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ARTICLE INFO ABSTRACT
Keywords: Shaniodendron subeaqualis is a tertiary relict plant unique to China. This species has high greening,
Climate change ecological, and scientific research value, and has been listed as a national I-level key protected

Shaniodendron subeaqualis
MaxEnt
Prediction of suitable areas

plant. Clarifying the main climatic factors restricting the geographical distribution of
S. subeaqualis and predicting the potential geographical distribution pattern of this species can
provide a scientific basis for the protection of the germplasm resources of this rare species. Based
on 104 S. subeaqualis natural distribution records and 9 climate factors, the MaxEnt software was
used to predict the potential suitable areas of S. subeaqualis in different periods (LGM, MH,
Current, SSP245-2050s, SSP245-2090s, SSP585-2050s, SSP585-2090s). The results showed that
the contemporary AUC predicted by MaxEnt is 0.996, with high simulation accuracy; Precipita-
tion in the driest season (Bio17), the average temperature in the coldest season (Bioll) are main
factors affecting the distribution of S. subeaqualis. At present, the suitable area of S. subeaqualis is
mainly distributed in Jiangsu, Anhui, and Zhejiang province, with a total area of 11.575 x 10*
km?, of which the high suitable area is 1.424 x 10* km? and the medium suitable area is 3.826 x
10* km?2. In the LGM, the area of S. subeaqualis was roughly similar to that of the contemporary
period, but there was a southward migration phenomenon in some areas, such as the suitable area
in the south of Zhejiang. In order to avoid the influence of ice age, S. subeaqualis moved to nearby
refuge places, such as Dabie Mountain area of Anhui province, the west of Tianmu Mountain area
of Zhejiang province and mountain area of Jiangsu province. In the MH, the suitable area for
S. subeaqualis was reduced and moved northward to a small extent. In the future period, the
suitable range of S. subeaqualis will not change greatly, but the overall degree of fragmentation
will intensify. If effective measures are not taken, it is bound to bring severe challenges to the
survival of S. subeaqualis. In order to protect S. subeaqualis germplasm resources more effectively,
it is suggested to dynamically monitor the existing S. subeaqualis population and take various
measures actively to reduce the negative effects of climate change on S. subeaqualis.

1. Introduction

The influence of climate on vegetation has become a hotspot in the fields of ecology and botany in recent years. According to the
IPCC (United Nations Intergovernmental Panel on Climate Change) report, anthropogenic greenhouse gas emissions have already
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caused global warming, and the global average surface temperature by the end of this century will be 0.3-4.8 °C higher than that in
1986-2005 [1]. Continued global warming is likely to get a major impact on the world’s ecosystems [2,3]. Vegetation play an
important role in the interaction among the atmosphere, soil, and water, as well as in terrestrial ecosystems [4,5]. However, vegetation
is extremely sensitive to climate change. Studies have shown that climate warming will cause changes in vegetation community and
genetic structure, and even reduce the suitable range of vegetation, further leading to species extinction [6-9]. Under the current
background of global warming, the risk of species extinction has increased, which has seriously threatened the global biodiversity
security [10]. Therefore, it is of profound significance to reveal the changes in species distribution areas under climate change and
formulate reasonable conservation strategies for maintaining global biodiversity.

