiology (Obojes et al. 2018), there-
by affecting ecological processes (Rehfeldt
& Jaquish 2010) and ultimately leading to
changes in the geographical distribution of
plant  species  worldwide  (Dyderski  et  al.
2018, Mamet et al. 2019). For example, the
plant  metabolic  rate is directly  influenced
by  increasing  temperatures,  resulting  in
major  changes  in  their  growth,  develop-
ment, reproduction and geographic distri-
bution (Lu et al.  2015). Differences in  pre-
cipitation  regimes  are reflected in the dis-
tribution of plant species along polar or al-
titudinal isopleths (Romo et al. 2013). In ad-
dition, the interaction between vegetation
and climate must be taken into account to
understand the adaptability  and response
of vegetation to climatic factors (Nakada &
Fukatsu 2012).

Determining  the  distribution  of  species
and  their  potential  establishment  in cli-
mate-friendly  habitats  is  basic  for many
ecosystem  management  activities  (Zhang
et  al.  2015,  Wang  et  al.  2016).  Recently,
species  distribution  models  (SDMs)  have
been  used  to  understand  the  impacts  of
global climate change on the potential dis-
tribution areas of various species (Romo et
al.  2013,  Zhang et  al.  2015)  as well  as  for
biodiversity conservation purposes (Mateo
et al.  2011,  Lu et al.  2015).  The commonly
used SDMs include generalized linear mod-
els, classification regression trees, general-
ized additive models (GAMs – Hastie & Tib-
shirani 1990), genetic algorithm-based rule
combination  prediction  models  (GARPs),
niche models (Bioclim), and maximum en-
tropy  models  (Maxent  – Padalia  et  al.
2014). These models are different and can-
not be used for most tree species, as the
location of study areas, research scales, en-
vironmental  variables  and  spatial  resolu-
tions, different ecological characteristics of
the species, and the sample size can affect
the results.  However,  in  the  last  deceade
the Maxent model has been widely used in
the study of the potential  distribution ar-
eas of suitable habitats of species (Li et al.
2013). This model is particularly suitable for
predicting  the geographical distribution of
species with  small  sample sizes  or  partial
sample data (Padalia et al. 2014).

Larix kaempferi (Lamb.) Carr is an impor-
tant woody species in fast-growing planta-
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tion in China, and it is also the main forest
tree species of alpine coniferous forests in
northeastern China, Inner Mongolia forest
area, and north and southwest China (Cá-
ceres  et  al.  2017).  Larix kaempferi has  a
straight trunk, high growth rate, and good
wood quality (Shao 1985,  Nakada & Fuka-
tsu 2012). It is endemic to Japan, and native
to the central  mountainous region of the
Honshu  Island  (Pâque  2002).  The  bound-
aries  of  L.  kaempferi distribution  are  Mt.
Zao in Miyagi Prefecture in the north and
east,  Mt.  Hakusan  in  the  west,  and  Mt.
Tengu  and  Mt.  Yamazumi  of  the  Akashi
Mountain  Range  in  the  south,  and  the
eight  representative  provenances  are
Kawakami-Higashiyamanashi,  Yatsugatake,
Asama, Fuji, Minami-Alps (The South Japan
Alps),  Nikko,  Kita-Alps  (The  North  Japan
Alps), and Kiso. L. kaempferi grows well in
these  areas,  and  artificial  selection,  hy-
bridization, and development of new vari-
eties are being conducted (Hoshi 2004). L.
kaempferi was introduced and cultivated in
Europe,  North  America,  and  Asia,  in  the
early 19th century (Shao 1985, Ma 1992, Pâ-
que 2002). 

