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ABSTRACT

Finger citron (Citrus medica L. var. sarcodactylis (Hoola van Nooten) Swingle; Rutaceae: Citrus)
is an important plant for both medicine and food. Due to the lack of suitability analysis, many
problems have arisen in its planting. According to the daily observation data, Kriging
interpolation was selected to spatialize precipitation and temperature data. MaxEnt and ArcGIS
were applied to simulate the suitable areas of finger citron in China from the perspectives of
bioclimate, soil, topographic factors and human activities in 2050s and 2090s. Results showed
that temperature annual range (Bio7), annual precipitation (Biol2), human footprint (Hf),
elevation (El) and precipitation seasonality (Biol5) were identified as the dominant
environmental variables related to the distribution of finger citron. Spatiotemporal distribution
of annual precipitation (Biol2) showed that in the future, the precipitation in South China tends
to decrease first (2050s) and then increase (2090s). The spatio-temporal analysis of temperature
annual range (Bio7) showed that the 20-30 °C region was relatively stable in the Sichuan Basin
and the middle and lower reaches of the Pearl River Basin. Under the future climate change
scenarios, the total suitable area showed a significant increase trend in 2090s, and the change of
most, moderately and poorly suitable habitats showed no obvious law. Under SSP1-2.6, SSP2-4.5
and SSP5-8.5 scenarios, the centroid of the most suitable habitat of finger citron would move to
the northwest, southeast and southwest respectively. Our results can effectively carry out to
promote the recovery of its population.

Key words: Citrus medica var. sarcodactylis, climate change, finger citron, hydrothermal
conditions, MaxEnt, spatio-temporal changes, suitable habitat.
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INTRODUCTION

Finger citron (Citrus medica L. var. sarcodactylis (Hoola van Nooten) Swingle; Rutaceae: Citrus) is an
important plant for both medicine and food, which was first contained in the first traditional Chinese
medicine treatise Shen Nong Ben Cao Jing (Figure 1). Some organs of citron can be incorporated into
traditional Chinese medicine, i.e., root, stem, leaf, flower and fruit, and have unique functions of curing and
preventing diseases, nourishing health and prolonging life (Zhao, 2012) (Figure 1C). According to ancient
books, C. medica has the effects of rational gasification of phlegm, anti-emesis and anti-distension, soothing
the liver and strengthening the spleen (Li et al., 2022). Modern scientific experiments have shown that finger
citron has the effects of bacteriostasis, anti-inflammatory, anti-oxidation, anti-cancer cells, regulating the
immune system (Peng et al., 2018). Finger citron is native to India and widely cultivated in France, Italy,
Germany, USA and Southeast Asia (Zhang et al., 2018). In China, finger citron is cultivated in the south
(Guangdong, Fujian, Chongqing, Sichuan and Zhejiang), especially in Jiangjin of Chongqing and Zhaoqing
of Guangdong, which have the largest area and the highest yield (Zhao et al., 2020). Studies have shown
that finger citron is not resistant to cold and drought, vulnerable to freezing damage (Zhang et al., 2018).
Finger citron is often affected by diseases and insect pests, including citrus canker, citrus Huanglongbing,
citrus anthracnose, Panonychus citri McGregor and Phyllocnistis citrella Stainton (Qing et al., 2020), as
well as meteorological disasters such as high temperature, drought, and freezing (Bai et al., 2019) (Figures
1E, 1F).

Medicinal plant ecological regionalization is a systematic analysis and regional division of the
distribution sites of traditional medicine growing in a specific environment, and is a common method for
the suitability division of traditional medicine that is not clear about the potential planting areas (Sibeko et
al., 2021). In recent years, the maximum entropy model (MaxEnt) has been applied to the study of habitat
zoning of various medicinal plants under climate change scenarios since its good prediction ability. She et
al. (2021) used MaxEnt to simulate the suitable distribution of the important medicinal resource plant
Notopterygium incisum in the Three Rivers Headwater Region of China in the present and 2050s, and
believed that the results would be conducive to the scientific protection and rational utilization of its
resources. Dad and Rashid (2022) mapped the current and future geographical distributions of Aconitum
heterophyllum, Fritillaria cirrhosa, Meconopsis aculeata and Rheum webbianum in Kashmir-Himalaya
using MaxEnt. The above research proves that MaxEnt model can be well applied to the study of habitat
suitability analysis of medicinal plants.

