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Abstract. Tea (Camellia sinensis L.) is an important cash crop. In the context of
climate change, analyzing the current distribution of tea trees and climate change en-
vironmental variables to predict the potential distribution area of tea trees in the fu-
ture can help decision-makers make appropriate planting decisions and promote
sustainable management. In this study, an optimized MaxEnt model was used to predict
the limiting factors of tea tree growth and distribution under current and future climate
change scenarios. The climate soil mixing model [area under the curve (AUC) 5 0.934]
performed excellently. The results showed that precipitation, temperature, slope, and
soil factors all affected the distribution of suitable habitats for tea trees. Compared
with the current distribution area of tea trees, under three shared socioeconomic
pathways (SSP126, SSP245, and SSP585), the area of highly suitable habitats for
tea trees will expand, especially in 2061–2080 and 2081–2100 years, and the suitable
area will extend overall to the north of China, indicating that future climate change
may create more new suitable habitats for tea production, especially in Shandong,
Shaanxi, Guizhou, and Yunnan provinces. This study will provide important scientific
insights for tea production decision-making, tea garden location selection, and future
adaptation methods, and will help in the cultivation and transplantation of tea trees
in the future.

Global climate change affects many eco-
systems and biota. It not only affects the
growth and distribution of vegetation world-
wide but also leads to the loss of species di-
versity and germplasm resources. Climate
and habitat change affect vegetation composi-
tion and species distribution (Austin and Van
Niel 2011), because many common plants,
especially herbaceous plants and shrubs, are
highly sensitive to climate change (Kane
et al. 2017). The prediction of the underlying
geographical distribution of species can not
only provide the study of flora formation and

origin of species but also can play an impor-
tant role in genetic improvement. The conse-
quences of climate change include periods of
drought, extreme high-temperature weather,
and heavy rainfall causing surface soil ero-
sion. This means that the tea planting area
and yield are seriously affected by the climate
and soil environment, which will make some
of the existing tea garden areas unsuitable for
tea planting (Su et al. 2017); many studies
have described the relationship between climate
and plant productivity and species richness.

Camellia is the most abundant and eco-
nomically valuable genus in the camellia
family, among which Camellia sinensis L.
(Fig. 1A) is one of the representative species.
The tea tree has a wide planting area and
there is a long history of tea culture in China.
Tea, as one of the world’s three major nonal-
coholic beverages, is deeply loved by people
all over the world. In China, tea, as a bever-
age plant, is an important economic crop
and plays an important role in rural poverty
reduction and economic growth (Wanyama
et al. 2011). Tea is beneficial to human
health, containing caffeine, tea polyphenols,

cacopromine, volatile oil, and other ingre-
dients. Tea is used as a daily beverage, which
helps digestion, refreshes, strengthens, pro-
motes diuresis, reduces diarrhea and has other
functions. Tetranine, an a.i. in tea, reduces
the risk of cancer, cancer recurrence, and car-
diovascular and neurological diseases. It has
beneficial effects in treating chronic diseases
(e.g., hypertension, diabetes).

At present, domestic and foreign research
into all aspects of tea production and use is
increasing year by year, but its distribution
and limiting factors are reported less. The
growth of tea plants is restricted by climate
conditions. In summer, even growing in a
shady environment in Suzhou, Jiangsu Prov-
ince, tea plants can easily wilt or even die
because of long-term drought conditions
(Fig. 1B and C). This study aims to investi-
gate the plant species in the world and the
overall spatial distribution within China, to
provide important basic data for the devel-
opment of tea tree planting, planning, and
organization. Considering the rich tea germ-
plasm resources in China, collecting these
data is of great significance.

In terms of geographical distribution, tea
trees are mainly distributed in the south and
southwest, including the provinces, cities,
and districts south of the Qinling Mountains
and the Huaihe River. The Chinese Academy
of Agricultural Sciences divides China into
four tea areas according to their ecological
and geographical conditions: South China,
Southwest China, Jiangnan, and Jiangbei.
Wild tea trees are common in mountains or
hillside forests below 1000 m. They like deep
acidic soil and can also grow well in a rocky
soil environment. In China, tea trees are culti-
vated in mountains, the foothills of moun-
tains, and hilly areas (De Costa et al. 2007).
In addition to their economic value, tea trees
also have good ecological value; for example,
planting tea on barren hills can help to pre-
vent soil erosion (El Kateb et al. 2013).