The  successful  introduction  and  cultiva-
tion of plant species depends on the avail-
ability of environmental conditions suitable
for its growth (Huang et al. 1996). In recent
years, studies on L. kaempferi forests have
been conducted on the physical and chemi-
cal  properties  of  soil  (Kotani  et  al.  2019),
the  growth  processes  and  structural  fea-

tures of stands in different areas (Yoshida
et  al.  2005,  Fukatsu  & Nakada  2018),  the
characteristics  of  the understory  plant  di-
versity (Li et al. 2016), and the productivity
and  ecological  adaptability  (Chen  et  al.
2015).  However,  the  effects  of  climate
change on the distribution of  L. kaempferi
have not been documented. Therefore, it is
necessary  to  explore  the  future potential
distribution areas of L. kaempferi under dif-
ferent climate change scenarios.

The present study combined GIS with the
Maxent model to assess the characteristics
of suitable distribution areas for  L. kaemp-
feri under  a  changing  climate.  Our  objec-
tives were to: (i) simulate the suitable dis-
tribution area of L. kaempferi in the current
and future climate scenarios with different
representative  concentration  pathways
(RCPs); and (ii) determine the main climatic
factors affecting the distribution pattern of
L.  kaempferi  with  different  altitude  gradi-
ents. The results of this study are expected
to  provide  significant  theoretical  back-
ground to guide the cultivation and effec-
tive management of L. kaempferi.

Materials and methods

Distribution data of L. kaempferi
L. kaempferi is a full-sun tree, with strong

adaptability to climate, growing in regions
of 35° 20′-38° 10  N, 136° 45′ ′-140° 30  E, with′
altitude  1200-2500 m a.s.l.  (Cáceres  et  al.
2017), where the annual average tempera-

ture is 2.5-12.0 °C and annual precipitation is
500-1400  mm  (Cáceres  et  al.  2017).  The
growth rate is higher in  sites with high air
humidity and high precipitation (Huang et
al. 1996). It has limited cold tolerance, and
is  sensitive  to  soil  fertility  and  moisture
(Shao 1985). The current global distribution
data of L. kaempferi was obtained from the
Global  Biodiversity  Information  Database
(GBIF – http://www.gbif.org/), the National
Herbarium of America (http://www.nmnh.
si.edu/botany), and the Chinese Herbarium
(CVH – http://www.cvh.ac.cn/) specimen in-
formation platforms.

Some 108  L. kaempferi plots (40 × 25 m,
o.1  ha)  were  established  in  three  typical
cultivation areas  for  the species  (Nagaike
et al. 2003,  Chen et al. 2016): (i) the north
subtropical  sub-high  mountain  area
(Changlinggang  Forest  Farm,  Hubei);  (ii)
the warm temperate middle mountain area
(Xiaolongshan Forest Farm, Gansu); (iii) the
mid-temperate low mountain area (Liaon-
ing  Dagujia  Forest  Farm).  Plots  were
grouped in 3 age classes: (I) young forests
(<20 years);  (ii)  middle-aged forest  (20-30
years); (iii) pre-mature forest (30-40 years).
In  each  plot,  the  diameter  at  the  breast
height  (DBH),  tree  height,  first  living
branch  height,  crown  width  (four  sides)
were measured for all  trees.  Morever, co-
ordinate  information  (latitude,  longitude
and  altitude)  of each  tree  was  collected
(Tab. 1).

A specific literature search was also  car-
ried out on current L. kaempferi worldwide
distribution (Mamet et al. 2019). We inves-
tigated the peer-reviewed literature on  L.
kaempferi under  rapid  climate  changes,
finding a total of 83 publications, including
181  scope-limited  observations  of  the  dy-
namic  changes  of  larch.  We  obtained  re-
cords from a total of 253 sites worldwide,
including  both  natural  and  introduced  L.
kaempferi distributions  (Fig.  1).  To  deter-
mine the potential  scope adjustment fac-
tors  beyond  climate  change,  we  also  re-
trieved from each study the following in-
formation: start year, end year, total study
area, number of tree species, and number
of studies on L. kaempferi in each country.
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Fig. 1 - The temporal global 
distribution sites of Larix 
kaempferi.

Tab. 1 - Main statistics of site and environmental factors at the 108 plots analyzed.