Figure 1. Field overview of Citrus m
dried fruit slices; D: bonsai; E: fresh fruit under high temperature and drought; F: field under high
temperature and drought.
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The geographical distribution of plant species depends to a large extent on abiotic factors such as
precipitation, temperature, soil and altitude, while climate factors are important conditions for plant
growth, development and reproduction (Dad and Rashid, 2022). Studying the impact of climate
change on crop distribution is conducive to the protection of germplasm resources and the
sustainable development of ecological agriculture (Thudi et al., 2021; Vincent et al., 2022). The
drastic change of climate will lead to the change of the original habitat of plants, and then affect
their suitable range (Cheuk and Fischer, 2021; Liu et al., 2021). More and more scientific evidence
shows that climate events such as climate warming, precipitation pattern change and atmospheric
CO; concentration rise have made a significant influence on species diversity, genetic diversity and
landscape diversity (Cobo-Simén et al., 2020). The formation of Chinese medicinal materials is
closely related to the climate, and the climate change will certainly affect the changes of their
distribution suitable areas (Sun and Zhang, 2015). Peng et al. (2013) found that due to the impact
of climate change, the genuine producing areas of some medicinal materials in China have changed
correspondingly, such as Alisma orientale and Citrus aurantium, while on the contrary, some have
remained stable, such as Chaenomeles speciosa and Fritillaria cirrhosa.

Global climate change characterized by temperature rise and precipitation change is one of the
great challenges facing mankind today, and has become an important factor affecting and restricting
the sustainable development of natural systems, biological systems and human health systems (Ren
et al., 2022). Climate change has greatly changed the spatial and temporal pattern of environmental
factors, and agricultural production, which is heavily dependent on natural resources, shows obvious
vulnerability in this context (Orrego-Verdugo et al., 2021). Temperature rise will increase the heat
stress of most regions and crops in the world, and the instability of water stress due to precipitation
fluctuation will pose a threat to crop production (Guzman-Luna et al., 2022). The extreme weather
events (rainstorm, flood, high temperature and drought disasters) caused by climate change have a
direct impact on agricultural production, and then pose a huge challenge to people’s growing demand
and desire for a better life. Therefore, quantitative analysis of the spatio-temporal change trend and
distribution characteristics of temperature and precipitation under climate change is of great
significance to agricultural production and economic development (Abid et al., 2020). Gao et al.
(2022) explored the crop phenology dynamics and climate response characteristics in the black soil
region of Northeast China, and the result showed that 29.76% of the black soil region of Northeast
China showed a significant delay in the onset of the growing season from 2000 to 2017. Teixeira et
al. (2013) found through simulation that under the influence of changes in heat stress under the A1B
emission scenario, the world’s crop suitable areas will change from 2071 to 2100. Tang et al. (2016)
calculated the spatial-temporal distribution of reference crop evapotranspiration in the Huang-Huai-
Hai Plain under the main climate scenarios in the future, and their results provide basic data support
for scientific allocation of agricultural water resources and scientific response to the impact of
climate change on agricultural production. Research by Ling et al. (2019) shows that climate change
will increase the heat resources in the rice growing season in China, reduce the radiation resources,
and increase the heterogeneity of precipitation, which will significantly move the potential planting
boundary of single and double cropping rice to the north.

So far, the research of finger citron has focused on physiologically active compounds and the
quality of medicinal materials (Li et al., 2022), and no reports have been found on its suitable areas.
In this paper, by analyzing the importance of modeling, the domain variables affecting the
distribution of finger citron were screened and their spatio-temporal changes in current (1991-2020),
2050s (2041-2060), and 2090s (2081-2100) were analyzed. In addition, MaxEnt and ArcGIS were
used to simulate the suitable areas of C. medica var. sarcodactylis in China from the perspectives of
bioclimate, soil, topographic factors and human activities, and the climate change scenarios generated
by global climate models (GCMs) were selected to predict its suitable areas in 2050s and 2090s, so
as to master the impact of climate change on its planting suitability.
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MATERIALS AND METHODS

Occurrence data of species

Occurrence data of Buddha’s-hand or finger citron (Citrus medica L. var. sarcodactylis (Hoola van Nooten)
Swingle) were acquired from the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/),
the Chinese Virtual Herbarium (CVH, https://www.cvh.ac.cn/), and literature. In addition, from 2018 to
2019, the research team conducted a field survey of some finger citron plantations in Zigong, Mianyang,
Ya'an, Leshan, Bazhong, Nanchong, Luzhou and Yibin, Sichuan Province. We processed the distribution
records of finger citron. Firstly, Baidu map picking coordinate system (Baidu, Beijing, PR China) was used
to determine the longitude and latitude of records accurate to the town level. Second, Microsoft Excel (2010)
was used to remove duplicate records. Third, the distance between each point and the center of the cell grid
was calculated, and the point closest to the center in each cell grid was retained. After the above procedures,
123 records of finger citron were retained for the establishment of MaxEnt (Figure 2).
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Figure 2. Occurrence data of Citrus medica var. sarcodactylis.