In recent years, Species Distribution Models (SDMs) have become an effective tool for predicting the potential distribution and
suitable habitat of target species [11]. The species distribution model predicts the potentially suitable areas of species in different
periods by using the species distribution information and the environmental variable factors of the region and combining the two based
on a certain algorithm [12]. So far, various SDMs have been developed, such as BIOCLIM (Bioclimate modeling), Domain (Domain
environment envelope), CLIMEX (Climate change experiment), GARP (Genetic algorithm for rule-set production) and MaxEnt
(Maximum entropy), etc. Studies have shown that MaxEnt outperforms other models due to its simplicity of operation and high ac-
curacy of prediction results [13]. After years of research and application, the maximum entropy model (MaxEnt) has gradually been
recognized by a wide range of researchers [14-16]. The MaxEnt model is a computer learning model that predicts the distribution of a
target species based on the maximum entropy algorithm [17]. Previous studies have shown that the MaxEnt model is not sensitive to
species distribution samples, and only a few species distribution data need to be obtained more accurate prediction results [18-20].
Therefore, the model is extremely suitable for the prediction of the geographical distribution pattern of extremely small endangered
species. Currently, the MaxEnt model has been applied to Cunninghamia Konishi [21], Pomatosace filicula [22], Glyptostrobus pensilis
[23], Gymnocladus assamicus [24] and other endangered plant potential suitable areas prediction research. In addition, the MaxEnt
model can also be applied to the prehistoric geological period (the Last interglacial, the Last glacial maximum and the mid Holocene,
etc.), which provides some auxiliary information for the study of relict plant phylogeography [23].

Shaniodron subeaqualis was originally named Parrotia subeaqualis, which has been renamed according to the latest phylogenetic
status [25]. This species is a deciduous small tree of the genus Shaniodron in Hamamelidae, with a straight trunk, beautiful shape and
seasonal leaf color, so it has become an excellent urban greening tree species [26]. Its wood texture is dense, very hard, for first-class
furniture and technology materials. Its stem bark contains secondary metabolites such as rhodiola rosea, which has certain potential
value [27]. Its well-developed root system can grow in stony barren environment and has strong resistance to stress, so it is a good
material for studying plant physiology and stress resistance [28]. S. subeaqualis has an ancient origin and is an endemic tertiary relict
plant in China. It is an important research plant for studying the origin and differentiation of Hamamelidaceae, flora, paleontology and
other directions. However, the distribution of S. subeaqualis is extremely narrow and the population size is mostly small. The reasons
for this unfavorable situation may be as follows: First, the unique reproductive physiological habits of S. subeaqualis. For example,
S. subeaqualis blooms once every few years. Due to the influence of early cold and spring injury, the flower bud of S. subeaqualis. could
not complete its development cycle smoothly, thus reducing the possibility of producing sexual offspring [29]. Second, unique growing
environment. S. subeaqualis, mostly grows in isolated mountains and valleys, which can not effectively use wind pollination, its
pollination mode is greatly limited, the ratio of pollen flow and seed flow is significantly reduced, and it is easy to produce inbred
offspring, resulting in reduced genetic variation and adverse consequences [30]. Thirdly, the competition ability is weak. Compared
with other tree species, S. subeaqualis is at a disadvantage in the competition for environmental factors such as sunlight and moisture,
and has a higher mortality rate than other tree species. From the perspective of community structure, S. subeaqualis only played a
secondary and subordinate role [31]. Finally, human activity. For example, social infrastructure construction and tourism develop-
ment will have a certain impact on it. Based on its special functions and unfavorable community status, S. subeaqualis is currently listed
as a national Class I priority plant, a 120 species for conservation of very small populations, and an IUCN (International Union for
Convervation of Nature) critically endangered (CR) species [25,32-34]. At present, the research on S. subaqualis mainly focuses on
community investigation [35,36], conservation and reproduction [37], genetic diversity [30,38,39] and other fields. However, the
current MaxEnt research on S. subaqualis mainly focuses on the changes of its distribution pattern at present and in the future, and does
not involve the prehistoric geological period and in-depth discussion on how the main climate variable factors affect its distribution
[40]. In addition, The Shared Socioeconomic Pathway (SSPs) climate data from the Sixth International Coupled Model Comparison
Program (CMIP6), published in 2020, have been shown to outperform the CMIP5 Common Climate Model (CCSM4) simulations [41,
42]. Therefore, it is of great significance to use CMIP6 data through MaxEnt model to predict the suitability of S. subeaqualis.