Factor
Warm temperate

zone
Northern subtropic

zone
Mid-temperate

zone

Mean SE Mean SE Mean SE

Age 17.64 1.76 21.66 1.06 23.67 2.21

DBH 11.52 1.15 18.98 0.94 16.62 1.07

Density 1912 182 740 82 1154 105

Longitude 106.01 0.04 109.89 0.03 124.92 0.03

Latitude 34.24 0.02 30.77 0.01 42.47 0.01

Altitude 1647 17 1747 8 380 10
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Data analyses
To reflect the climate data of the current

period, we obtained data regarding 19 cli-
mate  variable  from  the  WorldClim  data-
base (http://worldclim.org),  with  a  spatial
resolution  of  2.5 ,  over  the  period  ′ 1950-
2000.  Moreover,  we  generated  climate
data  using  the IDW  (inverse  distance
weight)  spatial  interpolation  method  in
GIS, including observation data from mete-
orological  stations  around the world  (Hij-
mans et al. 2005). Climate data for the year
2070 was generated using  the CCSM4 cli-
mate system model (Wu et al. 2017), with
greenhouse  gas  emission  scenarios  for
four typical concentration targets: RCP2.6,
RCP4.5, RCP6.0, and RCP8.5. These scenar-
ios represented an increase of 2.6, 4.5, 6.0,
and 8.5 W m-2, respectively, of the radiative
force in the year 2100. RCP2.6 is a warming
mitigation scenario, RCP4.5 and RCP6.0 are
stable  scenarios,  while  RCP8.0  is  a  high
greenhouse  gas  emission  scenario,  which
correspond  to  an  increase  in  the  mean
global temperature of 1.6, 2.4, 2.8, and 4.3
°C, respectively (Stocker et al. 2013,  Wu et
al.  2017).  The environmental  variable data
was processed using the software   ArcGIS®

ver. 10.2 (ESRI, Redlands, CA, USA), and the
layer  data  of  each  environment  was  ob-
tained for model prediction. The mapping
data was sourced from the DIVA-GIS web-
site (http://www. diva-gis.org/) and the Na-
tional  Basic  Geographic  Information  Sys-
tem (http://nfgis. nsdi.gov.cn/).

The software Maxent v. 3.3.3 (https://bio
diversityinformatics.amnh.org/open_sourc
e/maxent/ – Phillips et al. 2006) was used
to identify the potential distribution areas
of L. kaempferi. To this purpose, 70% of the
available  data  was  randomly  selected  for
model training, 15% was used for model ver-
ification,  and 15% was  used for  model  fit-
ting. Model accuracy was evaluated using
the receiver operating characteristic (ROC)
curve, which was plotted with specificity (1-
specificity) and sensitivity (1-omission rate).
The AUC value (the area enclosed by the
ROC  curve)  does  not  depend  on  the
threshold. The magnitude of the AUC value
reflects the predictive ability of the model
(Chen  et  al.  2012).  The  larger  the  AUC
value,  the  better  the  accuracy of  model
predictions. When 0.7<AUC<0.8 was classi-
fied  as  useful  predictive,  0.8<AUC<0.9  as
good  predictive,  and  AUC>0.9  as  highly
predictive (Swets 1988,  Wiley et al. 2003).
The Jackknife method was used to test and
evaluate  the  effects  of  various  environ-
mental factors on the potential distribution
areas of L. kaempferi. The distribution thre-
shold was calculated by randomly selecting
10% of the data in the training set. The out-
put  distribution  value  was  a  logistic,  and
the output was in ASCII format. The maxi-
mum  number  of  iterations  was  set  to
5,000, and the random operation was set
to 15 times. The final average was used to
evaluate the effect of the model. The calcu-
lated  result  showed  that  the  distribution
threshold of the model was 0.3092, i.e., the

presence of  L. kaempferi in areas  showing
values of 0.3092 or less is a small probabil-
ity event.  Therefore, these areas were re-
garded as unsuitable for L. kaempferi culti-
vation and discarded. A distribution thresh-
old  of  0.3092-0.5083  indicated  a  suitable
distribution area (SA),  while values in the
range 0.5083-0.9624  indicated  the  most
suitable distribution area (MSA). The final
prediction results were then imported into
ArcGIS® v.  10.2  software to prepare maps
using the “Reclass” tool,  and the surface
area of the different suitable regions was
calculated  using  the  “Raster  Reclassify”
tool.