Environmental data

Twenty-seven initial environmental variables were selected in this study. In order to reduce the influence of
multi-collinearity among 19 bioclimatic variables, Pearson correlation analysis method was used. Firstly,
MaxEnt software version 3.4.4, developed by Phillips et al. (2006), was used to calculate the percent
contribution of 19 environmental variables, and the variables whose percent contribution rate was greater
than 0 were retained. Thereafter, the Pearson’s coefficients between two variables with percent contribution
greater than 0 corresponding to 123 occurrence data of finger citron were analyzed using SPSS (IBM,
Armonk, New York, USA). Thirdly, by comparing the percentage contribution of the variables with the
absolute value of the coefficient greater than 0.85, the higher one was retained. Finally, in addition to
elevation, a total of 17 variables were selected to establish the prediction model of finger citron (Table 1).
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Table 1. Environmental variables used to predict the potential geographic distribution of Citrus
medica var. sarcodactylis. T Variable has no unit of measurement.

Code Variable Resolution Unit
Biol Annual mean temperature 2.5’ °C
Bio2 Mean diurnal range 2.5° °C
Bio5 Max temperature of warmest month 2.5° °C
Bio7 Temperature annual range 2.5° °C
Biol2 Annual precipitation 2.5 mm
Biol5 Precipitation seasonality 2.5’ i
Biol7 Precipitation of driest quarter 2.5’ mm
El Elevation 2.5° m
Aspect Aspect 2.5 o
pH Potential of hydrogen 2.5° ¥
T-sand Topsoil sand fraction 2.5° %
T-C Topsoil organic C 2.5° %
Depth Reference soil depth 2.5° m
USDA Topsoil USDA texture classification 2.5’ name
UV-B3 Mean UV-B of highest month 2.5’ kJ m-
Hf Human footprint index 2.5’ i

Spatio-temporal analysis of hydrothermal conditions

According to the daily observation data of 824 meteorological stations in China from 1991 to 2020
provided by data set of China’s surface climate data from the China Meteorological Data Service Centre
(http://data.cma.cn/en), after excluding the daily average temperature and the missing measurement
value of precipitation at 20-20 h, and converting snow, ice and fog into precipitation, the main
bioclimatic variables were calculated. Based on the principle of geostatistics, Kriging method used the
structure of sample data and variogram to estimate the unknown sample points of regionalized variables
linearly, unbiased and optimally. According to previous studies, it was found that spatial interpolation
of temperature based on Digital Elevation Model (DEM) can better simulate the spatial distribution of
temperature data (Wild et al., 2022). Therefore, this paper used altitude as a covariate to perform
ordinary Kriging interpolation on regional temperature indicators to spatialize temperature point data.
As precipitation will be affected by many factors such as longitude, latitude, elevation, and slope
direction, scholars believed that different interpolation methods should be selected according to the
physical and geographical characteristics of the study area to establish an interpolation model (Bardossy
etal., 2021). Therefore, considering the complexity of the study area, the advantages of Kriging method
and the consistency with this study method, ordinary Kriging interpolation is selected to spatialize
precipitation data.

Modelling process

MaxEnt software operation procedure was as follows. 1) The occurrence data of finger citron in “CSV”
format and the environmental variable in “ASC” format (including bioclimatic variables, elevation and
human footprint) were imported into the “sample” and “environmental layers” data boxes of MaxEnt
software respectively. 2) “Create response curves” and “Do jackknife to measure variable importance”
were selected respectively to analyze the relationship between variables and presence probability of
finger citron and measure the importance of variables. 3) In the initial model, “Random test percentage”
was set to 25%, while in the reconstructed model, “random seed” was selected, and the “replicates”
was set to 10. 4) Receiver operating characteristic (ROC) curve was selected to evaluate the models
(Yang et al., 2022).
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RESULTS AND DISCUSSION

Key environmental variables

Jackknife test showed that the regularized training gain of temperature annual range (Bio7) was the
highest (1.47), and its percent contribution rate (18.25%) and permutation importance (39.68%) were
at a higher level, indicating that it was one of the most important variables affecting the distribution
of finger citron (Figures 3 and 4). The training gain and percent contribution of annual precipitation
(Bio12) was 1.23 and 44.47%, indicating the importance of this variable. During the modeling of
“without variables”, the human footprint (Hf) had the largest decrease in the training gain value,
indicating that it contains unique information related to the distribution of finger citron and has a
great impact on its distribution (Figure 3). Through the above comprehensive comparison method,
temperature annual range (Bio7), annual precipitation (Bio12), human footprint (Hf), elevation (El)
and precipitation seasonality (Biol5) were identified as the dominant environmental variables related
to the distribution of finger citron (Figures 3 and 4).

Environment is an important factor affecting the yield and quality of Chinese medicinal materials
(Zhang et al., 2021). During the modeling of this study, in addition to the commonly used bioclimatic
variables, terrain (elevation and aspect) and soil data (soil pH, topsoil sand fraction, topsoil organic
C and reference soil depth) were also added. When predicting the impact of climate on the distribution
of finger citron in the future, this study assumed that non climatic variables were unchanged. First,
unlike the macro impact of climate, the impact of terrain, soil and other factors on plant distribution
is limited to a relatively small range. Second, non-climatic variables, especially the change of terrain
is a long-term and slow process, while a short time span of research generally defaults that the terrain
factor is unchanged.