Therefore, the MaxEnt software was used to simulate the potential suitable areas of the Last glacial maximum (LGM) and the mid
Holocene (MH) in the two ancient periods of the Quaternary, the contemporary period and the different climate change scenarios
(SSP245 and SSP585) in the future periods (2050s and 2090s). The main factors restricting their distribution were comprehensively
evaluated by the percentage contribution, the significance of displacement and the Jackknife method; Determine the optimal growth
environment range of S. subeaqualis according to the response curve; Based on ArcGIS10.4, the temporal and spatial change map of
potential suitable habitat and future suitable habitat of Hamamelis under different climate scenarios was drawn. The objectives of our
study were to (1) explore how the main climatic variables affect influence the distribution of S. subeaqualis; (2) reveal how the dis-
tribution pattern of S. subeaqualis has changed from the past to the future; (3) study and develop conservation strategies for
S. subeaqualis.
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2. Materials and methods
2.1. The study area

According to the literature, S. subeaqualis has a narrow distribution, and its main distribution is in the eastern part of China. The
climate in this region is warm and humid, with an annual average rainfall of 1100-1400 mm and an average annual temperature in the
range of 8.3-16.0 °C. S. subeaqualis is mainly distributed in Jiangsu, Zhejiang, and Anhui province [43]. Since the purpose of the study
was the prediction of the potential distribution area of S. subeaqualis, to avoid missing some areas where S. subeaqualis may exist,
28°-34°N and 110°-122°E were set as the study area in this paper (Fig. 1).

2.2. Distribution point collection and processing

The distribution data of S. subaqualis were obtained from the specimen database and literature records. Database including Global
Biodiversity Information Facility (GBIF, www.gbif.org), National Specimen Information Infrastructure (NSII, http://www.nsii.org.cn/
), Plant Photo Dank of China (PPBC, http://ppbc.iplant.cn/), Chinese Virtual Herbarium (CVH, http://www.cvh.ac.cn/), etc. The
literature records include documents collected in various literature databases such as China National Knowledge Infrastructure (CNKI)
and Web of Science (SCI), as well as native flora. A total of 163 species records of S. subaqualis were obtained. Artificial planting
distribution points, fuzzy recording distribution points and repeated distribution points were removed from the obtained S. subaqualis
distribution data. At the same time, in order to minimize the model error caused by clustering effect, one distribution point was
reserved in each 1 km x 1 km grid [44]. The geographical coordinate transformation and correction were carried out on the screened
record points, and 104 S. subaqualis natural distribution points were finally determined (Fig. 1), and CSV files were exported for use.

2.3. Climatic variable factor data acquisition and screening

The maps of China’s provincial administrative districts used in this study were derived from the National Geomatics Center of China
(http://www.ngcc.cn/ngee/). Climatic data of the Last glacial maximum (LGM, 22ka bp) and the mid Holocene (MH, 10ka bp) were
obtained using the CCSM4 model in Worldclim 1.4 (http://worldclim.org), while the current and future climatic data were obtained
using BCC-CMN2-MR in Worldclim 2.1. Future climate data include SSP2-RCP 4.5 (SSP245) and SSP5-RCP 8.5 (SSP585) climate
models, in which “SSP” represents Shared Socioeconomic Pathway, “RCP” represents Representative Concentration Pathway [45], and
SSP245 and SSP585 represent medium and high gas emission patterns, respectively. The emission models for both future concen-
trations were downloaded for the periods 2050s (2041-2060) and 2090s (2081-2100). Each period contains 19 climate variable
factors, and the spatial resolution accuracy of climate variable factors is 2.5’. In order to avoid the problem of over fitting the model due
to the multiple collinearity between climate variables, this study used Pearson correlation analysis on the R platform to screen climate
factors (Fig. 2), and retained the climate factors with correlation coefficient |r| < 0.9. Among the climate factors with correlation
coefficient |r| > 0.9 [21], the climate factors with the closest relationship between retention and growth of S. subeaqualis were selected
for prediction, and finally nine climate factors were screened, as shown in Table 1.
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Fig. 1. The distribution of S. subeaqualis.


