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Abstract: Climate change is heavily altering plant distributions, posing significant challenges to
conventional agricultural practices and ecological balance. Meanwhile, mixed species planting
emerges as a potent strategy to enhance agricultural resilience, counteract climate change, preserve
ecological balance, and provide a solution to economic instability. The MaxEnt model was used
to predict the suitable area of Citrus reticulata under five climate scenarios and to explore affecting
environmental factors. Litchi chinensis, Punica granatum, and Lycium chinense were selected as mixed
species to analyze the spatial distribution and centroid migration trend of potentially suitable areas.
The research results show the following: (1) The primary environmental factors impacting C. reticulata
distribution are annual precipitation (1000-4000 mm), precipitation of driest quarter over 100 mm,
and mean temperature of coldest quarter (12-28 °C). Crucially, the mixed species exhibited similar
environmental sensitivities, indicating mutual mixing suitability. (2) Currently, the C. reticulata
suitable area is of 240.21 x 10* km?, primarily in South, East, Central, and Southwest China, with
potential for expansion to 265.41 x 10* km? under the 2090s SSP1-2.6 scenario. (3) The geometric
center of the moderately-to-highly suitable areas for C. reticulata is located in Hunan Province. Future
scenarios show the C. reticulata’s centroid migrating northwest, with distances of less than 110 km.
Mixed planting trends toward higher latitudes, fluctuating from 6 km to 210 km. (4) Mixed planting
area planning: C. reticulata and L. chinensis are suitable for mixed planting in South China. C. reticulata
and P. granatum, C. reticulata and L. chinense are suitable for mixed planting in most areas of Central,
East, Southwest, and South China. This research presents a new perspective on using mixed design
principles for ecological adaptation and the sustainable mixed planting of C. reticulata, in response to
China’s changing climate. This approach is expected to help the economic fruit tree industry enhance
ecological resilience and economic stability in the face of future climate change challenges.
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1. Introduction

Continuing global climate change is affecting the habitats, morphological characteris-
tics, and spatial distribution of tree species. Different species respond differently to climate
change [1-3]. The geographical distribution of many species has shifted to higher latitudes
and altitudes to avoid local or global mass extinctions [4,5]. As the climate warms, the
area suitable for citrus cultivation also tends to move northwards [6]. Climate adaptive
crops [7] and Climate-Smart Agriculture (CSA) [8,9] have been proposed as a means to
respond to global climate change and ensure food security. The subtropics are a transi-
tional zone between temperate and tropical climates, and subtropical climates under global
climate change will undergo significant changes [10], which directly impact crop growth
and horticultural development [11]. There is a famous saying in the ancient Chinese book
“Yanzi Chungiu”: “The orange grown in Huainan is an orange, but it becomes a hedge
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thorn in Huaibei”. Due to the different climatic conditions in Huainan and Huaibei, the
oranges were caused to mutate in different environments. The role of the environment in
shaping the biological characteristics of citrus is highlighted, highlighting the importance
of environmental adaptation in plant growth. Our forefathers have long recognized the
principle of adapting to local conditions and adopting appropriate cultivation methods
and management strategies in response to changes in different environmental conditions.
Against the backdrop of climate change, fruit growers are faced with the challenge of
having to act ahead of time to ensure that Citrus reticulata trees come into production at the
right time. At the same time, the scale of orchards is being expanded in suitable areas to
improve the yield and quality of fruit trees.

At the same time, the disease-prone characteristics of C. reticulata (such as Huanglong-
bing, Carambola Rust, and Black Spot) have brought great troubles to fruit farmers [12-14].
Diseases may spread to other surrounding orchards and even other crops, affecting the bal-
ance of the entire agricultural ecosystem [13]. Chemical pesticides may be used excessively
to cope with diseases, polluting the environment and upsetting the ecological balance [15,16].
According to the World Citrus Organization (https://worldcitrusorganisation.org/, ac-
cessed on 16 November 2023), China is the world’s largest producer of citrus, accounting
for about 30% of the world’s annual citrus production, shouldering a rich agricultural
resource and significant economic responsibility. Large-scale outbreaks of diseases can lead
to a reduction in citrus production and quality. It even seriously affects local economic
development, triggers social instability, and poses potential risks to the country’s ecological
balance and economic security [17,18].

In addition, C. reticulata, as an important horticultural product in subtropical China,
has become increasingly relevant to global climate change [19]. C. reticulata cultivation can
play an active role in achieving peak carbon and carbon neutral targets and controlling
global warming [20]. The Chinese government has announced initiatives to combat climate
change, pegging the nation’s carbon emissions in 2030 and achieving carbon neutrality by
2060. Therefore, strengthening intergovernmental cooperation to achieve carbon neutrality,
control global temperature rise [21,22], and proposing sustainable pathways under various
carbon emission scenarios such as SSP1-2.6/SSP5-8.5, can benefit the production of high-
quality fruits [23].

The choice of these fruit trees for mixing also takes into account their comparability
in economic benefits. According to a report by the Food and Agriculture Organization of
the United Nations (https://www.fao.org/, accessed on 25 November 2023), Chinese L.
chinensis enjoys good prices on the international market, reaching USD 6-17 per kilogram. A
report by the central government of the People’s Republic of China (https:/ /www.gov.cn/,
accessed on 25 November 2023) shows that P. granatum has now become a name card for
the free trade driven by the Silk Road. P. granatum has become one of the most sought-after
fruits in Xi’an, the provincial capital of Shaanxi Province in Northwest China. Countries
along the Belt and Road are hoping to establish long-term partnerships with Chinese
dealers. The Chinese Agricultural Product Price Survey Yearbook (2023) shows that the
national agricultural product producer price index for 2022 indicates a price index of 91.85
for L. chinense and 111.33 for C. reticulata. This suggests that L. chinense and C. reticulata
have similar economic benefits in the agricultural market over the same period. Therefore,
mixing C. reticulata with L. chinensis, P. granatum and L. chinense can promote each other
and form a complementary economic benefit.

The prediction of ecosystems using spatial distribution models (SDMs) is a hotspot
for conservation in biogeography and ecological research [24-26]. The MaxEnt model is
a machine learning model based on the maximum entropy theory. The model is based
on the species distribution record data and relevant environmental factors to study the
correlation between suitable habitats of species and environmental factors, and to predict
the distribution probability of species in the study area by judging the ecological needs of
species [27-29]. The MaxEnt model is widely used in ecological and agricultural research. It
is known for its efficiency, accuracy, and ability to handle different types of input data [30].
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The model performs well even with limited data and offers strong visualization capabili-
ties [29]. However, its prediction results can be affected by several factors. For example, the
completeness of species distribution records, insufficient spatial resolution, and improper
selection of climate variables [31,32]. Currently, the MaxEnt model and GIS techniques are
widely used in forest management decisions to select future tree species [33]. The MaxEnt
model is indispensable for the sustainable development of forest resources as it can be used
to analyze the suitable area of species based on their sample points and related environ-
mental variables [34]. Studies on the suitable areas of C. reticulata are more mature, using
species distribution modeling [6,23,35,36]. Numerous studies used species distribution
models for predicting C. reticulata pests and diseases due to their severe impact [37-39].
Therefore, the use of the MaxEnt model to predict the suitable area for C. reticulata and other
tree species has become an important process to study the mixing strategy of C. reticulata.