Climate models can determine the geo-
graphic distribution of biological ecosystems,
with species ranges often defined by their
bioclimatic range (Kopp and Cleland 2014).
Currently, there are many ecological models
used to describe the potential distribution
areas of organisms (Li et al. 2013). In this
study, the maximum entropy method (maxi-
mum entropy model, MaxEnt) was used to
predict the potential distribution of Camellia
sinensis. As the species distribution model
(SDM) based on the maximum entropy the-
ory, MaxEnt selects the distribution with
the largest entropy from the appropriate dis-
tribution center as the optimal distribution.
Since its development in 2006, it has been
widely used in the prediction of endangered
species, species distribution under future cli-
mate change, and the identification of inva-
sive species monitoring areas (Lissovsky and
Dudov 2021).

Changes in the species range are a gener-
ally expected consequence of global warming
(Renwick and Rocca 2015). Combining spe-
cies occurrence data and literature and tea
tree growth environment data, we can predict
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the potential geographical distribution of the
species in the future, with high precision and
stability even based on small samples (Elith
et al. 2011). On this basis, this study com-
bines the MaxEnt model, ENMTools, R lan-
guage, and geographic information system
(ArcGIS) to predict the suitable habitat and
its centroid trajectory under current and fu-
ture climate change scenarios, to further un-
derstand the distribution characteristics of the
species and its ecological adaptability, and
provide a scientific basis for the protection of
tea tree resources and the introduction of tea
trees into new regions.

Materials and Methods

Species location data. Through China Digi-
tal Herbarium (http://www.cvh.ac.cn/), Teach-
ing Specimen Sharing Platform (http://mnh.scu.
edu. cn/), Global Biodiversity Information Ser-
vice Network (https://www.gbif.org/), and other
digital platforms, we extracted tea tree speci-
men data and screened and eliminated speci-
mens with missing coordinates or repeated data
(Huang et al. 2020). To reduce the error of clus-
tering effects in predicting the underlying distri-
bution region and reduce model overfitting, we
selected only one sample record in the grid range
of 2.5 “2.5” (Yan et al. 2021). Finally, 1243
points were selected for further analysis (Fig. 2).

Environment variables. With the coupled
model intercomparison project phase 6 (CMIP 6)
planned (Wu et al. 2021), the output results of
the new generation of the atmospheric circula-
tion model [general circulation model (GCM)]
have been released successively. The sharing
economy path, Shared Socioeconomic Pathway
(SSP) replaces the original RCP mode, showing
the new emission scenario driven by different
social and economic models. It is crucial to ex-
plore chronologically the change patterns of fu-
ture precipitation and temperature in China
under the new model. The climate data of v2.1
were downloaded from the World Meteorologi-
cal Database (http://www.worldclim.org/) from
1970 to 2000, with 19 bioclimatic factors of en-
vironmental variables correlated with tempera-
ture (Bio01�Bio11) and precipitation (Bio12�
Bio19), and elevation data were selected with a
spatial resolution of 2.5 arc-minutes.

Future climate data were obtained from
the global climate model of CMIP 6 (BCC-
CSM 2-MR, Beijing climate center climate
system model), which Chinese researchers of-
ten use to assess species distribution. In previ-
ous studies, researchers simulated different
shared socioeconomic pathways that explain
different degrees of future climate change
(Hamed et al. 2022). With the increase in
emission intensity, the warming trend is more
and more significant; that is, the warming
trend is ranked from strong to weak in SSP585,
SSP370, SSP245, and SSP126 (Hamadamin
and Khwarahm 2023). Three periods are se-
lected to predict the potential distribution of tea
trees in the future: 2050s (average 2041–2060),
2070s (average 2061–2080), and 2090s (average
2081–2100). Moreover, assuming the soil and
terrain factors will remain constant over the next
few decades, this study used the climate factors

for the future period, and the climate, soil, and
terrain factors from the current period. Digital
Elevation Model (DEM) elevation data were
downloaded from the Geospatial Data Cloud
website (http://www.gscloud.cn/), and slope data

were extracted with ArcGIS10.8 software. Sev-
enteen topsoil factors (0�30 cm) were derived
from the World Soil Database [Harmonized
World Soil Database (HWSD)] (http://www.
fao.org/soils-portal/en/).