We employed the contribution rate of en-
vironmental  variables,  the  displacement
value, and the Jackknife method to assess
the importance of environmental variables
in  delineating the  geographic  patterns  of
potential distribution areas for L. kaempferi
(Li  et  al.  2016).  The  contribution  rate  in-
creased the gain value by gradually correct-
ing the coefficient of a single essential fac-
tor, and the gain value was assigned to the
environment variable that determined this
essential  factor.  The  replacement  value
was  obtained  by  randomly  replacing  the
value of the environmental variable  in the
training point set, and determining the re-
duction in the degree of the training AUC
value.  Jackknife  created a  new model  by
sequentially using or excluding a variable,
and  the  difference  in  regularized  training
gain, test gain, and AUC value of the model
was  used  for  evaluating  model  perfor-
mance.

The probability distribution obtained with
the largest entropy is considered as the op-
timal distribution by Maxent model,  using
non-random  relationships  between  envi-
ronmental  factors,  such  as  climate,  alti-
tude, and vegetation types, at species dis-
tribution sites or research areas under con-
straints. This can predict the suitable distri-
bution areas of a species, and construct a
spatial distribution model at the geograph-
ic scale. Model prediction results, in combi-

nation with GIS, can be used to obtain an
intuitive map of the suitable distribution ar-
eas for the species. 

Results

Spatial differentiation of L. kaempferi 
under temporal climate conditions

The result of model fitting showed a high
accuracy  of  the  model  predictions  using
Maxent (Fig. 2).

The result showed that the establishment
of  L. kaempferi  is increasing (i.e.,  advance
or infilling)  in  56% of  the  research sites,  in
14%  is  decreasing (i.e.,  recession  or  thin-
ning),  while no  change was  detected  for
30% of the analyzed sites. 

The  suitable  (SA)  and  most  suitable
(MSA)  distribution  areas  for  L.  kaempferi
occupied  a  global  area  of  334.18×104 km2

and 58.35×104 km2, respectively (Fig. 3). The
potential  distribution  area  in  Europe  was
the largest, accounting for 52.00% (SA) and
40.67%  (MSA)  of  the  total area,  respec-
tively. This was followed by Asia, with the
suitable and most suitable distribution ar-
eas covering 46.67% and 57.34% of the total
area,  respectively.  However,  Africa  and
South America did not show any potential
distribution areas for L. kaempferi (Tab. 2).

The  potential  distribution  areas  for  L.
kaempferi,  including  both  suitable  and
most  suitable  distribution  areas,  were
mainly concentrated in Europe and Asia. In
Europe, these areas principally are present
in  Britain,  Ireland,  Italy,  the  Netherlands,
France,  Poland,  Sweden,  and  Germany,
centering  in  the  “Germany-Sweden-Brit-
ain”  region,  each  accounting  for  9.07%,
5.23%, and 5.12% of the  total areas, respec-
tively.  In Asia,  the suitable and most suit-
able distribution areas were mainly located
in  Japan,  South  Korea,  North  Korea,  and
China, centering in “China-Japan-North Ko-
rea”  region,  accounting  for  33.75%,  6.23%
and 3.13% of the total areas, respectively. In
other  continents,  no  significant  suitable
distribution  areas  were  found.  However,
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Fig. 2 - The result 
of receiver operat-
ing characteristic 
curves.
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some regions scattered across the United
States  (North  America),  Canada  (North
America),  Australia  (Oceania),  and  New
Zealand (Oceania) were found to be some-
what  suitable  for  L.  kaempferi  cultivation