Mixed cultivation is not only an important way to improve the profitability of fruit
farmers [40], but also a strategy for ecological adaptation [9,41]. Mixing helps to increase
the profitability of fruit growers in economic terms, and also provides more flexible and
diversified options in adapting to climate change. Creating stable mixed forests with
synergistic plant combinations aids in diversifying agriculture, managing market volatility,
and ensuring system stability for sustainable ecological gains [42]. There are many mixed
forests studies [43,44]; however, no mixed design studies have been conducted on C.
reticulata to improve its economic efficiency and ecological suitability.

This study aims to explore in depth the suitable growth range of C. reticulata and
its influencing factors, with special attention to the potential impact of climate change
on the C. reticulata industry, proposing mixed species as a forward-looking and feasible
strategy. The objectives of this study are as follows: (1) To explore factors affecting the
distribution of C. reticulata by studying the impact of global warming on the geographical
distribution of C. reticulata, reasonably predicting the geographical distribution range of
suitable habitats for C. reticulata, and providing a scientific basis for future afforestation
and precise improvement in tree quality. (2) Deeply analyze the common suitable areas,
migration directions of C. reticulata and Litchi chinensis, Punica granatum, Lycium chinense,
and the important climate factors affecting their distribution. This may provide a reliable
scientific basis for the demarcation of future mixing areas. Scientific mixed planting will
help the C. reticulata industry meet climate challenges and ensure ecological adaptation
and sustainable cultivation. The highlights of this article are as follows: (1) The ecological
adaptability and economic sustainability of C. reticulata are explored, with Litchi chinensis,
Punica granatum, and Lycium chinense identified as suitable species for mixed cultivation.
(2) This article examines the impacts of future climate change on the distribution of these
species and identifies the dominant factors influencing their distribution. (3) This research
presents spatial and temporal patterns of potentially suitable areas for these species, provid-
ing insights into shared habitat areas and the process of centroid migration. (4) It proposes
a design for the mixed cultivation area. Mixed cultivation is presented as an innovative
strategy for ecological protection and economic adaptation.

2. Materials and Methods
2.1. Study Area

China is located in the east of Asia, on the west coast of the Pacific. The country is
vast in territory, with a total land area of about 9.6 million km?. The vegetation and climate
are diverse, with the eastern region characterized by monsoon climate, the northwest
region having a temperate continental climate, and the high altitude and large area of the
Qinghai-Tibet Plateau forming a unique high-cold climate. The precipitation in China
shows an increasing trend from north to south and from west to east, with an average
annual rainfall of 648 mm. The spatial distribution of rainfall shows a decreasing trend
from the southeastern coast to the northwest inland. In the northwest region, precipitation
is scarce, the climate is dry, and the temperature varies apparently, with cold winters and
hot summers.
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2.2. Data Collection and Screening

The distribution data of C. reticulata and L. chinensis, as well as P. granatum and L.
chinense, were obtained from the data in Table 1. To avoid excessive weighting due to
over-densification of data, wrong records of the geographic range of distribution points
and duplicate data were excluded in ArcGIS, and finally, the number of valid geographic
records of the four species was retained. We obtained 203 distribution points for C. reticulata,
62 for L. chinensis, 390 for P. granatum, and 369 for L. chinense (Figure 1). Overall, the
distribution was dense in the central and southern regions and sparse in the western and
northern regions.

Table 1. Overview of data types and corresponding sources.

Data Types Data Sources
Global Biodiversity Information Facility (GBIF) http:/ /www.gbif.org, accessed on 30 November 2023
The National Forest Continuous Inventory (NFCI) -
Plant Photo Bank of China (PPBC) http:/ /ppbc.iplant.cn/, accessed on 2 December 2023
China National Specimen Information Infrastructure (NSII) http://www.nsii.org.cn/, accessed on 2 December 2023
Current climate data https:/ /worldclim.org/, accessed on 5 November 2023
Future climate data https:/ /worldclim.org/data/cmip6.html, accessed on 5 November 2023
China yearbook of agricultural price survey (2023) https:/ /www.stats.gov.cn/, accessed on 12 November 2023

This study obtained data for 19 climate variables from the WorldClim database
(https:/ /worldclim.org/, accessed on 5 November 2023) (Table 2).

Table 2. Climate environment variables.

Environment Variable Definition Unite
bio_1 Annual Mean Temperature °C
bio_2 Mean Diurnal Range °C
bio_3 Isothermality (bio_2/bio_7) (x100) -
bio_4 Temperature Seasonality (standard deviation x100) -
bio_5 Max Temperature of Warmest Month °C
bio_6 Min Temperature of Coldest Month °C
bio_7 Temperature Annual Range (bio_5-bio_6) °C
bio_8 Mean Temperature of Wettest Quarter °C
bio_9 Mean Temperature of Driest Quarter °C
bio_10 Mean Temperature of Warmest Quarter °C
bio_11 Mean Temperature of Coldest Quarter °C
bio_12 Annual Precipitation mm
bio_13 Precipitation of Wettest Month mm
bio_14 Precipitation of Driest Month mm
bio_15 Precipitation Seasonality (Coefficient of Variation) -
bio_16 Precipitation of Wettest Quarter mm
bio_17 Precipitation of Driest Quarter mm
bio_18 Precipitation of Warmest Quarter mm
bio_19 Precipitation of Coldest Quarter mm

The current climate data come from the 2.1 version (1970 to 2000) of 19 bioclimatic
variables data from the World Climate Database (https://worldclim.org/, accessed on
5 November 2023), with a spatial resolution of 30" (approximately 1 km?).
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Figure 1. Displaying the geographical distribution sample points of C. reticulata, L. chinensis, P.
granatum, and L. chinense.

The future climate data are based on the sixth coupled model intercomparison project
(CMIP6), using the historical laboratory and future shared socio-economic pathway (SSP)
data simulations by the National Climatic Center’s new generation global model BCC-
CSM2-MR to estimate future changes. To determine the future distribution of species under
different climate trajectories, this paper adopts two different scenarios, namely SSP1-2.6
(sustainable low-development pathway) and SSP5-8.5 (fossil-fueled development pathway),
to simulate the distribution of species suitability in the 2050s (2041~2060), and the 2090s
(2081-2100). The data for the future under different climate scenarios have their spatial
resolution resampled to 30” and raster data for the study area are extracted based on the
vector boundary map of China.