Fig. 1. Appearance and leaves (A) of Camellia sinensis. (B) Wilting leaves in summer. (C) Pictures of
tea plants suffering from natural disasters.

Fig. 2. Distribution points of Camellia sinensis L.
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Model development and the current habitat
prediction. The multicollinearity of the varia-
bles may affect prediction accuracy (Li et al.
2023). To avoid the correlation between vari-
ous climate variables causing overfitting and
affecting the accuracy of prediction, Pearson
correlation analysis was conducted using ENM-
Tools1.4.3 for the collated data, and R3.6.3
software (Fig. 3). For highly correlated varia-
bles (correlation coefficient >0.8), only one
variable more suitable for model interpretation
was selected for the subsequent model predic-
tion (Bian and Shi 2019) (Table 1).

The kuenm software package in R v3.6.3
was used in this study (Cobos et al. 2019) to
optimize the implementation of the MaxEnt
model. The predictive performance of the
model is affected by two parameters that

need to be optimized: the regularization mul-
tiplier (RM) and the feature combination
(FC). Using these two parameters, the value
of RM was set to 0.1 to 4.0, adding 0.1 each
time, for a total of 40 regulatory frequencies.
The MaxEnt model provides a combination
of five element types; namely, linear (linear
features, L), quadratic (quadratic features, Q),
product (product features, P), fragmentation
(hinge features, H), and threshold (threshold
features, T) and FC, a total of 29 types. Finally,
the preceding 1160 candidate models were
tested with the kuenm software package.

The best model was selected according to
the following criteria: 1) the significance model,
and 2) the omission rate was below 5%. Then,
the model with the smallest AICc value (i.e.,
delta AICc 5 0) is the final model. After the

model operation, the main ecological factors af-
fecting the distribution of tea trees were evalu-
ated according to their respective contribution
rates and the results of a Jackknife test. In
practice, AUC indicators derived from the
ROC (subject-operating characteristic) are
usually used to evaluate the performance in-
dicators of the model (Xu et al. 2020). The
AUC value of the curve ROC is a composite
indicator of the sensitivity and specificity of
the model (Gebrewahid et al. 2020). AUC
values range from 0 to 1, with larger values
indicating higher confidence in the results.

For the outcome of the predicted comple-
tion, the grid values were graded by the maxi-
mum test sensitivity (MTSPS) method to
categorize the suitability level for the distri-
bution of tea trees in the study area. The data
generated by the MaxEnt software were im-
ported into ArcGIS v.10.8. We obtained the
potential distribution of suitable habitats for
tea trees (P > 0.2326). According to the man-
ual classification method, the distribution area
of the tea tree was classified as follows: un-
suitable areas (0# P# 0.2326); Slightly suit-
able areas (0.2326 < P # 0.4); Medium-
suitability areas (0.4 < P # 0.56); and Highly
suitable areas (0.56< P# 1).

Changes in suitable habitat area and cent-
roids. Assessing the suitability of land for tea
cultivation is a crucial step in identifying the
environmental constraints for sustainable tea
production. We predicted the spatial distribu-
tion of suitable habitats in China during the
current period (1971–2000) and three future
periods (2050, 2070, and 2090), using three
climate change scenarios (SSP126, SSP 245,
and SSP 585). We then compared the changes
in area and spatial extent of these predicted suit-
able habitats across different periods.

To further investigate the trends, we used
a Python-based GIS toolkit and SDM toolbox
to calculate the centroids of current and fu-
ture climate distribution areas (Brown 2014;
Jin et al. 2022), as well as the total suitable
area and high-suitable area. We also calcu-
lated the centroid migration distances.

Results

Optimal model and accuracy evaluation.
The potential distribution area of the tea plant
in China was simulated, using the MaxEnt
model. When the model is set to the default
parameters, delta AICc is 354.747, but when
set to the optimization parameters (FC 5 QT,
RM 5 4), delta AICc is 0 (Table 2), AUC.diff
is 0.0019. The difference decreases by 67.86%,
and the omission rate decreases by 75%, in-
dicating that the degree of overfitting at the
optimized parameter setting is lower than
the default parameters. The optimized pa-
rameters (FC 5 QT, RM 5 4) were used to
reconstruct the model and simulate the suitable
area for tea trees in China, with the average
training AUC at 0.979. The software simulation
results show that the MaxEnt model effectively
predicts the geographical distribution of tea trees
in China.