(Fig. 3).
China presented the main distribution ar-

eas  for  L.  kaempferi in  Asia.  The  suitable
and  most  suitable  distribution  areas  oc-
cupy 115.24×104 km2 and 17.29×104 km2, ac-

counting for 34.48% and 29.63% of the total
area, respectively. These areas were mainly
located  in  Jilin,  southeastern  Liaoning,
western Hubei, Hebei, central and eastern
Sichuan, Chongqing, Shandong, southwest-
ern Shaanxi, southeastern Gansu, Guizhou,
and  southeastern  Heilongjiang.  The  most
suitable  distribution  areas  in  Chinese  re-
gion within “Dabashan-Wushan” were con-
centrated  in  Sichuan  (15.24%),  Shaanxi
Province  (12.91%)  and  Hubei  (9.58%),  ac-
counting  for  37.73%  of  the  most  suitable
distribution areas in China. The most suit-
able  distribution  areas  within  “Liaodong

502 iForest 13: 499-506

Fig. 3 - The global 
potential distribu-
tion area for Larix 
kaempferi under 
current climate 
conditions.

Fig. 4 - The potential distribution area for  Larix kaempferi  in China under current cli-
mate condition.
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Tab.  2 -  The  potential  global  suitable
areas of  Larix  kaempferi.  (SA): suitable
area  (distribution  threshold:  0.3092-
0.5083); (MSA): most suitable area (dis-
tribution threshold: 0.5083-0.9624).  For
more details, see text.

Region
SA MSA Total

(×104 km2)

Europe 173.80 23.73 197.53

Asia 155.95 33.46 189.41

North America 3.33 1.07 4.60

Oceania 1.10 0.09 1.19

Global 334.18 58.35 392.73
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Peninsula-Hebei”  were  located  mainly  in
Liaoning (31.94%) and Hebei (11.92%), repre-
senting for 43.86% of the most suitable dis-
tribution areas of China (Fig. 4).

Spatial differentiation of L. kaempferi in
different RCP scenarios

The distribution of L. kaempferi exhibited
different degrees of variations under differ-
ent  RCPs scenarios  (Fig.  5).  Compared to
the current climate condition, the suitable
distribution areas (SA) for  L. kaempferi in-
creased by 2.81%, 4.81%, 3.80%, and 3.25% in
the four RCPs scenarios, respectively. How-
ever,  the  most  suitable  distribution  area
(MSA)  decreased  by  14.85%,  15.10%,  and
6.46% in RCP2.6,  RCP4.5,  and RCP6.0 sce-
narios,  respectively,  while  it  increased  by
1.40% in RCP8.5 scenario.

The  suitable  and  most  suitable  distribu-
tion  areas  of  L.  kaempferi in  Africa  and
South America also have not found under
the four  RCPs scenarios (Tab.  3).  The po-
tential  distribution area  in  North America
increased  under  the  four  RCPs  scenarios,
mainly  in  the  coastal  areas  of  western
United  States  and  southwestern  Canada.
The potential distribution areas showed an
increase,  particularly  in RCP8.5,  indicating
that the range of suitable distribution area
for L.  kaempferi in  the United States  and
Canada  will  expand  in  case  of  the  four
RCPs scenarios (Fig. 5, Tab. 3).

The  potential  distribution  area  of  L.
kaempferi in  Asia  showed  a  decreasing
trend under the four RCPs scenarios (Tab.
3). The suitable distribution area decreased
mainly  in  China,  North  Korea,  and  Japan,
however,  the  most  suitable  distribution
area  increased  in  Russia,  suggesting  that
the suitable distribution area of  L. kaemp-
feri in  Asia  would  shift  northward  under
the four RCPs scenarios (Fig. 5, Tab. 3).

Suitable distribution areas of L. kaempferi
in  the  European  region  exhibited  varying
trends under the four RCP scenarios (Tab.
3).  The potential  distribution areas in Fin-
land and Sweden, in northern Europe, ex-
hibited a gradual  increase,  indicating that
the suitable distribution area of  L. kaemp-
feri has a tendency to move northward in
Europe (Fig. 5, Tab. 3).