Additionally, to reduce the overfitting problem of the MaxEnt model caused by multi-
collinearity of climate variables, the data of 19 climate variables and the final distribution
points were imported into ArcGIS 10.5 for band collection calculation, and a correlation
matrix was analyzed between each factor (Figure 2). When the correlation coefficient Ir| of
two climate factors is >0.80, the principle of selecting only one of them is adopted. Finally,
considering the model results of C. reticulata, L. chinensis, P. granatum, L. chinense, and actual
real-world situations, 10 common climate variables were selected: bio_1, bio_3, bio_4, bio_5,
bio_6, bio_8, bio_10, bio_11, bio_12, and bio_17.
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Figure 2. Correlation analysis of climate environment variables.

\

2.3. Model Construction and Accuracy Evaluation

MaxEnt is one of the distribution models with the most accurate simulation results.
Successful prediction of MaxEnt distribution requires the selection of accurate and ap-
propriate sample distribution data, environmental factor data that accurately reflect the
ecological characteristics of the species, and optimal model parameters [45]. The data of
10 selected environmental variables and ASCII files were input into the MaxEnt software.

During model simulation, 75% of the sample space points were selected as training
data and the remaining 25% of the sample points were tested as a test dataset. The model
was set for 1000 iterations, cross-validation was selected, the operation was repeated
10 times, the rest of the parameters were kept at default values, and the final output type
was selected to be Logistic, which is the probability value of the existence of the distribution.

A receiver operating characteristic (ROC) curve was created by plotting sensitiv-
ity (True Positive Rate—TPR, on the vertical axis) against omission error (False Positive
Rate—FPR, on the horizontal axis). Each unique threshold corresponds to a point on this
curve, with the area under the ROC curve (AUC) serving as a performance metric for the
MaxEnt model’s predictive power. The model performance was evaluated by the AUC
that was bounded by the ROC curve, as well as the horizontal and vertical coordinate axes.
An AUC in the range of 0.5-0.6 indicates very poor performance, 0.6-0.7 indicates poor
performance, 0.7-0.8 suggests average performance, 0.8-0.9 denotes good performance,
and 0.9-1 indicates excellent performance.

2.4. Changes in Potential Suitable Area and Centroid Migration

The suitable habitat range of different tree species can be visualized using ArcGIS
software. Based on the prediction results of the MaxEnt model, the data from 10 replicates
were selected, namely the threshold mean. The distribution probability (P) of different tree
species was analyzed and the reclassify function was used to divide the suitable habitat of
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tree species. The grading criteria are as follows: high suitability range [0.66, 1), medium
suitability range [0.33, 0.66), low suitability range [0.1, 0.33), and non-suitable range [0, 0.1).

Based on the moderately-to-highly suitable areas for C. reticulata, and the high suit-
ability areas for L. chinensis, P. granatum, and L. chinense, an area overlay analysis was
performed. These regions are considered suitable for mixed areas, and their common
distribution areas were mapped. The mixed planting area was then calculated using the
ArcGIS raster calculation tool. Similarly, the geometric center of the moderately-to-highly
suitable areas for C. reticulata and the high suitability areas for L. chinensis, P. granatum,
and L. chinense were determined. This geometric center was then used to simulate shifts in
centroid migration under differing climate scenarios. The distance of centroid migration
for C. reticulata and its mixed areas in different periods and under various climate scenarios
was calculated.

2.5. Methodological Roadmap

Figure 3 elaborates on the technical roadmap of this research. Firstly, input climate
data and primary occurrence records of species. occurrence data were recorded. Then, a
correlation analysis was conducted on the input climate data, so as to screen out the most
relevant climate variables. Based on the screened variables, a MaxEnt model was built,
and the accuracy of this model was assessed. The outputs of the model include potential
suitable area under different climate scenarios, as well as potential shared area and the
migration process of species distribution centroids. Finally, the principle of “mixed design”
was introduced to plan the mixed planting of multiple species.

s { Datasets input % fffffffffffffffffffffffff

Current climate data Correlation Analysis

Primary occurrence

records *

i Future climate data e C. reticulata -], e M
i SSP1-2.6(2050s) e L. chinensis il Model construction

, SSP1-2.6(2090s) - —— :

SSP5-8.5(2050s)
SSP5-8.5(2090s)

e L. chinense il Accuracy evaluation

Potential shared habitat
area

Centroid migration
processes

o C.reticulata & L. chinensis
o C.reticulata & P. granatum =
o C.reticulata & L. chinense =

Figure 3. Roadmap of methodology used in present study.
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3. Results
3.1. Assessment of Model Accuracy

Table 3 shows that C. reticulata simulations resulted in a mean AUC of 0.933 for the
repeated runs of the training set; the mean AUC for the test set was of 0.914. The average
AUC for the training set of repeated runs of L. chinensis simulation results was of 0.973; the
average AUC for the test set was of 0.969. The average AUC for the training set of repeated
runs of P. granatum simulation results was of 0.892; the average AUC for the test set was of
0.894. L. chinense simulations resulted in a mean AUC of 0.870 for the repeated runs of the
training set; the mean AUC for the test set was of 0.858. The average AUC of all models for
the five climate scenarios was of 0.912, which is above 0.9, and the simulation results are at
the “excellent” level. The results indicate that C. reticulata, L. chinensis, P. granatum, and L.
chinense have good performance in predicting the potential suitability zones in China, with
a high degree of fit.

Table 3. Comparative analysis of the MaxEnt model performance: AUC metrics for both training and
testing sets.

SSP1-2.6 SSP1-2.6 SSP5-8.5 SSP5-8.5

Species Time Periods  Current (20505) (2090s) (20505) (2090s)
‘ Training set 0.939 0.939 0.927 0.934 0.928
C. reticulata Test set 0.942 0.890 0.928 0.906 0.902
_ . Training set 0.974 0.975 0.973 0.973 0.970
L. chinensis Test set 0.980 0.935 0.975 0.979 0.974
P, granatum Training set 0.906 0.899 0.877 0.881 0.899
Test set 0.882 0.900 0.892 0.901 0.897
, Training set 0.865 0.864 0.863 0.888 0.869
L. chinense Test set 0.859 0.843 0.860 0.859 0.871

3.2. Dominant Variables Affecting the Potential Distribution of Contemporary C. reticulata,
L. chinensis, P. granatum, and L. chinense

Among the environmental factor variables predicted by the model, C. reticulata had a
cumulative 61.3% modelled contribution of annual precipitation (bio_12) and precipitation
of driest quarter (bio_17) under the current climate scenario. The permutation importance
of the min temperature of the coldest month (bio_6) reached 49.8% cumulatively (Table 4).
The results of the knife-cut diagram show (Figure 4) that the environmental variable with
highest gain when used in isolation is bio_6, containing most of the information, followed
by mean temperature of the coldest quarter (bio_11). This indicates that these two variables
have the highest model gain and have the greatest impact on the distribution of C. reticulata.
Isothermality (bio_3) has the lowest regularized training gain value, indicating that it has
the least effect on C. reticulata distribution.