Current potential distribution area. The
distribution area of tea trees in China is 122

Fig. 3. Pearson correlations of the variables. The blue circles represent positive correlations and the red
ones negative. The stronger the correlation, the larger the size of the circle and the darker the color.

Table 1. Fifteen environment variables used for the MaxEnt model.

Data type Parameter Full name or description
Climate factor Bio2 Mean diurnal range [mean of monthly (max temp � min temp)] (�C)

Bio3 Isothermality (BIO2/BIO7) (× 100) (%)
Bio6 Min temperature of coldest mo. (�C)
Bio11 Mean temperature of coldest quarter (�C)
Bio12 Annual precipitation (mm)
Bio14 Precipitation of driest mo. (mm)
Bio15 Precipitation seasonality (CV)
Bio16 Precipitation of wettest quarter (mm)
Bio18 Precipitation of warmest quarter (mm)

Terrain slope Slope (�)
Soil factor T_ESP Exchangeable sodium percentage in the topsoil (%)

T_GRAVEL Volume percentage of gravel in the topsoil (% wt.)
T_PH_H2O Soil reaction of topsoil [�log(H1)]
T_SAND Percentage of sand in the topsoil (%)
T_CASO4 Top layer sulfate content (% wt.)
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110–91 430 E, 35 540–18 110 N, mainly con-
centrated in southeast China. Its distribution
range includes the southeast of Sichuan Prov-
ince, Chongqing, Yunnan, Guizhou, Hunan,
Hubei, Henan, Anhui, Guangxi, Guangdong,
Fujian, Jiangxi, Shandong, Shanxi Province,
Jiangsu, Anhui, Zhejiang, Hainan, Taiwan,

and Hong Kong, with almost all sample
points distributed in the suitable habitat area
for the tea tree (Fig. 2). This suggests that the
model can simulate the potential distribution
of tea trees.

According to the calculation results of the
prediction model and the actual distribution

of sampling points, it can be seen that due to
the limitation of climatic conditions, north-
west and northeast China are not suitable for
the growth of tea trees (75.7% of the national
area, a total area of 7,266,300 km2). These
unsuitable regions include Tibet, Xinjiang,
Qinghai, Gansu, Inner Mongolia, Ningxia,
northwestern Sichuan, northern Shaanxi,
Shanxi, Hebei, northern Henan, northwestern
Shandong, Liaoning, Jilin, Heilongjiang, and
other regions. The slightly suitable habitat of
tea trees accounts for 2.9% of the total na-
tional area (i.e., 279,100 km2). This region is
located at the junction of the subtropical

Table 2. Evaluation metrics of the default and optimal MaxEnt models by kuenm package.

Setting FC RM AUC.diff Omission rate Delta AICc AICc
Default LQPH 1 0.0025 0.1271 354.7474 5104.2810
Optimized QT 4 0.0019 0.0909 0.0000 4760.2058

Fig. 4. The current and future potential geographical distribution of Camellia sinensis by the 2050s, 2070s, and 2090s according to the climate scenarios SSP
126, SSP245, and SSP 585 based on optimized parameters. (A) Current; (B) SSP126–2050s; (C) SSP126–2070s; (D) SSP126–2090s; (E) SSP245–2050s;
(F) SSP245–2070s; (G) SSP245–2090s; (H) SSP 585–2050s; (I) SSP 585–2070s; (J) SSP 585–2090s.
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monsoon and temperate monsoon climate
with the plateau alpine climate. The medium-
suitability habitat accounts for 6.3% of the
total area of China, a total area of 608,700 km2,
and highly suitable habitats account for 15.1%
of the total land area, of 1,445,900 km2.

Future changes in the suitable habitat
area. Compared with the current distribution
of suitable habitats, the total area of suitable
habitats will increase in the future. As shown
in Figs. 4 and 5, under three different emission
scenarios (SSP126, SSP245, and SSP585), the
area of suitable habitats will increase by 1.42%,
1.84%, and 1.15%, respectively, in the 2050s;
by 1.23%, 1.64%, and 1.15%, respectively, in
the 2070s; and by 2.09%, 1.53%, and 1.24%,
respectively, in the 2090s. The high-suitability
habitat areas also show a trend of future expan-
sion. It is expected that by the 2050s, under
three scenarios, the area of high-suitable habi-
tats will increase by 2.17%, 3.08%, and 2.56%,
respectively; compared with the current area,
by the 2070s, it will increase by 2.66%, 1.45%,
and 2.93%, respectively; and by the 2090s, it
will increase by 1.65%, 1.43%, and 1.32%,
respectively. Overall, the area of low-suitable
habitats fluctuates with climate patterns, the in-
termediate-suitable habitats begin to differenti-
ate, and the high-suitable areas increase.