http://www.gbif.org
http://www.nsii.org.cn/
http://ppbc.iplant.cn/
http://www.cvh.ac.cn/
http://www.ngcc.cn/ngcc/
http://worldclim.org

W. Lai et al. Heliyon 9 (2023) e14402

Biol I1

Bio2 05
Bio3

Bio4 O

Bio5

Bio6 I—O‘5
Bio7

Bio8

Biol0
Bioll
Biol2
Biol3

.1+ 08801 049,02 [N o1 [ ol
091012 00039 045 5088 016 00001007 SRS o1+ [0 1 [ 15
02 Biots

0.13 ! Biol7

0.30 0.16 F087-0.41 053 0. .13 [ Bio19
T 2 EEEEEREEERERER D @
©c o0 o oo o o o o o o o o o o o ©o o o o
= R W R O A QA o D R AR A A A A A A A A
S = N W A N NN O

Fig. 2. Correlation analysis of 19 climate factors.
2.4. Model parameter setting and accuracy evaluation

In this study, the MaxEnt model was used to predict the potential suitable areas in seven different climatic backgrounds of
S. subaqualis. After importing the distribution points and climate factors of S. subaqualis samples collected into MaxEnt software, 75%
sample data were randomly selected for training data and 25% for test data, and the maximum number of iterations was set as 1000.
Bootstrap10 is repeated, and other parameters are set to default values. The accuracy of simulation results was evaluated by Receiver
Operating Characteristic curve (ROC). The Area enclosed by the ROC and the abscissa is the AUC (Area Under Curve) value. The AUC
value ranges from O to 1, and the closer the AUC value is to 1, the better the prediction effect is. It is generally believed that AUC less
than 0.7 indicates very poor prediction effect, 0.7-0.8 indicates relatively accurate prediction effect, 0.8-0.9 prediction effect is very
accurate, and 0.9-1 prediction effect is extremely accurate [44,46,47].

2.5. Evaluation of model prediction results

2.5.1. Climatic factor importance assessment

The output results of MaxEnt software included Percent Contribution, Permutation Importance and Jackknife test. The above three
results were used to comprehensively evaluate the importance of climate factors on the contemporary geographical distribution
pattern of S. subaqualis. The Percentage Contribution is based on the specific algorithm to obtain the optimal solution, and the gain
value is improved by modifying the corresponding factor coefficient step by step. Finally, the gain value is allocated to the climate

Table 1
Filtered climate data.
Data Variable Specific name Unit
Climate factor Biol Annual mean air temperature °C
Bio4 Air temperature seasonality °C
Bio6 Min air temperature of the coldest month °C
Bio8 Mean air temperature of the wettest quarter °C
Bio9 Mean air temperature of the driest quarter °C
Bioll Mean air temperature of the coldest quarter mm
Biol4 Precipitation of the driest month mm
Biol7 Precipitation of the driest quarter mm
Biol9 Precipitation of the coldest quarter mm
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variable that determines the factor and presented as a percentage. In this process, if there are high correlation climate variables, the
results will not be accurate. The Permutation Importance only depends on the final result, which has nothing to do with the exact
algorithm. The result is based on the value of climate variables in the training point set by random replacement, and the decline
amplitude of the training AUC value caused by climate variables is measured. After normalization, the AUC value is output in the form
of percentage. Jackknife test is a demonstration method that selects one climate variable in turn or excludes one climate variable in
turn to build a species prediction model. The importance of climate variables to species was evaluated by comparing the differences of
Regularized training gain, Test gain and AUC values in the test results.

2.5.2. Response curve analysis

Response curve according to the curve of the species suitable as climate factor changes, the curve for a single climate factor, the
abscissa denotes the numerical range, in a logical output value as the ordinate, the logic of the output value is expressed as the climate
factor numerical probability species exist, namely suitable degree, of which 10% of MaxEnt simulation training existence threshold is
defined as a species threshold [48]. Therefore, the logical output values in the response curves were used to determine the appropriate
range of climate conditions for S. subaqualis.