Table 4. Contribution and importance values of screened climate environment variables.

. C. reticulata L. chinensis P. granatum L. chinense
Variable PC (%) PI (%) PC (%) PI (%) PC (%) PI (%) PC (%) PI (%)
bio_12 36.1 8.8 2.9 1.1 3.3 9.6 25.3 27.5
bio_17 25.2 48 29.4 1.1 1.4 9.8 3.6 8.7
bio_6 10.7 49.8 10.2 94.0 35.2 6.1 58.8 37.0
bio_5 8.3 3.3 0.1 0.7 15 7.1 0.6 0.7
bio_1 6.5 0.1 42.0 0.0 4.3 19.9 0.7 0.1
bio_4 54 17.5 8.0 2.3 4.5 25.9 5.3 5.0
bio_8 44 7.7 1.1 0.5 3.1 9.2 0.9 9.0
bio_3 2.6 5.3 0.9 0.0 0.6 3.1 0.9 1.6
bio_10 0.7 0.1 0.7 0.1 0.3 0.0 15 2.9
bio_11 0.1 2.6 4.6 0.0 45.8 9.2 2.4 7.5
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Figure 4. Jackknife of regularized training gain for C. reticulata, L. chinensis, P. granatum, and
L. chinense.

Combining the percent contribution (PC), permutation importance (PI), and the knife-
cut test results, the dominant factors affecting the distribution of C. reticulata were annual
precipitation (bio_12), precipitation of driest quarter (bio_17), mean temperature of coldest
quarter (bio_11), and the min temperature of the coldest month (bio_6). The dominant
factors affecting the distribution of L. chinensis were bio_6, bio_1, bio_17, and bio_11; the
dominant factors affecting the distribution of P. granatum were bio_6, bio_11, bio_1, and
bio_4; the dominant factors affecting the distribution of L. chinense were bio_6, bio_11,
bio_1, and bio_12.

The response curves of environmental factors can determine the range of environmen-
tal suitability for C. reticulata growth (Figure 5). The official range of annual precipitation
(bio_12) is of 1000-4000 mm. The distribution rate of C. reticulata increased with increasing
annual water loss at annual precipitation <1500 mm; after reaching a maximum peak of
1500 mm, it decreased with increasing annual precipitation. The appropriate range of
precipitation of the driest quarter (bio_17) was >100 mm, and the probability of C. reticu-
lata presence increased with increasing coldest season precipitation, reaching the highest
and constant distribution probability of 240 mm coldest season precipitation. The mean
temperature of the coldest quarter (bio_11) stays between 12 and 28 degrees and the min
temperature of the coldest month (bio_6) stays between 5 and 24 degrees, which is more
suitable for C. reticulata growth.
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Figure 5. Response curves to major environmental factors in C. reticulata.

3.3. Spatial and Temporal Patterns of Potential Suitable Area for C. reticulata, L. chinensis,
P. granatum, and L. chinense

Under the current climatic scenario, the fertile area for C. reticulata is of 240.21 x 10* km?
(Table 5). C. reticulata is commonly grown in the area south of the Qinling-Huaihe line,
with the middle and upper reaches of the Yangtze River and the southeastern coast in
particular as the main distribution areas (Figure 6). The moderately and highly suitable
growth area of C. reticulata is mainly distributed in the South China region (Guangdong
Province, Guangxi Zhuang Autonomous Region, Northern Hainan Province), East China
region (Fujian Province, Jiangxi Province, Guizhou Province), Central China region (Hu-
nan Province, Hubei Province), and Southwest region (Eastern and Southern Sichuan
Province, Chonggqing City). Among them, South China has the largest and most con-
centrated area of high suitability. C. reticulata also has some suitable areas in Yunnan,
Henan, Jiangsu, Zhejiang, Anhui, Shanghai, Taiwan, southern Shaanxi, and the southern
Tibet Autonomous Region. Under future climate scenario SSP1-2.6, C. reticulata has an
additional 6.21 x 10* km? of suitable area during 2040-2060. The suitable area during the
period 2060-2090 continued to increase by 18.99 x 10* km?. Spatially, the high suitability
area of C. reticulata showed an obvious increasing trend, expanding from South China to
Central and East China, mainly in Guangdong Province, Guangxi Zhuang Autonomous
Region, and Southeast coastal areas. There is also a tendency for the highly suitable area
in the Sichuan Basin to expand outward. Meanwhile, new lowly suitable areas have been
added in southern Shandong Province, southern Hebei Province, southeastern Shanxi
Province, and southern Gansu Province. Under the future climate scenario SSP5-8.5, the
highly suitable area for C. reticulata will peak and expand more rapidly from 2040 to 2060,
with the highly suitable area increasing by 11.89 x 10* km?; and the highly suitable area
decreasing by 0.72 x 10* km? from 2060 to 2090. Geographically, the highly suitable area
along the southeast coast increases, while the highly suitable areas in Anhui and Hubei
provinces decrease.
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Figure 6. Potential suitable areas of C. reticulata, L. chinensis, P. granatum, and L. chinense under
different climatic scenarios.
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Table 5. Area distribution of C. reticulata, L. chinensis, P. granatum, and L. chinense in different climatic
scenarios of suitable area (unit: x10* km?2).

Species Climate Year Unsuitable Lowly Moderately Highly Total Suitable  Percentage of Total
Scenarios Area Suitable Area  Suitable Area  Suitable Area Area Suitable Area
Current - 721.59 111.41 84.25 4455 24021 24.97%
2050s 715.38 103.18 91.80 51.44 246.42 25.62%
C.reticulata 590126 20905 696.39 97.72 113.32 5437 265.41 27.60%
2050s 709.70 92.04 103.58 56.48 252.10 26.21%
SSP5>-85 50905 710.42 91.14 101.29 58.95 25138 26.14%
Current - 873.80 46.81 22.70 18.49 88.00 9.15%
2050s 874.12 4401 2274 20.94 87.68 9.12%
L chinensis  OVL126 50908 869.18 48.58 20.61 23.43 92.62 9.63%
2050s 871.14 45.95 21.99 273 90.66 9.43%
SSP5>-85 50905 865.12 47.86 23.70 25.13 96.68 10.05%
Current ] 643.70 77.18 151.21 89.71 318.10 33.07%
2050s 631.55 60.01 169.09 101.15 33025 34.34%
P granatum  SSP126 50005 619.70 6171 166.26 114.13 342.10 35.57%
2050s 619.10 64.65 164.24 113.81 342.70 35.63%
SSP5-85 50905 632.57 66.38 155.03 107.82 329.23 34.23%
Current - 570.09 78.92 192.74 120.06 391.71 40.73%
2050s 559.55 91.37 197.17 11371 402.25 41.82%
L chinense U126 on90g 566.46 7713 195.98 122.23 39534 41.10%
2050s 574.73 87.81 185.26 114.01 387.07 40.24%
SSP5-85 50905 561.58 90.87 196.97 112.38 400.22 41.61%