® With all variables ® With only variable
® Without variables

Depth
T-sand
UV-B3
T-C
pH
El
Bio5
Hf
Biol5
Biol
Bio2
Biol7
Biol2
Bio7
All

0 0.2 04 06 08 1 1.2 14 16 L8 2 2.2

Regularized training gain
Figure 3. Jackknife test of 15 variables. Depth: Reference soil depth; T-sand: topsoil sand
fraction; UV-B3: mean UV-B of highest month; T-C: topsoil organic C; El: elevation; Bio5:
max temperature of warmest month; Hf: human footprint index; Biol5: precipitation
seasonality; Biol: annual mean temperature; Bio2: mean diurnal range; Biol7: precipitation
of driest quarter; Biol2: annual precipitation; Bio7: temperature annual range.
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Figure 4. Percent contribution and permutation importance of 15 variables. UV-B3: Mean UV-B
of highest month; El: elevation; Biol: annual mean temperature; Biol2: annual precipitation;
Biol5: precipitation seasonality; Biol7: precipitation of driest quarter; Bio2: mean diurnal range;
Bio5: max temperature of warmest month; Bio7: temperature annual range; Hf: human footprint
index; Depth: reference soil depth; T-sand: topsoil sand fraction; T-C: topsoil organic C.

Spatio-temporal changes of hydrothermal conditions

Spatio-temporal changes of the annual precipitation (Figure SA) showed that under current climate situation,
China’s 300 mm isochore extends from the Daxing’an Mountains in the east of the Inner Mongolia Plateau
to the Qilian Mountains in the north of the Loess Plateau and finally to the Himalayas in the west of the
Qinghai Tibet Plateau. Under the three climate change scenarios, the position of the 300 mm isopotential
line was relatively stable, but its northern section moved slightly westward (Figures 5B-5G).
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Figure 5. Spatio-temporal changes of the temperature annual range (Bio7). A: Current; B:
2050s, SSP1-2.6; C: 2090s, SSP1-2.6; D: 2050s, SSP2-4.5; E: 2090s, SSP2-4.5; F: 2050s,
SSP5-8.5; G: 2090s, SSP5-8.5.
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The 900 mm precipitation line starts from the Dabie Mountains in the East, passes through the Qinling
Bashan mountains at the southern end of the Loess Plateau, and extends to the southern edge of the
Hengduan Mountains in Southwest China (Figure 5A). Under SSP1-2.6, the western section of the
isopotential line is relatively stable, while the eastern section expands northward in 2050s and contracts
southward in 2070s. Under SSP2-4.5, the isopotential line changes obviously as a whole, first expanding
northward in 2050s, and then contracting southward slightly in 2090s. Under SSP5-8.5, the position of the
isopotential line changes most obviously. The western section gradually expanded northward from current
to 2090s, especially in the northwest of Yunnan. The isochore along the Dabie Mountains in the eastern
section first expanded northward in 2050s, and then contracted southward in 2090s (Figures 5B-5G).

The 1500 mm isopotential line starts from the southern end of the middle and lower reaches of the
Yangtze River Plain in the East, passes through the Yunling mountains in the middle, and extends to the
southern edge of the Xuefeng mountains in the West (Figure 5A). Under SSP1-2.6, the isopotential line will
obviously retreat southward in 2050s, especially in the eastern section, which will be reduced from the
current position to Wuyishan Mountain. In 2090s, the western section of the isopotential line will move
northward slightly, the middle section will move to the vicinity of the Wushan mountains in a large scale,
and the eastern section will shrink slightly. Under SSP2-4.5, the isopotential line will gradually move
northward as a whole from contemporary to 2090s. Especially in 2090s, the middle section and east section
will expand significantly to the north. Under SSP5-8.5, in 2050s, the western and eastern sections of the
isopotential line will expand northward, while the middle section will retreat southward. By 2090s, the
isopotential line will move significantly northward as a whole (Figures 5B-5G).

Spatio-temporal changes of the temperature annual range (Bio7) (Figure 6) shows the temporal and
spatial changes of temperature annual range (Bio7) under three climate change scenarios from current to
2090s. Under current climate situation, regions with > 50 °C are distributed in Northeast and Northwest
China. In the northeast, it is mainly located in the north central part of the Northeast Plain, Xiaoxing’an
Mountains and Daxing’an Mountains. In the northwest, it is mainly located in Tarim Basin and Junggar
basin (Figure 6A). Under SSP1-2.6 and SSP2-4.5, regions with > 50 °C is gradually decreasing, and the
reduced area is mainly located in the south of the Northeast Plain and the east of the Tarim Basin, while the
reduction range is larger under SSP2-4.5. Under SSP5-8.5, the area > 50 °C first shrank significantly in
2050s, and then expanded slightly in 2090s (Figures 6B-6G).