Analysis of the change in the spatial pattern.
To explain the distribution of future displace-
ment and the direction of changes, we used
the centroid analysis, Centroid Changes in
the SDM Toolbox v2.5 package to track the
centroid trajectory changes of tea tree suit-
ability, with distribution regions over time in
different greenhouse gas emission scenarios.
Regardless of the greenhouse gas emission
scenario, from the current to the future
(2090s), the centroid of the total suitable
habitat area of tea trees migrates northwest
from Huaihua city, Hunan province (27
25018.0300N, 110 32034.4500E), and the total
area of suitable habitat expands northward,
while the total area in the south gradually
decreases (Fig. 6). In the SSP126, SSP245,
and SSP585 modes, in the 2050s, it moves
northwest by 20.09 km, 32.31 km, and
30.36 km, respectively. From the present to

the 2070s, the center of mass continues to
move northwest at 33.00 km, 41.19 km, and
50.86 km. By the 2090s, the whole direc-
tion shifts to the northeast, by a distance
of 23.61 km, 32.08 km, and 30.78 km, respec-
tively. In general, the trajectory distance and
direction of the centroids vary over time under
different greenhouse gas emission scenarios,
and the high-suitability region will expand to
the northeast, as shown in Fig. 7. At present,
the centroid of the high-suitability area is lo-
cated in Shaoyang County, Shaoyang City, Hu-
nan Province (111 3402.43800 N, 26 59030.10600 E).
In all three climate models, the migration of the
high fitness zone was to the northeast, and in
the SSP126 model, 2050s, 2070s, and 2090s
movement was 69.07 km, 80.79 km, and 54.74
km, respectively. In SSP245 mode, the migra-
tion distances until the 2050s, 2070s, and 2090s
were 84.73 km, 69.31 km, and 103.11 km, re-
spectively. Under SSP585, the 2050s, 2070s,
and 2090s migration distances were 91.89 km,
100.13 km, and 62.05 km, respectively. These
results suggest that the movement of centroids
is consistent with the spatial pattern changes of
suitable areas predicted by the MaxEnt model
(Fig. 8) (Zhang et al. 2023).

Discussion

The MaxEnt model has been widely used
in ecology, biology, evolutionary biology,
and invasive species management (Phillips
et al. 2006). It has the advantages of a wide
application range, high accuracy, simple op-
eration, low sample number requirements,
and stable operation results (Jiangying et al.
2022). Tea is the most popular beverage
plant, with a vital economic value (Xue et al.
2013). As a plant native to China and intro-
duced globally, the key environmental factors
influence or restrict its growth. According to
the results of the knife-cutting method and
the contribution rates of climate and soil vari-
ables calculated by the model, the main envi-
ronmental factors affecting the change in tea
distribution were determined.

Predicted habitat suitability considering
both climatic and soil variables. The predic-
tion results suggest that the variables affect-
ing the suitable area for tea cultivation are as
follows: the precipitation during the hottest
season (bio18), the average temperature dur-
ing the coldest season (bio11), and the annual
precipitation (bio12). The contribution rates
of these three biological climate variables are
50.9%, 20.2%, and 12.0% respectively, with
a cumulative value of 83.1% (Table 3). Gen-
erally, when the probability of tea tree exis-
tence exceeds 0.5 (Gebrewahid et al. 2020),
the corresponding ecological factors are suit-
able for plant growth (Jia et al. 2019). Precip-
itation is an important factor for the survival
and growth of tea seedlings and is also one
of the essential factors for most plants. Abun-
dant rainfall significantly increases the soil
water content near the planting location,
providing a good growing environment for
water-demanding tea trees. In arid environ-
ments, the transpiration rate of tea tree leaves
is high, and even a short period of drought can
cause leaf edges to dry and necrosis to occur,
leading to a decrease in yield, quality, and eco-
nomic value (Waheed et al. 2012). In addition,
temperature is crucial for normal plant growth.
When tea trees are subjected to prolonged heat
stress, a series of changes occur in their in-
ternal physiological mechanisms (Bita and
Gerats 2013). If heat stress is brief, plants
can regulate osmotic adjustment substances
to protect enzyme activity; however, when
the stress duration increases beyond a certain
point, the damage is irreversible. Conversely,
when the environmental temperature decreases,
it remains below the minimum temperature for
plant growth, resulting in freezing damage.
These factors not only limit the geographical
distribution of plants but also seriously affect
the yield and economic value of tea. When the
precipitation during the hottest season reaches
2600 mm (bio18), the probability of tea tree ex-
istence tends to plateau. The appropriate precip-
itation range for the hottest season (bio18) is
500 to 2900 mm. The suitable range for annual
precipitation (bio12) is 1300 to 2300 mm. The
probability of tea tree existence increases with
an increase in the minimum temperature during
the coldest month (bio11). The predicted suitable
growing condition for tea trees is 2 to 10 �C.