Under the current climate scenario, the suitable area for L. chinensis is of 88 x 10* km?2.
L. chinensis is mainly distributed south of 30°N, in subtropical and tropical regions. The
highly suitable areas for L. chinensis are found in Hainan Province, southern Guangdong
Province, southern Guangxi Zhuang Autonomous Region, southern Yunnan Province,
and eastern Taiwan Province. Inland areas such as eastern Sichuan Province and western
Chonggqing also have certain suitable areas. Under future climate scenario SSP11-2.6,
between 2040 and 2090, the suitable area for L. chinensis will first decrease and then increase,
totaling an increase of 4.62 x 10* km?. Under future climate scenario SSP5-8.5, between
2040 and 2090, the suitable area for L. chinensis will continue to increase, totaling an increase
of 8.68 x 10* km?.

Under the current climatic scenario, the suitable area for P. granatum is of 318.1 x 10* km?.
P. granatum is mainly distributed in the central and southern regions of China, especially
near the Yangtze River basin. The highly suitable areas for P. granatum are mainly concen-
trated in the Central China region (Hunan Province, Henan Province, Hubei Province) and
East China region (Jiangxi Province, Anhui Province, Jiangsu Province). The suitable areas
in South China are also fairly widespread. Under the future climatic scenario SSP1-2.6,
between 2040 and 2090, the suitable area for P. granatum will increase by 24 x 10* km?.
Under the future climatic scenario SSP5-8.5, between 2040 and 2090, the suitable area for
P. granatum will first increase and then decrease, totaling an increase of 11.13 x 10* km?.
During the continuous development process, the highly suitable areas in Central and South
China are gradually showing a trend of contiguous development.

Under the current climatic scenario, the suitable area for L. chinense is of 391.71 x 10* km?.
L. chinense has a broad distribution, primarily in North China, Central China, and East
China, near the Yellow River and Yangtze River basins. The highly suitable areas for
L. chinense are mainly in Hebei Province, Henan Province, Shandong Province, Jiangsu
Province, Anhui Province, Hubei Province, Beijing, and Tianjin. In the northwest, Ningxia
Hui Autonomous Region, Shaanxi Province, and the southern part of Gansu Province also
have a broader distribution of medium-to-high suitability areas. Under the future climatic
scenario SSP1-2.6, from 2040 to 2090, the change in the suitable area for L. chinense is slight,
first increasing and then decreasing, totaling an increase of 3.63 x 10* km?. Under the
future climatic scenario SSP5-8.5, from 2040 to 2090, the suitable area for L. chinense first
shrinks and then significantly increases, an increase of 13.15 x 10* km? compared to the
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2050s. Under the SSP5-8.5 scenario (2090s), the highly suitable areas in Anhui Province and
Shandong Province decrease extensively.

3.4. Potential Shared Habitat Area for C. reticulata, L. chinensis, P. granatum, and L. chinense
under Different Climate Emission Scenarios

Based on the area overlay analysis of the moderately-to-highly suitable area for C.
reticulata and the highly suitable area for L. chinensis, under the current climatic scenario,
the potentially shared area is of 16.34 x 10* km?, accounting for approximately 1.70% of
China’s national area (Table 6). The potential shared suitable area is mainly distributed in
South China and Southwest China: the southern part of Yunnan Province, the southern part
of Guangxi Zhuang Autonomous Region, the southern part of Guangdong Province, the
Hong Kong Special Administrative Region, the northern part of Hainan Province, and the
eastern part of Taiwan Province (Figure 7). Under the four climate scenarios, the potential
shared suitable area continues to increase, reaching its peak at 23.59 x 10* km? under the
SSP5-8.5 (2050s) scenario. The potential shared suitable area gradually expands northward
and southward within the range under the current climatic scenario.

Based on the area overlay analysis of the moderately-to-highly suitable area for C.
reticulata and the highly suitable area for P. granatum, under the current climatic scenario,
the potentially mixed area is of 49.56 x 10* km?, accounting for approximately 5.50% of
China’s national area. The potential shared suitable areas are mainly distributed in Central
China (Hunan Province, Hubei Province), East China (Jiangxi Province), Southwest China
(Chonggqing City, Eastern Sichuan Province), and Southern China (Central Guangxi Zhuang
Autonomous Region, Central Guangdong Province). Under the SSP1-2.6 climate scenario,
the potential shared suitable area increases by 18.78 x 10* km?. Under the SSP5-8.5 climate
scenario, the potential shared suitable area increases by 23.48 x 10* km?. Major new shared
suitable areas have been added in Eastern Sichuan Province, Southeastern Hubei Province,
and Northern Hunan Province.

Table 6. The common suitable area of C. reticulata, L. chinensis, P. granatum, and L. chinense in different
climatic scenarios (unit: x10* km?).

Only L. chinensis/P. Percentage of

. Climate Only C. reticulata . The Common
Species Scenarios Year Suitable Area granatum/L. chinense Suitable Area Common
Suitable Area Suitable Area
Current - 112.46 2.15 16.34 1.70%
C. reticulata SSP1-2.6 2050s 123.05 0.75 20.19 2.10%
and 2090s 146.92 2.66 20.76 2.16%
L. chinensis SSP5-8.5 2050s 138.98 1.65 21.08 2.19%
2090s 136.65 1.54 23.59 2.45%
Current - 79.24 40.15 49.56 5.15%
C. reticulata SSP1-2.6 2050s 90.35 48.25 52.90 5.50%
and 2090s 99.34 45.79 68.34 7.11%
P. granatum SSP5-8.5 2050s 89.84 43.59 70.22 7.30%
2090s 87.19 34.78 73.04 7.59%
Current - 87.28 78.53 41.52 4.32%
C. reticulata SSP1-2.6 2050s 108.02 78.48 35.23 3.66%
and 2090s 120.57 75.12 47.11 4.90%
L. chinense SSP5-8.5 2050s 110.22 64.16 49.84 5.18%

2090s 98.20 50.35 62.04 6.45%
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Figure 7. Potential common habitat of C. reticulata, L. chinensis, P. granatum, and L. chinense under
different climate scenarios.