Under current climate situation, the 40-50 °C region is located in the south of the Northeast Plain, the Inner
Mongolia Plateau, the north of the Loess Plateau and the north of the Qinghai Tibet Plateau (Figure 6A).
Under the three climate change scenarios, it will move northward as a whole respectively (Figures 6B-6G).

Under current climate situation, the 40 °C isotherm starts from Liaodong Peninsula in the east, passes
through the North China Plain, the Loess Plateau, the Qilian Mountains, and reaches the Kunlun Mountains
in the West (Figure 6A). Under SSP1-2.6, SSP2-4.5 and SSP5-8.5, the isotherm will move northward as a
whole. The east section of the northern boundary will extend northward to the north of Liaodong Peninsula,
and the middle section will move out of the North China Plain (Figures 6B-6G).

Under current climate condition, the eastern section of the 30 °C isotherm is distributed along Wuyishan-
Yunling Mountain, the middle section is distributed along Wushan Mountain from north to south, and the
western section is from Qinling-Bashan Mountain to the eastern margin of Himalayas through Hengduan
Mountain (Figure 6A). Under SSP1-2.6, the western section of the 30 °C isotherm will not change much in
the future, while the eastern section will retreat slightly to the south in 2050s, but move significantly
northward to the north of the Huaihe River in 2090s. Under SSP2-4.5, the western section of the isotherm
will not change much in the future, while the eastern section will move northward from the Yangtze River
basin to the Huaihe River in the 2050s, but will retreat slightly southward in the 2090s. Under SSP5-8.5,
the eastern section will first expand slightly northward in 2050s, and then contract slightly southward in
2090s (Figures 6B-6G).
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Figure 6. Spatio-temporal changes of the annual precipitation (Biol2). A: Current; B: 2050s,
SSP1-2.6; C: 2090s, SSP1-2.6; D: 2050s, SSP2-4.5; E: 2090s, SSP2-4.5; F: 2050s, SSP5-8.5; G:
2090s, SSP5-8.5.

Under the current climate condition, the 20 °C isotherm is divided into two sections, the western section
is located on the south side of the Yunnan-Guizhou Plateau, and the eastern section is located on the southern
coast of Guangdong (Figure 6A). Under SSP1-2.6, the western section will retreat southward to the edge of
Yunnan Guizhou Plateau in 2050s, and then move northward slightly in 2090s. The eastern section will
gradually expand northward from current to 2090s (Figures 6B-6G).

The spatio-temporal analysis of temperature annual range (Bio7) showed that the 20-30 °C region was
relatively stable in the Sichuan Basin and the middle and lower reaches of the Pearl River Basin, which is
the distribution area of the suitable growth area of finger citron. Widrlechner et al. (2012) used the annual
average minimum temperature as an index to draw the Plant Hardiness Zone Map (PHZM) in China, and
divided it into 11 grades. Combined with our result, the distribution range of finger citron was located in
grade 9-11 (-6.6 ~ 4.5 °C). Therefore, only from the perspective of adaptability to temperature variables,
finger citron was almost suitable for planting in most areas south of 31° N in China.

Suitable habitat under current climate condition

After reclassification and format conversion of the results output by MaxEnt, the area calculated by ArcGIS
showed that the total suitable area of finger citron in China was 177.36x10* km?, accounting for 18.47% of
the total area of the country, of which the distribution range of the most suitable habitat was the narrowest,
with an area of 22.27x10* km?, accounting for 12.55% of the total suitable habitat. Figure 7 showed that the
most suitable habitat was located in the middle east of Sichuan, western Chongging in the upstream of the
Yangtze River and western Taiwan, southern Guizhou and western Guangxi in the upstream of the Pearl
River, central and southern Yunnan and Southeast Tibet in the Middle-Lower reaches of the Southwest
River. The moderate suitable habitat extended to the periphery along the most suitable habitat, with an area
of 51.96x10* km?, accounting for 29.3% of the total suitable habitat, mainly distributed in northeast Sichuan,
central Chongging and northern Guizhou in the upper reaches of the Yangtze River Basin, most of Guangxi
in the upper reaches of the Pearl River Basin and central Guangdong in the lower reaches, southern Yunnan
in the lower reaches of the Southwest River basin and most of Hainan (Figure 7). The poorly suitable habitat
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of finger citron were mainly distributed in the northeast and south of Sichuan, north of Chongging, south of
Shaanxi, west of Hubei, west of Hunan, northeast and northwest of Guizhou in the middle and upper reaches
of the Yangtze River Basin, east of Jiangxi in the lower reaches of the Yangtze River, most of Fujian in the
southeast River Basin, most of Guangxi in the upper reaches of the Pearl River Basin and Guangdong in the
lower reaches, southeast of Tibet and north central Yunnan in the lower reaches of the Southwest River
basin, covering an area of 103.13x10* km?, accounting for 58.15% of the total suitable habitat (Figure 7).