The  potential  distribution  area  of  L.
kaempferi did not exhibit marked changes
in Oceania under the four RCPs scenarios
(Tab.  3).  The  distribution  area  increased
slightly, except in the RCP8.5 scenario, and
the  most  suitable  distribution  area  also
showed a slight increase (Fig. 5, Tab. 3).

The suitable distribution area of L. kaemp-
feri in  China  decreased  by  8.49%,  4.39%,
7.81%, and 8.80% in RCP2.6, RCP4.5, RCP6.0,
and RCP8.5 scenarios, respectively (Fig. 6).
In addition, the most suitable distribution
area  further  decreased  by  9.16%,  17.52%,
2.95% and 1.34% in  the four  RPCs,  respec-
tively.

Our  results  indicated  that  the  suitable
and most suitable areas of L. kaempferi will
reduce and shift  northeast  at varying de-
grees in China (Fig.  6).  Nearly half of the

most suitable distribution areas would dis-
appear due to climate change.  For exam-
ple,  only  0.77×104 km2 persisted  in  the
RCP8.5 scenario in Hubei province (Fig. 6).
Conversely,  the most  suitable distribution
area in Liaoning Province would increase to
6.25×104 km2 (Fig. 6), indicating that Liaon-

ing province is the most suitable area for L.
kaempferi under the different RCPs.

Response to environmental variables
The  annual  average  temperature  (Bio-1)

was the main climatic factor affecting the
distribution pattern of  L. kaempferi, with a
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Fig. 5 - Variation of the global potential distribution area predicted for Larix kaempferi
under different RCPs.
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contribution rate of 28.5% (Tab. S1 in Sup-
plementary material). This was followed by
precipitation of the driest month (Bio-14),
the monthly mean temperature difference
between  day  and  night  (Bio-2),  and  the
coldest quarterly  mean temperature (Bio-
11).  The  cumulative  contribution  rate  of
these  six  variables  was  83.1%,  indicating
that these six variables mostly contribute
to  the  variations  in  distribution  pattern.
The environment variable with the highest
permutation value was the coldest quarter
average temperature (Bio-11), with a value
of 56.90%, followed by the average annual
precipitation (Bio-12), indicating that these
two variables  were particularly  important
in  the  delineation  of  suitable  distribution
areas of L. kaempferi.

The results of the Jackknife test showed
that  when  considering  individually,  the
three variables with the highest regulariza-
tion training gain  and test  gain  were  the

coldest  seasonal  mean  temperature  (Bio-
11),  the annual  mean temperature (Bio-1),
and the driest seasonal mean temperature
(Bio-9 – see Fig. S1 in Supplementary mate-
rial).  The three variables with the highest
AUC values were the annual average tem-
perature (Bio-1), the coldest seasonal aver-
age temperature (Bio-11),  and the coldest
monthly  minimum  temperature  (Bio-6).
This  suggests  that  these  variables  reflect
significant  information,  as  the  regulariza-
tion training gain, test gain and AUC value
exhibit  little  change.  The  three  variables
with the most reduction were the seasonal
variation  coefficient  of  precipitation  (Bio-
15),  isotherm  (Bio-3),  and  the  hottest
month maximum temperature (Bio-5), fur-
ther  suggesting  that  these  variables  con-
tain more information than other variables.

The main factors affecting the geographi-
cal  distribution of  L.  kaempferi were tem-
perature  (annual  average  temperature,

coldest  seasonal  average  temperature)
and precipitation (annual  average precipi-
tation,  driest  month  precipitation).  We
found a significant difference in the trends
of  centroid  changes for precipitation be-
tween  the  early  and  late  growth  periods
for this species. Receding  L. kaempferi oc-
curred  near  the  centre  of  the envelopes,
where conditions were becoming warmer
and wetter. For the North American conti-
nent,  the  number  of  studies  was  limited,
but suggested that L. kaempferi was track-
ing wetter conditions, and that changes in
precipitation and temperature trends were
variable among these sites.