Based on the area overlay analysis of the moderately-to-highly suitable area for C.
reticulata and the highly suitable area for L. chinense, under the current climatic scenario, the
potentially mixed area is of 41.52 x 10* km?, accounting for approximately 4.32% of China’s
national area. The potential shared suitable areas are mainly distributed in Jiangxi Province,
Guangxi Zhuang Autonomous Region, Southeastern Hunan Province, Central Guangdong
Province, Northern and Eastern Hubei Province, Northeastern Sichuan Province, and
Southwestern Chonggqing City. There are also scattered distributions of shared fitness areas
in southern Shaanxi Province, southwestern Hebei Province, southeastern Anhui Province,
and central Zhejiang Province. Under the future climate scenario of SSP1-2.6, between 2040
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and 2090, the area of potential shared suitable areas first decreases and then increases, with
a total increase of 5.59 x 10* km?2. Under the future climate scenario of SSP5-8.5, between
2040 and 2090, the area of potential shared suitable areas continues to increase rapidly,
with a cumulative increase of 20.51 x 10* kmZ2. The shared suitable areas in Central and
Northern Hunan Province, Central Hubei Province, Central Chonggqing City, and Central
Anhui Province have significantly increased.

3.5. Centroid Migration Processes in C. reticulata, L. chinensis, P. granatum, and L. chinense
under Different Climate Scenarios

The results of the standard deviation ellipse of the distribution of suitable areas for
C. reticulata habitats show (Figure 8) that the country covered is in the region of south-
ern, central, and southern North China. Most of it is located south of the Qinling-Huai
River. The azimuthal rotation of C. reticulata distribution under the five climatic conditions
fluctuated in the range of 88°-96°, showing an east-west distribution pattern. The az-
imuthal rotation under the SSP1-2.6 (2090s) scenario was of 96.45°, with a tendency to shift
to the northeast-southwest direction. The semi-minor axis mainly fluctuates within the
890-920 km range, while the semi-major axis overall shows an expansion trend, expanding
from 1625 km to 1946 km. Under future climate scenarios, C. reticulata habitats are likely to
expand in a north—east-south-west direction, increasing the area covered and showing a
more dispersed distribution pattern, further exacerbating the fragmentation of the lower
suitable area.
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Figure 8. Standard deviation ellipses and centroid migration processes under different climate
scenarios. Note: (A): The centroid migration pathway of C. reticulata under five climate scenarios;
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(©): The centroid migration pathway of C. reticulata and P. granatum under five climate scenarios;
(D): The centroid migration pathway of C. reticulata and L. chinense under five climate scenarios.
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This study defines the moderately-to-highly suitable area of C. reticulata with a geo-
metric center point, using this method to simulate the changes in centroid migration under
different climate scenarios. Under the current climate scenario, the centroid of C. reticulata
distribution is located in Hunan Province (27.046°N, 110.394°E). Under the future SSP1-2.6
scenario, the centroid in the 2050s migrates to the northwest compared to the current
centroid, with a migration distance of 78 km; the centroid in the 2090s continues to migrate
to the northwest, with a migration distance of 28.135 km. Under the SSP5-8.5 scenario, the
centroid in the 2050s rapidly migrates to the northwest compared to the current time, with
a migration distance of 105.168 km; the centroid in the 2090s continues to migrate to the
northwest to Guizhou Province, with a migration distance of 54.536 km.

Under the current climate scenario, the centroid of C. reticulata and L. chinensis distri-
bution is located in Guangxi Zhuang Autonomous Region (22.247°N, 110.288°E). Under
the future SSP1-2.6 scenario, the centroid in the 2050s migrates southeast compared to the
current centroid, with a migration distance of 6.497 km. The centroid in the 2090s continues
to migrate to the northeast, with a migration distance of 24.418 km. Under the SSP5-8.5
scenario, the centroid in the 2050s migrates northwest compared to the current time, with
a migration distance of 20.106 km; the centroid in the 2090s continues to migrate to the
northeast, with a migration distance of 33.430 km.

Under the current climate scenario, the centroid of C. reticulata and P. granatum dis-
tribution is located in Hunan Province (28.455°N, 110.831°E). Under the future SSP1-2.6
scenario, the centroid in the 2050s migrates southwest compared to the current centroid,
with a migration distance of 41.743 km. The centroid in the 2090s continues to migrate to
the northeast, with a migration distance of 75.342 km. Under the SSP5-8.5 scenario, the
centroid in the 2050s migrates northeast compared to the current time, with a migration
distance of 63.821 km; the centroid in the 2090s continues to migrate to the northwest, with
a migration distance of 12.947 km.

Under the current climate scenario, the centroid of C. reticulata and L. chinense is
located in Hunan Province (28.016°N, 111.240°E). Under the future SSP1-2.6 scenario, the
centroid in the 2050s migrates northeast compared to the current centroid, with a migration
distance of 43.036 km. The centroid in the 2090s continues to migrate to the northeast, with
a migration distance of 158.507 km. Under the SSP5-8.5 scenario, the centroid in the 2050s
migrates northeast compared to the current time, with a migration distance of 208.711 km;
the centroid in the 2090s continues to migrate to the northwest, with a migration distance
of 50.765 km.

4. Discussion
4.1. Advantages of the MaxEnt Model

The MaxEnt model (maximum entropy model) has been widely used in ecological and
agricultural research due to its efficiency and accuracy, flexibility in handling different types
of input data, strong performance under data scarcity, and visualization interpretation
capabilities [46].

In particular, the MaxEnt model outputs in this study are highly interpretable. First,
the MaxEnt model can explain the impact of each input variable on the model, helping
to determine the suitable growth range for the species. Secondly, the probability maps of
species distribution generated by the MaxEnt model are intuitive and easy to understand,
enhancing our comprehension of the species distribution patterns. This enables the model
to be directly used in explaining ecological issues and provides a basis for developing
conservation strategies and management plans. This interpretability is especially important
when conveying research results to non-professionals and decision-makers. Moreover,
the visualization capabilities of the MaxEnt model provide strong technical support for
identifying suitable planting areas and designing mixed cropping systems in this study.
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4.2. Exploring Crucial Climatic Variables for Optimal Growth in Current C. reticulata,
L. chinensis, P. granatum, and L. chinense

The choice to mix C. reticulata with L. chinensis, P. granatum, and L. chinense is based on
their similarities in habitat conditions (Table 4). These fruit trees share similar characteristics
in terms of their growing environment, soil type, and climatic adaptability, being more
suitable for subtropics and tropics. This characteristic provides favorable conditions for
them to coexist in the same mixed area. Additionally, L. chinensis is suitable for growing in
lower latitudes, and P. granatum and L. chinense are suitable for growing in low-to-medium
latitudes. A north—south pattern is formed in terms of latitude distribution. This provides
fruit farmers at different latitudes with a wider range of mixing options, adding biodiversity
to the orchard.