The main soil factors affecting the growth
of tea trees are the percentage of exchange-
able sodium in the topsoil (T_ESP) and the
percentage of gravel by volume in the topsoil
(T_gravel). Exchangeable Sodium Saturation
Percentage (ESP), also known as alkaliniza-
tion, is an important indicator to determine
whether the soil is alkaline. Generally speak-
ing, the higher the ESP, the higher the degree
of soil alkalinization, and the worse the soil
traits (Cemek et al. 2007). Predictive analysis
shows that if the ESP value is greater than
2%, the tea tree survival rate will be less than
50%. This is consistent with the tea tree’s
preference for less acidic soils (Ye et al.
2023). T_gravel is closely related to soil per-
meability; soil with high sand content has

Fig. 5. Changes of suitable habitat area of Camellia sinensis L. under three different climate scenarios
(SSP265, SSP245, and SSP585) in current times, the 2050s, 2070s, and 2090s.
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Fig. 6. Comparison of changes in the spatial pattern of total suitable Camellia sinensis habitat under three different climate scenarios (SSP126, SSP245,
SSP585) in the 2050s, 2070s, and 2090s. Total suitable area change: green represents expansion areas, red represents contraction areas, gray represents
unchanged areas, and white represents unsuitable areas.
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Fig. 7. Spatial pattern of the Camellia sinensis high-suitability habitat area in the 2050s, 2070s, and 2090s under three different climate scenarios (SSP126,
SSP245, SSP585). High-suitability area change: green represents expansion areas, red represents contraction areas, gray represents unchanged areas, and
white represents unsuitable areas.

HORTSCIENCE VOL. 59(2) FEBRUARY 2024 185

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-11-30 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
-N

D
license (https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/). https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/



high porosity and increased root permeability
(Chen et al. 2020).

In addition, slope is also an important fac-
tor affecting the growth of tea trees. The slope
is closely related to light and soil properties.
Compared with flat land, on a slope, the angle
of the light changes, the time of daylight is re-
duced, and the organic carbon content and soil
depth are low (Khormali et al. 2007) (Supple-
mental Appendix 1).

The tea tree is a kind of cash crop depen-
dent on picking tender buds. Continuous low
temperature or high temperature, salt and al-
kali, soil hardening, and sun exposure will se-
riously damage the growth of the tea tree,
affecting the appearance and drinking quality
of tea, thus greatly reducing the attractiveness
of tea to consumers. All of these influencing
factors correspond to the main limiting factors
screened here. Therefore, in the border area of
the subtropical monsoon climate, temperate
monsoon climate, and plateau and alpine cli-
mate, the climate conditions change greatly,
and the distribution pattern of tea trees will
continue to change in the future. The existing
research results can provide a reliable theoretical
basis for the prediction of the MaxEnt model.
However, the predictions of this model are
faster and more systematic than conventional
experimental methods (Ashraf et al. 2016).