20°N
N

Figure 7. Suitable habitat simulated based on administrative division (A) and watershed division
(B) by MaxEnt under current climate situation.

Finger citron is native to India, mainly cultivated in China, with few wild species. With the cultivation and
introduction, finger citron has been widely planted in Sihui, Chaoshan, Yunfu and Yunan of Guangdong, Tianlin,
Longlin, Lingle, Guanyang, Daxin and Yongfu of Guangxi, Kunming, Yuxi, Chuxiong, Xinping, Yimen, Eshan
and Pu’er of Yunnan, Jiangjin, Yongchuan, Yunyang and Kai counties of Chongqing, Anxian, Hejiang, Yibin,
Muchuan, Ya'an, Hongya, Jiajiang, Qianwei and Xingjing of Sichuan (Zhao et al., 2020). Our simulation showed
that the most suitable habitats were distributed in the middle east of Sichuan, western Chongging, southern
Guizhou and western Guangxi, central and southern Yunnan and southeast Tibet, with an area of 22.27x10* km?.
The actual production area has a high degree of overlap with our simulation, indicating the accuracy of MaxEnt.
According to the data, the actual planting area of finger citron is far smaller than its suitable area, which may be
limited by the selected variables. In this study, we simulated the suitable habitat of finger citron under the
combination of dominant natural environmental variables, and does not involve production management and the
impact on fruit yield and quality. In the actual production of finger citron, social and economic factors such as
labor force, field management, production cost and market demand are also important drivers affecting its
planting, which makes our prediction area far higher than its actual production area. In addition, due to the need
to simulation the distribution of finger citron in the future, there is no corresponding prediction model for socio-
economic variables at present, which is also the reason that affects our choice of variables.

Suitable habitat in the future

Under SSP1-2.6, the areas of the most suitable habitats were 22.27x10* km? (2050s) and 22.12x10* km? (2090s),
reducing by 4.85% and 0.65% compared with current situation, respectively. The areas of moderately suitable
habitats were 47.08x10* km? (2050s) and 56.21x10* km? (2090s), which were decreased by 9.4% (2050s) and
increased by 8.17% (2090s) compared with current. The areas of poorly suitable habitats were 106.11x10* km?
(2050s) and 108.86x10* km? (2090s), which were increased by 2.89% (2050s) and 5.55% (2090s) compared
with current respectively. The area of total suitable habitats was 174.38x104 km? (2050s) and 187.19x104 km?
(2090s), which were decreased by 1.68% (2050s) and increased by 5.54% (2090s) compared with current,
respectively (Figures 8A-8B, 9).
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Under SSP2-4.5, the areas of highly suitable habitats were 20.58x10* km? (2050s) and 25.83x10* km?
(2090s), which were decreased by 7.56% (2050s) and increased by 16% (2090s) compared with current,
respectively. The areas of moderately suitable habitats were 44.81x10* km? (2050s) and 52.22x10* km?
(2090s), which were decreased by 13.77% (2050s) and increased by 0.5% (2090s) compared with current,
respectively. The areas of poorly suitable habitats were 106.31x10* km? (2050s) and 110.96x10* km?
(2090s), which were increased by 3.08% (2050s) and 7.59% (2090s) compared with current, respectively.
The areas of total suitable habitats were 171.7x10* km? (2050s) and 189.01x10* km? (2090s), which were
decreased by 3.19% (2050s) and increased by 6.57% (2090s) compared with current respectively (Figures
8C-8D, 9).

Under SSP5-8.5, the areas of highly suitable habitats were 25.11x10* km? (2050s) and 23.56x10* km?
(2090s), which were increased by 12.79% (2050s) and 15.83% (2090s) compared with current respectively.
The areas of moderately suitable habitats were 56.84x10% km? (2050s) and 51.86x10* km? (2090s), which
were increased by 9.38% (2050s) and decreased by 0.2% (2090s) compared with current respectively. The
areas of poorly suitable habitats were 117.13x10* km? (2050s) and 123.3x10* km? (2090s), which were
increased by 13.57% (2050s) and 19.55% (2090s) compared with current respectively. The areas of total
suitable habitat were 199.08x10* km? (2050s) and 198.72x10* km? (2090s), which were increased by
12.25% (2050s) and 12.04% (2090s) compared with current respectively (Figures 8E-8F, 9).