In this study, the selected climatic variables, min temperature of coldest month (bio_6)
and mean temperature of coldest quarter (bio_11), have significant impacts on the growth
of C. reticulata, L. chinensis, P. granatum, and L. chinense (Table 4, Figure 3). Bio_6 signifi-
cantly affect the phenology and yield of various fruit crops [47]. Bio_11 influences their
overall phenological development during colder periods. Research suggests that mean
temperatures during the coldest months are vital for determining the suitable growth
periods for subtropical crops [48]. Nevertheless, precipitation of the driest quarter (biol7)
is particularly significant for C. reticulata and L. chinensis, highlighting their sensitivity to
drought conditions and emphasizing the need for adequate water management strategies
during dry seasons [49,50]. These results suggest that these four species show similar
growth preferences under cold, variable temperatures and humid conditions. This aligns
with the observations in [51] according to which many permanent fruit tree species tend to
mix under the same climatic conditions, and climate change is a key driver of this trend.
Bearing in mind the similar sensitivity of these species to temperature and precipitation,
mixing them could potentially serve as an effective ecological management strategy [52],
improving ecosystem diversity and stability. In scenarios wherein these species are mixed,
they share similar environmental preferences and adaptability, such as the ability to adapt
to temperature fluctuations and seasonal changes in precipitation, providing them with an
ecosystem more adaptable to climate change [53].

4.3. Exploration of the Migration of C. reticulata, L. chinensis, P. granatum, and L. chinense to
Suitable Area under Diverse Climatic Emission Scenarios

The suitable centroid for C. reticulata is located in Shaoyang City, Hunan Province.
Hunan is one of the origins of C. reticulata in the world, and C. reticulata is also one of
the main fruits in Hunan. The overall migration of the suitable centroid for C. reticulata
is toward the northwest, which is basically consistent with this study [6]. However, the
migration distance is greater under the SSP5-8.5 scenario. In the SSP5-8.5 scenario, the
rapid migration of the centroid in the 2050s indicates that the intensity of climate change
and carbon emissions may have more significant impacts on the distribution of C. reticulata.
In the future 2090s, the centroid will continue to migrate to the northwest of Guizhou
province, which may be due to its more suitable climate conditions, becoming the new
centroid of the C. reticulata suitable area.

The centroid of the potentially suitable area after mixing showed an overall trend of
moving toward higher latitudes. C. reticulata and L. chinensis demonstrated relatively lower
migration intensity under different climate scenarios, with their mixed structure being
the most stable. The migration of C. reticulata and P. granatum was more noticeable in the
low emission scenario. C. reticulata and L. chinense generally showed a trend of migrating
northeastward. Owing to the more drastic changes in its high suitability area, L. chinense
experienced the greatest migration intensity and the longest distance. The geographic
location of the mixed C. reticulata and L. chinense changed significantly, causing a relatively
unstable ecological structure

Overall, the centroid of the potential suitable area for C. reticulata and its mixtures
demonstrates directional and trending migration under different climate scenarios, but



Remote Sens. 2024, 16, 2338

18 of 24

the overall range of movement is limited. This is likely significantly constrained by ex-
ternal environmental conditions, and relatively small range, directional evolution of the
geographical distribution of C. reticulata, and its mixed varieties [6]. The limited migration
capability of plants is mainly restricted by external environmental conditions, causing
their geographical distribution to display a specific and smaller range of directional evolu-
tion [54]. Relevant research indicates that, under the backdrop of global warming, plant
distribution shows a tendency to expand toward high-latitude and high-altitude areas [4,5],
which aligns with the results of this study. The specific migration trend under the low
concentration emissions scenario may be influenced by a combination of climate and to-
pographical factors, whereas the overall migration trend under the high concentration
emissions scenario may be associated with changes in plant-suitable areas caused by global
warming [55]. These migration trends profoundly impact plant survival and their adapta-
tion to climate change, further highlighting the importance or potential threat of climate
change to ecosystems.

4.4. Design for the Mixed Planting Area of C. reticulata, L. chinensis, P. granatum, and L. chinense

In the planning of mixed planting areas, it is crucial to pay attention to the current
and future potential co-suitability areas [43]. These areas demonstrate high adaptability
under different climate scenarios, making them ideal places to implement mixed planting
to achieve the best ecological and economic returns.

There are certain differences in the suitable areas for different tree species, which
need to be fully considered in the distribution of these areas during planning (Figure 9).
Given the suitability of C. reticulata and L. chinensis in the South China region, they can be
promoted as key mixed planting species. This helps to improve the stability and resilience
of the ecosystem while reducing economic risks in market fluctuations. The co-suitability
areas for C. reticulata and P. granatum, as well as C. reticulata and L. chinense, are remarkably
similar, making them suitable for planting in most areas such as Central China, East China,
Southwest China, and South China. This enables the possibility of large-scale mixed
planting in these regions. Farmers can cleverly arrange mixed plantings according to local
climate and market demand to reduce the risks brought about by economic singularity.

With the passage of time and the increase in carbon emission concentrations, the
suitable mixed planting areas may change. Especially in the Guangxi Zhuang Autonomous
Region and central Guangdong Province, the areas suitable for mixing C. reticulata with L.
chinensis and P. granatum are gradually diminishing. Therefore, it is necessary to pay close
attention to the changes in suitable areas and adjust mixed planting planning promptly.
In the Guangxi Zhuang Autonomous Region and central Guangdong Province, the areas
where C. reticulata, L. chinensis, P. granatum, and L. chinense can all be mixed planted are
gradually moving north. This area has an outstanding ecological environment and low
mixed planting risks, which is significant for ecological prevention and control, environ-
mental protection, and economic growth. Therefore, the intensity of mixed planting in this
area can be increased, making full use of its geographical advantages.

Taking into account all the factors and thoroughly studying the characteristics of
each region, a flexible and feasible mixed planting plan has been formulated, which
contributes to the sustainable development of the C. reticulata industry. In the formulation
of mixed planting plans, it is necessary to strengthen cooperation with local governments,
farmers, and scientific research institutions to form a multi-party participatory mixed
planting development model. The policy support, technical guidance, and training from
the government can promote the mixed planting plan to advance in the direction of
sustainable development.



Remote Sens. 2024, 16, 2338

19 of 24

95°0'0"E

100°0'0"E 105°0'0"E

110°0'0"E 115°0'0"E 120°0'0"E

25°0'0"N 30°0'0"N 35°0'0"N
L 1 1

20°0'0"N
1

0 125 250 500

e Kilometers

. s :
\ > . ol s B
1 1 ° 1 =

9500°E

15°0'0"N

95°00"E. 100°00"E

100°0'0"E 105°0'0"E

105°00°E 110°00°E 115°00°E 120°00°E

110°0'0"E 115°0'0"E 120°0'0"E

95°0'0"E, 100°00"E 105°00"E 110°00"E 115°00"E 120°00"E

25°00"N 30°00"N 35°00"N

20°00"N

| SSP1-2.6(20505)

0 125250 500
— —

25°00"N 30°00"N 35°00"N

20°00"N

30°00"N 35°00°N

25°00"N

25°00"N

20°00"N

20°00"N

30°00"N.