Changes in the spatial pattern and cen-
troid distribution of potential tea trees. The pre-
dicted overall change in the suitable habitat
area for tea trees is as follows. From now to he
2090s, the total area of suitable habitat contin-
ues to expand with the increase of greenhouse
gas emissions. In the high-concentration emis-
sion scenario, SSP585, the tea habitat in the
high-suitability area will increase with increas-
ing CO2 concentration in the second half of
the 21st century. Under the climate change
scenario, the center of mass can reflect the dis-
tance and direction and play a key role in de-
termining the spatial distribution of land, so in
different periods, the suitable habitat for tea
trees will be considered as a whole. The results
of centroid analysis show that the centroid of
the total suitable habitat for tea trees is cur-
rently located in Xupu County, Huaihua City,
Hunan Province (110 32034.45400 N, 27
25018.02600 E). The centroid of the high-
suitability habitat is located in Shaoyang
County, Shaoyang City, Hunan Province
(111 3402.43800 N, 2659030.10600 E). The
predicted center of the total suitable area
for tea trees shows that in three different
greenhouse gas emission scenarios, it meets
the trend of northward migration (2050s,
2070s, 2090s), which is in line with previ-
ous research conclusions. Combining the
trajectory, distance, and direction of the cent-
roids in different periods, we speculate that the

centroid does not always move in the same di-
rection, and the smaller the period, the more
complex the trajectory, as has been found in
previous plant studies. The environmental re-
quirements of plant distribution in the central
region of tea trees may differ from the plants
in marginal areas.

To better understand the distribution of
tea plants in the future, we need to further
study the ecological and physiological mech-
anisms of their adaptation to environmental
factors. Compared with the current climate
scenario, the potential distribution pattern of
tea trees in China is not obvious, and there is
no extensive migration, but the distribution of
tea trees in Yunnan, Sichuan, Hebei, Shandong,
and other provinces is decreasing. Therefore, it
is necessary to take timely measures, such as
establishing local protection areas and con-
structing ex situ conservation sites to effectively
protect the plant resources of tea trees, which is
of great significance to the collection of new
species of this genus, germplasm preservation,
and protection of the diversity of this genus.

Study limitations. Most SDMs infer spe-
cies’ environmental conditions based on ob-
served species occurrence data. However, we
cannot simply equate the habitat of species
occurrence data with the suitable habitat of
the species. That is to say, the fact that a re-
gion has a suitable habitat predicted by the
model does not necessarily mean that the
species is found there (Elith and Leathwick
2009). In addition, biological factors such as
human activities and species interactions also
need to be considered during environmental
factor selection (Garc�ıa-Vald�es et al. 2015).
In future research, to better predict the distri-
bution of tree species, we will study the com-
parison and convergence of multiple models
or design better algorithms to improve the
overall analysis of species diversity and trends
in unique groups.

Fig. 8. Distance moved by the centroid of Camellia sinensis under three different climate scenarios (SSP126, SSP245, SSP585) in the future. [The centroid
of total suitable habitat (A) and the centroid of high-suitability habitat (B) are distinguished by the center of symbols.] Climate scenarios are distinguished
by a given symbol; for time periods, the current time is displayed by a red star, and the 2050s, 2070s, and 2090s are distinguished by a given color.

Table 3. Contribution of the environmental predictors influencing the probability of distribution of
Camellia sinensis in China.

Climate variables Percentage contribution (%) Soil variables Percentage contribution (%)
bio18 50.9 t_gravel 2.4
bio12 20.2 t_esp 1.6
bio11 12.0 slope 1.4
Bio16 3.6 t_sand 0.5
Bio6 3.4 t_CaSO4 0.2
bio14 1.8 t_ ph_H2O 0.1
Bio2 0.9
bio15 0.8
Bio3 0.3
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Conclusion

To address the challenges of climate change
to China’s tea industry, an ecological niche
model for tea trees was constructed, and the
suitable habitat for tea trees was predicted in
combination with climate and soil factors. The
SDM performed well with a high degree of
credibility in model prediction. Based on the
prediction of the MaxEnt model, with the en-
hancement of the global greenhouse effect,
most plants growing in the northern hemisphere
will migrate to higher latitudes in the future,
and their suitable habitat area will gradually ex-
pand. In all three assumed emission scenarios,
the suitable habitat areas for tea trees will ex-
tend northward. Tea plantation enterprises and
germplasm resource research units should con-
sider the predicted changes and plan new suit-
able areas for tea trees. The relevant departments
should formulate reasonable and sustainable
land use plans according to local conditions,
leaving enough space for eventual migration.
Based on the environmental factors limiting the
distribution of tea trees, artificial environments
suitable for their growth can be created, and
even artificial afforestation can be carried out to
maximize the economic value of tea trees while
protecting suitable habitats and providing shel-
ter for tea trees to adapt to climate change.
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