Climate change will lead to changes in the future geographical distribution pattern of species, aggravate
the reduction of biodiversity and the loss of germplasm resources, and accelerate the extinction rate of
species. Therefore, it is very important for species protection and sustainable utilization of resources to carry
out research on the distribution pattern and change of species’ suitable habitat under the background of
climate change and to understand the characteristics and change trend of species’ future geographical
distribution pattern. Studying the relationship between plant climate demand and geographical distribution
and understanding the response of plant distribution pattern to climate change is of great significance to put
forward reasonable utilization strategies and planting zoning, and to reveal the history of species formation,
migration and diffusion (Ardestani and Ghahfarrokhi, 2021). Global climate change is an important driving
factor to change the geographical distribution pattern of species (Nascimbene et al., 2020). The impact of
climate change on species has two sides, that is, some species will benefit from it, and their distribution will
expand, while the habitat of other species will decrease (Ribeiro-Souza et al., 2022). In this paper, we found
that under the SSP1-2.6 and SSP2-4.5 in 2050s, the total suitable area of finger citron changed slightly,
while under other scenarios, the area increased significantly. This change trend indicated that the future
climate change would be favorable to finger citron as a whole, and such expending trend had also been
found in other medicinal plants. Zhao et al. (2021) found that climate change caused the expansion of the
suitable habitat area of Tibetan medicine Lamiophlomis rotata to be about twice of the degraded area, and
the area in all provinces showed an increasing trend. Xu et al. (2022) predicted the distribution of Thesium
chinense in China, and their results revealed that the area of the highly suitable area would increase gradually
and expanded from the Yangtze River basin to the Yellow River Basin. The higher precipitation under the
high concentration emission scenario can reduce the restriction of precipitation factors on the distribution
of species and expand the suitable habitat of species. On the contrary, the increased precipitation under the
low concentration emission scenario cannot reduce the limit, but will reduce the available water for species
to absorb with global warming (Peltonen-Sainio et al., 2021; Liu et al., 2022; Ren et al., 2022). This is
consistent with the change law of the total suitable habitat of finger citron under climate change. Based on
the above analysis, we speculated that the reduction of the total suitable habitat of finger citron in 2050s
may be due to the excessive drought caused by the temperature rise, while the increase of the suitable habitat
in 2090s may be related to the gradual accumulation of rainfall.

Trajectory and change trend of centroid of the most suitable habitat

Under different time periods and climate change scenarios, the change trend of species’ suitable habitat can
be quantitatively described by calculating the position of the centroid. The movement trajectory and change
trend of finger citron were revealed as follows. 1) Under SSP1-2.6, the centroid would move 64.27 km from
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105.9°E/26.68°N (current) to the northeast to 106.22°E/27.23°N (2050s), and then 61.8 km to the southwest
to 105.73°E/26.86°N (2090s). From current to 2090s, the centroid would generally move 24.97 km to the
northwest (Figure 10). 2) Under SSP2-4.5, the centroid would move 57.43 km from 105.9°E/26.68°N
(current) to the southeast to 106.47°E/26.63°N (2050s), and then 35.64 km to the southwest to
106.34°E/26.3°N (2090s). From current to 2090s, the centroid would generally move 57.89 km to the
southeast (Figure 10). 3) Under SSP5-8.5, the centroid would move 19.23 km from 105.9°E/26.68°N
(current) to the northeast to 106.09°E/26.7°N (2050s), and then 35.1 km to the southwest to
105.74°E/26.66°N (2090s). From current to 2090s, the centroid would generally move 15.88 km to the
southwest (Figure 10).
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Figure 10. Trajectory trend of centroid of the most suitable habitat.

From current to 2090s, the centroid of the most suitable habitat of finger citron would move to the
northwest (SSP1-2.6), southeast (SSP2-4.5) and southwest (SSP5-8.5), respectively, which indicated that
the impact of climate change on its distribution was uncertain, and changes in temperature and precipitation
under different scenarios may be the cause of this phenomenon. Xiang et al. (2021) found through simulation
that under SSP1-2.6 scenario, the increasing trend of temperature rise rate and extreme precipitation rate in
China from 2021 to 2100 was relatively flat, while under SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios, they
gradually increase with the increase of mode and time.

The global population and economic level have gained rapid growth since the 20th century, and human
activities have had a great impact on the living environment (Tischer et al., 2022). Climate change and
human activities are considered to be the leading factors affecting the structure and function of terrestrial
ecosystems (Zhai et al., 2020). Importance analysis showed that human footprint was the key variable
affecting the distribution of finger citron, and the appropriate range was > 6.99. Finger citron is mostly
cultivated in China, and the impact of agricultural activities on its distribution cannot be ignored. Cutting,
grafting and high-pressure propagation are the main propagation methods of finger citron (Peng et al., 2018).
With the continuous optimization of China’s agricultural industrialization, the continuous adjustment of
agricultural planting structure, and the government’s regulation on the market, the planting area of finger
citron has expanded in Sichuan and Chongging. On the contrary, Yue et al. (2018) investigated the resources
of finger citron in Guangdong, and found that due to the influence of production technology, market
conditions and economic benefits, the planting area of finger citron in Guangdong was shrinking year by
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year. All these prove the importance of human activities to the cultivation and distribution of finger citron,
and this factor cannot be ignored in its planting planning.