Riomeers - Romoters ¢

E 95°0'0"E 100°0'0"E 105°0'0"E 110°00"E 115°0'0"E 120°0'0"E ?g °: 95°0'0"E 100°0'0"E 105°0'0"E 110°0'0"E 115°0'0"E 120°00"E
95°0'0"E 100°0'0"E 105°0'0"E 110°0'0"E 115°0'0"E 120°00"E 95°00"E 100°0'0"E 110°00"E 115°0'0"E 120°0'0"E

=~ - - - -

Ale e

2 g g

4 s St

z g Z

-3 g @

z z z

- e o

er TE &7

z z z

gt P g gl

2[ SSP5-8.5(2050s) N Z[ SSP5-8.5(2090s)

20°00°N

0 125250 500
Riometers 1S ;

. N z 2 \, e g ©

g s L n " oy = 2 s s " = . s =

o 95°00"E 100°00"E 105°00°E 110°00"E 115°00"E 120°00°E a g 95°00'E 100°00"E 105°00°E 110°00"E 115°0'0"E 120°00°E

Legend

C. reticulata & L. chinensis
I C. reticulata & P. granatum
[ C. reticulata & L. chinense

I C. reticulata & P. granatum/L. chinense
I C reticulata & L. chinensis/P. granatum
C. reticulata & L. chinensis/L. chinense

I C. reticulata & L. chinensis/P. granatum/L. chinense

20°0'0"N 25°0'0"N 30°0'0"N 35°0'0"N

35°0'0"N
15°0'0"N

30°00"N

L5900"N,

25°00"N 35°00"N

15°00"N

Figure 9. Design of mixed planting zones for C. reticulata, L. chinensis, P. granatum, and L. chinense.



Remote Sens. 2024, 16, 2338

20 of 24

4.5. Mixed Cultivation: A Dual Strategy of Ecological Prevention and Economic Adaptation

The urgency of contemplating the future comes to the fore in the cultivation strategies
of mixed C. reticulata in the face of climate change and the unpredictability of the future
economic market. Simultaneously, by implementing ecological prevention measures, a
more holistic solution is provided for the sustainable development of habitats and the
economy. The research by [56] proposes coupling climate change adaptation and mitigation
measures through agroforestry and ecological preservation. These proposals also suggest
reducing the susceptibilities of underprivileged farmers to the effects of climate change
and market volatility by diversifying income sources from tree or forest products.

In terms of habitat, mixed species populations are better adapted and their ecological
benefits have been verified by numerous studies. Specifically in reducing environmental
compatibility issues [41], biodiversity enhancement [57], effective control of pests and
diseases [58], optimization of soil quality [59], improvements in water use efficiency [60],
and increased resilience to disasters [61]. This largely contributes to the establishment of a
healthy and stable ecosystem.

Economically, C. reticulata has a long growth cycle, from planting to the normal fruiting
stage of the tree, which takes from 5 to 10 years or more [62]. Fruit growers can address
the issue of early returns by planning a mixed cultivation program to rationalize the use of
space and improve land utilization before going into production.

In general, mixed species planting effectively supports afforestation, climate adapta-
tion, and pest control, while enhancing biodiversity and ecosystem stability [42]. Analysis
of species’ suitable areas will optimize mixed cultivation and promote C. reticulata sustain-
able industry practices. Global cooperation for carbon neutrality and temperature control
will boost eco-friendliness. China remains committed to offering quality fruits worldwide
and actively pursuing carbon neutrality.

4.6. Future Research Perspectives

In response to global climate change, integrated multivariate analysis has become an
important approach to study the ecological adaptation of crops. The application of a wide
range of ecological data including essential climate variables (ECVs) [63] and essential
biodiversity variables (EBVs) [64], as well as advanced machine learning techniques [65],
will help to more accurately predict the impacts of climate on crops and to develop scientific
adaptation strategies.

In future research, the analysis of additional variables can be incorporated. In recent
years, there has been a growing focus on the study of biophysical parameters such as
chlorophyll fluorescence [66], chlorophyll leaf content [67], and evapotranspiration [68].
These parameters are fundamentally linked to ecosystem services and the prerequisites
for ecological development. They enable us to explore the correlations between ideal
conditions for development and act as robust indicators for pinpointing potential new
cultivation areas.

Secondly, more machine learning algorithms can be utilized to build upon the model
in the future. The potential for the application of machine learning techniques to the
analysis of complex ecological data is enormous [69]. By integrating environmental factors
such as temperature, precipitation, and soil properties, machine learning models can more
accurately predict the effects of climate change on species cultivation [70]. Studies have
shown that using models such as random forests and support vector machines can forecast
crop yields under climate change [71], crop type mapping [72], and optimize farming and
management practices [73].

Thirdly, future research could study frequent extreme droughts in greater depth and
thus propose ecological adaptation more effectively. The impact of such extreme drought
events on agricultural production is significant and cannot be overlooked [74]. By utilizing
meteorological data and satellite imagery to monitor drought areas, we can better assess the
frequency and severity of droughts in these regions [75,76]. This approach may compensate
for the limitations of SSP data, which do not adequately reflect extreme climate conditions.



Remote Sens. 2024, 16, 2338 21 of 24

In conclusion, by integrating multi-source data, conducting long-term series analysis,
employing regional drought adaptation strategies, and utilizing advanced machine learn-
ing techniques, we can further enhance the scientific and practical value of the research.
This will provide reliable scientific evidence and practical guidance for the ecological
adaptability and sustainable cultivation of species.

5. Conclusions

In this study, we used the MaxeEnt model to simulate the potential suitability pattern
of C. reticulata and its mixed forests for five different periods. These periods include the
current, and the 2050s and 2090s, under two greenhouse gas emission scenarios (SSP1.26
and SSP5.85). By analyzing the suitable distribution pattern of C. reticulata and its mixed
species L. chinensis, P. granatum, and L. chinense, we assessed the area of potential common
habitats and explored the variation in suitable areas to support the planning of C. reticulata
and mixed plantation areas. The strategy of introducing mixed species not only enhances
the natural functions and adaptive capacity of forests, but also increases the potential
of agriculture to provide economic benefits and diverse ecosystem services to society. It
is expected to better meet the challenges of future climate change and to guarantee a
more significant increase in the ecological resilience and economic sustainability of the C.
reticulata industry.

Overall, this study emphasized the importance of agroecological strategies in the
context of global climate change challenges and clarified the key role of tree species mixing
in combating climate change, maintaining ecosystem balance, and regulating economic fluc-
tuations. The fitness pattern of C. reticulata and its mixed forests was investigated through
scientific methods, which provides a reference direction for future cultivation patterns.
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