2.6. Classification of fitness degree and change of geographical distribution pattern

The simulation result files of seven different climate scenarios of S. subaqualis obtained by MaxEnt were imported into ArcGIS for
grading zoning of suitable areas. In this study, the Jenks’ Natural breaks was used to divide the suitable areas into 4 grades: not suitable
(0 < P < 0.15), low suitabile (0.15 = P < 0.3), moderately suitable (0.3 = P < 0.5), and highly suitable (0.5 = P < 1) [49].

There are three survival modes of species in response to climate and environmental changes: disappearing, maintaining the status
quo, and migrating. Therefore, in this study, the “superposition analysis” tool in ArcGIS 10.4 is used to take the contemporary suitable
areas of S. subaqualis as reference, and the suitable range of the remaining periods is compared with it. According to the changes in the
range of S. subaqualis, it is defined as the following three types: (1) Preserving suitable areas (the intersection of suitable areas in
different periods and suitable areas in contemporary times); (2) Increase suitable areas. This kind of situation can be divided into the
areas suitable for contemporary but unsuitable for the last interglacial, the areas unsuitable for contemporary but suitable for the
future. (3) Loss of suitable areas. This situation can be divided into areas suitable for the last interglacial but not suitable for the present
and areas suitable for the present but not suitable for the future. Finally, ArcGIS 10.4 was used for area statistics and visual repre-
sentation [50].

3. Results
3.1. Analysis of model results
In this study, the MaxEnt model was used to predict the modern distribution area of S. subaqualis based on 104 species distribution

points. The output results of the model showed that the AUC value of the ROC curve of S. subaqualis was 0.994 (Fig. 3), which was
greater than 0.9, indicating that the accuracy of simulation results was extremely accurate.
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Fig. 3. ROC curve of MaxEnt results.
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3.2. Climatic factors affecting the spatial distribution of S. subeaqualis

In this study, nine climatic factors were selected for model building. Table 2 shows that the Precipitation of the driest quarter
(Biol7, 60.1%), the Mean air temperature of the coldest quarter (Biol1l, 25.4%), and the Annual mean air temperature (Biol, 8.2%)
ranked the top three, with a total contribution rate of 87.8%. The top three Permutation Importance values are Mean air temperature of
the coldest quarter (Bioll, 32.3%), Precipitation of the driest quarter (Biol7, 31.5%), and Precipitation of the coldest quarter (biol9,
16.2%), with a cumulative value of 80%. When a single environmental variable is excluded successively, Regularized training gain of
the model decreases most in Mean air temperature of the wettest quarter (Bio8), Annual mean air temperature (Biol), and the Pre-
cipitation of the coldest quarter (Bio19). The top three factors with the largest decrease in test gain are Precipitation of the coldest
quarter (bio19), Precipitation of the driest month (Bio14), and Mean air temperature of the wettest quarter (Bio8). The most decreasing
AUC values are Precipitation of the coldest quarter (Bio19), Precipitation of the driest month (bio14), Precipitation of the driest quarter
(Bio17), Mean air temperature of the coldest quarter (Biol1). The above results indicate that these climatic factors had no effect on the
growth of S. subaqualis. The above results show that these climatic factors play an important role in the growth of S. subaqualis
compared with other factors. When only a single environmental variable is used, the top three Regularized training gain of the model
are Precipitation of the coldest quarter (Bio19), Precipitation of the driest quarter (Biol7), Min air temperature of the coldest month
(Bio6). Min air temperature of the coldest month (Bio6), Precipitation of the driest quarter (Bio17), Precipitation of the coldest quarter
(Bio19) rank the top three in the Test gain. The three highest AUC factors are Min air temperature of the coldest month (bio6),
Precipitation of the coldest quarter (Bio19), Precipitation of the driest quarter (Biol7). These results indicate that these factors play an
important role in the growth of S. subaqualis (Fig. 4). Based on the above analysis, the precipitation factor is the first and the tem-
perature factor is the second most closely related to the distribution pattern of S. subaqualis. According to all the evaluation indicators,
it can be concluded that the main climatic factors affecting the distribution of contemporary S. subaqualis are Bio17, Bio19, Biol1, Bio6
and Bio8.