Discussion
Since  the  1980s,  the overall  distribution

range of L. keampferi has changed as a con-
sequence of climate warming, though with
a varying degree in Europe and Asia.  This
may be attributed to the difference in cli-
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Tab. 3 - The potential global suitable area of Larix kaempferi under different RCPs scenarios. (RCPs): representative concentration
pathways; (SA): suitable area (distribution threshold: 0.3092-0.5083); (MSA): most suitable area (distribution threshold: 0.5083-
0.9624). For more details, see text.

RCPs
scenarios

Regions (×104 km2)

Europe Asia North America Oceania South America Africa

SA MSA SA MSA SA MSA SA MSA SA MSA SA MSA

RCP2.6 185.57 17.68 145.07 31.27 11.23 0.84 1.24 0.09 0.48 0 0 0

RCP4.5 181.95 14.54 147.96 31.68 19.12 3.46 0.98 0.09 0.82 0 0 0

RCP6.0 181.76 16.84 144.07 33.72 19.09 3.17 1.34 0.08 0.89 0 0 0

RCP8.5 176.12 14.31 138.19 35.72 27.7 7.97 1.32 0.1 1.83 0.01 0 0

Current 173.8 23.73 155.95 33.46 3.03 0 1.1 0.09 0.07 0 0 0

Fig. 6 - The potential distri-
bution area for Larix 
kaempferi in China under 
different climate RCP sce-
narios.
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matic conditions (Saulnier et al. 2019). Asia
has  a  temperate  monsoon  climate,  with
typical temperate continental climate char-
acteristics  (Bai  et  al.  2019).  The  average
temperature  of  the coldest  month in  the
north is  below  0  °C,  and  in  the  south is
close to 20 °C (Bai et al. 2019). The climate
was characterized by cold and dry winters,
and high temperatures and rain in summer
(Bai et al.  2019). This was consistent with
the biological  characteristics  of  L.  kaemp-
feri,  which  is  cold-tolerant  and  prefers
slightly cold climate (Cáceres et al. 2017). In
addition, variations in species range are be-
coming more common in the north with in-
creasing latitude and altitude (Wang 2012).
Climate change, human disturbances, com-
petitive releases, and ecological character-
istics  of individual species may contribute
to new and unexpected overlaps in species
ranges,  and to impediments in  predicting
range-bound changes in surrounding trees
(Dyderski et al. 2018). 

L. kaempferi may be particularly sensitive
to  climate  change  (Peng  et  al.  2018).  A
large-scale study of climatic responses of L.
kaempferi found  that  the  global  distribu-
tion is sensitive to the several environmen-
tal  conditions,  such  as  altitude,  latitude,
temperature, and moisture (Nakada & Fu-
katsu 2012,  Alexander et al. 2018), leading
to  regional  differences  in  the  geographic
distribution  of  the  species  (Mamet  et  al.
2019).  In  the  context  of  global  warming,
forest tree species have been found to ex-
pand to higher altitudes (Tchebakova et al.
2005,  Mamet  et  al.  2019).  In  the  present
study,  the  distribution  of  L.  kaempferi in
North America,  Canada,  Oceania Australia
and  New  Zealand,  was  found  to  be  rela-
tively small. In the past 30 years, the aver-
age annual temperature changes in low-al-
titude  areas  have  either  increased  or  de-
creased by about 3 °C. This  suggests that
temperature is  a dominant factor limiting
the  distribution  and  growth  of  L.
kaempferi, compared to other environmen-
tal  variables.  Geographical  differences  in
the distribution-temperature response indi-
cate that decreasing temperatures in high-
altitude forests limits the distribution of L.
kaempferi. The potential distribution areas
of  L.  kaempferi in  China  were  located
mainly in Jilin, southeastern Liaoning, west-
ern Hubei and Hebei provences. This is sim-
ilar  to  the  potential  distribution  area  ob-
tained in previous studies (Ma 1992, Pâque
2002, Wang et al. 2008).