Relationship between key environmental variables and presence probability of C. medica var. sarcodactylis
When the annual precipitation (Bio12) was 1311.72 mm, the presence probability of finger citron reached
the peak and then decreased gradually (Figure 11A). Temperature annual range (Bio7) had a negative impact
on the presence probability of finger citron, that was, with the increase of Bio7, the probability showed a
downward trend (Figure 11B). When the elevation (El) < 347.12 m, it had a positive impact on the presence
probability of finger citron, that was, the existence probability increased with elevation, while when the
elevation > 347.12 m, it had a negative impact on the presence probability (Figure 11C). With the increase
of human footprint, the presence probability of finger citron showed an upward trend, and the two were
basically positively correlated (Figure 11D).
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Figure 11. Response curves of dominant variables.

As a tropical and subtropical plant, finger citron likes a warm, humid and sunny environment, is
not resistant to severe cold, and is suitable for cultivation in areas with sufficient rainfall and no
freezing in winter (Zhao, 2012; Zhang et al., 2018; Li et al., 2022). Response curves showed that the
variables proper for the existence of finger citron and their ranges were temperature annual range (<
28.07 °C), annual precipitation (> 964.67 mm), which were similar to their growth habits. Importance
analysis showed that temperature annual range (Bio7) was a domain temperature variable affecting
the geographical distribution pattern of finger citron. When temperature annual range (Bio7) was
higher than 28.07 °C, the presence probability of finger citron decreased rapidly, indicating that too
large temperature difference was not conducive for its survival. The spatio-temporal analysis of
temperature annual range (Bio7) showed that the 20-30 °C region was relatively stable in the Sichuan
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Basin and the middle and lower reaches of the Pearl River Basin, which is the distribution area of the
suitable growth area of finger citron. Scholars pointed out that temperature restricts the distribution
of plants in latitude, and precipitation is an important factor that affects the changes of plants from
coastal to inland, which together restrict the geographical distribution pattern of plants (Jafarian et
al., 2019). Response curve showed that the annual precipitation suitable for the existence of finger
citron needs to be higher than 964.67 mm. Citrus plants need 300-500 parts of water for each part of
DM formed in photosynthesis, and this genus requires a large amount of water (Ortufio et al., 2009).
The annual precipitation suitable for citrus cultivation is 1000-1500 mm, while in the area with annual
precipitation of 200 ~ 600 mm, in order to achieve high and stable yield of citrus, it is necessary to
supplement water equivalent to 800 ~ 900 mm rainfall (Tu et al., 2021). Under the background of
global climate change, the annual average temperature in China has increased by 0.4 ~ 0.5 °C in the
past 100 yr, and the precipitation has shown obvious regional characteristics (Tan et al., 2010).
Specifically, South China shows a warm and humid trend as a whole, and the whole South shows a
tendency of being drier in the northwest and wetter in the southeast (Tan et al., 2010). Our spatio-
temporal distribution of annual precipitation (Bio12) showed that under the three climate change
scenarios, the precipitation in South China tends to decrease first (2050s) and then increase (2090s),
and in Southwest China was generally stable. Combined with the simulation results, we believe that
the precipitation in the suitable habitat will remain relatively stable under climate change, which
provides ideal conditions for its planting. The above suggested that for the division of finger citron
planting, in addition to temperature, whether the local precipitation and irrigation conditions could
meet the above requirements should also be paid attention to.

Evaluation of models

Table 2 showed that the AUC (area under receiver operating characteristic curve) values of the training
data and test data of the MaxEnt model under current situation were 0.969 + 0.001 and 0.952 £+ 0.013
respectively. The AUC values of the training data of the future climate scenario models were 0.963 +
0.002-0.969 + 0.002 and that of the test data were 0.945 = 0.014-0.955 + 0.018.

Table 2. Area under receiver operating characteristic curve (AUC) values of models.

Period Scenario Training data Test data

Current (1991-2020) 0.969 = 0.001 0.952+0.013
2050s (2041-2060) SSP1-2.6 0.969 = 0.002 0.950+0.016
SSP2-4.5 0.969 = 0.002 0.955+0.018

SSP5-8.5 0.964 = 0.001 0.948 £0.019

2090s (2081-2100) SSP1-2.6 0.965 = 0.002 0.948 +0.025
SSP2-4.5 0.965 = 0.002 0.950+0.017

SSP5-8.5 0.963 = 0.002 0.945+0.014

CONCLUSIONS

According to the above prediction results, the protection and breeding of wild germplasm resources of Citrus
medica var. sarcodactylis can be effectively carried out to promote the recovery of its population. At the
same time, as a commonly used medicinal material in China, the introduction and cultivation of C. medica
var. sarcodactylis in various suitable habitats will alleviate the imbalance between the shrinking supply of
wild resources and the increase of market demand. In addition to the traditional production areas, the site
selection range can be reasonably planned according to the dominant environmental factors affecting the
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distribution of C. medica var. sarcodactylis and the change trend of future suitable areas, so as to improve
the quality and output and promote industrial development.
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