Direct and/or indirect effects of drought
may lead to significant changes in local mi-
croclimatic  conditions (Nakada & Fukatsu
2012,  Huang 2017). Due to temperature-in-
duced drought stress, decline of tree lines
and thinning of forests are becoming more
frequent, thus leading to a reduction in the
distribution of L. kaempferi in the south, as
well as to its increase in the north (Obojes
et al. 2018). Larch can tolerate harsh condi-
tions in permafrost environments, regulate
soil  moisture  intake  under  humid  condi-
tions, and benefit from the water released

by the melting of ice-rich permafrost under
drought  conditions  (Mamet  et  al.  2019).
Therefore,  the  impact  of  environmental
changes  on  L.  kaempferi  forests  will  ulti-
mately  depend  on  the  balance  between
temperature  and  precipitation.  Based  on
the native  L. kaempferi distribution trends
and  current  distribution-climate  response
patterns,  we  determined  the  distribution
gradient of  L. kaempferi forests along the
altitudinal gradient, i.e., the distribution ar-
eas  increased  at  high  altitudes  and  de-
clined at low altitudes.

Our results predict that the suitable distri-
bution areas  of  L.  kaempferi will  respond
differently  to  climate  change  in  Europe,
Asia and North America under the four RCP
scenarios (Wang et al. 2008,  Obojes et al.
2018).  Of these,  the potential  distribution
areas  would  increase  in  North  America,
those  in  Asia  would  decrease  and  shift
northward,  while  those  in  Europe  would
fragment  and  shift  northward,  compared
to the present conditions. Africa and South
America did not show any potential distri-
bution areas for L. kaempferi in the current
(Tab. 2) and future climate scenarios (Tab.
3). The reason is that Larix kaempferi is lim-
ited mainly by temperature, with a survival
temperature range  of  2.5-12  °C (Ma 1992),
while  temperatures in  Africa  and  South
America  are too high  for  the  species. Al-
though  changes  in  temperature  are  ex-
pected under future climate scenarios, still
the anticipated climate in the above conti-
nents will not meet the survival conditions
of Larix kaempferi (Chen et al. 2016).

Our result showed that the main factors
affecting the suitable distribution area of L.
kaempferi were  the  annual  average  tem-
perature and average annual precipitation.
Extreme climates (coldest average temper-
ature,  driest  monthly  precipitation)  were
also the dominant factor affecting the dis-
tribution of L. kaempferi. Thus, extreme cli-
mate  may lead to  local  discontinuity  in
species distribution (Yao et al. 2016). 

Conclusion
In this study, we modeled the changes in

the suitable distribution areas of L. kaemp-
feri based on climatic factors. Most popula-
tions appear to be expanding their distribu-
tion northward.  Our results can help plan-
ning the introduction and cultivation of  L.
kaempferi,  thus  avoiding economic  losses
caused by blind introduction, and  increas-
ing the yield of L. kaempferi. However, the
predictions of this  study were based only
on the environmental conditions of the dis-
tribution area, being the genetic variation
of  the  species  and  anthropogenic  effects
not  considered  here.  Uncertainty  about
how  these  factors will  change  over  time
exist, so further studies on the patterns of
L. kaempferi expansion and the underlying
processes  are  required.  Future  research
will include the improvement of prediction
model as well as related research aimed to
further characterize the future distribution
of L. kaempferi, e.g., by carrying out cultiva-

tion  tests  in  suitable  distribution  areas,
thereby confirming the area suitable for in-
troduction and cultivation of L. kaempferi.

The spatial dynamics of L. kaempferi over
time indicate that the  global  warming will
contribute to  the species’  expansion, as  it
can adapt or shift  to higher  latitudes/alti-
tudes. These results can aid in prioritizing
geographic regions and/or larch species for
further  studies  on  their altitudinal/geo-
graphical  response  to  climate  change,  in
order to better understand how these de-
ciduous gymnosperms adapt to global cli-
mate change.
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