MaxEnt software running results show that the 10% training existence threshold is 0.3. According to the Response curve analysis
(Fig. 5), the suitable range of the main climatic factors affecting the distribution of S. subaqualis can be seen as follows: The Precip-
itation of the driest quarter (Bio17) is 100-175 mm, and the Precipitation of the coldest quarter (Bio19) is 110-180 mm, the Mean air
temperature of the coldest quarter (Biol1l) is 1-4 °C, the Min air temperature of the coldest month (Bio6) is 5-0 °C, and the Mean air
temperature of the wettest quarter (Bio8) is 22 °C-30 °C (the existence probability of S. subaqualis is unchanged after 30 °C).

3.3. Geographical distribution of S. subeaqualis under different climate scenarios

According to the collected information of S. subaqualis, the database of domestic and foreign papers and the data platform of plant
specimens, S. subaqualis is mainly distributed in Jiangsu, Anhui, Zhejiang, Henan and Hubei province in China. The prediction results
of this model (Fig. 6) shows that the potentially suitable area of S. subaqualis in contemporary times is much larger than the actual
collection and distribution range of this species (Figs. 1 and 6). In this period, the total suitable area of S. subaqualis is 11.575 x 10*
km?, accounting for 1.21% of the total area of the country (Table 3). Among them, the highly suitable areas are mainly distributed in
the Dabie Mountain area of Anhui, the southwestern area of Jiangsu, the junction of Jiangsu and Anhui, the junction of Anhui and
Zhejiang, and the scattered areas of Zhejiang, with an area of 1.424 x 10* km? accounting for 12.30% of the total suitable area.
Medium suitability areas cover Dabie Mountain area in the southwest of Anhui, southeast of Anhui, central and southern Jiangsu, and a
few areas in Zhejiang. The overall area of moderately suitable areas is about 3.826 x 10% km? accounting for 33.06% of the total
suitable area. Compared with medium and high suitability areas, low suitability areas are wider in southern Henan, northeastern
Hubei, central Anhui, central and southeast Jiangsu, and northwest Zhejiang. The total area of low suitability areas is 6.325 x 10 km?,
accounting for 54.64% of the total suitability areas. On the whole, the high suitability and moderate suitability areas of S. subaqualis
have shown an obvious “island” discontinuous distribution, but the low suitability area connects the moderate suitability area and high
suitability area, so the whole suitability area of S. subaqualis has a certain connectivity.

Table 2

Various parameters of the main environmental variables of S. subeaqualis.
Environmental variables PC (%) PI (%) RTGw RTGo TGw TGo AUCW AUCo
Precipitation of the driest quarter (Biol7) 60.1 31.5 3.8861 2.3083 4.0622 2.4032 0.9938 0.9656
Mean air temperature of the coldest quarter (Biol1) 19.5 32.3 3.8968 2.0426 4.0717 2.2693 0.9939 0.9611
Annual mean air temperature (Biol) 8.1 9 3.8678 1.4126 4.0869 1.5731 0.994 0.9216
Min air temperature of the coldest month (Bio6) 5.7 0 3.9043 2.1665 4.0819 2.44 0.994 0.9688
Mean air temperature of the wettest quarter (Bio8) 2.6 8 3.8195 0.6134 4.0619 0.633 0.9941 0.7915
Mean air temperature of the driest quarter (Bio9) 1.4 1 3.8996 1.4406 4.0856 1.4849 0.994 0.9138
Air temperature seasonality (Bio4) 1.2 0.8 3.9031 1.4615 4.0819 1.7673 0.994 0.9413
Precipitation of the coldest quarter (Bio19) 1.1 16.2 3.8687 2.3228 4.0275 2.3941 0.9937 0.9662
Precipitation of the driest month (Bio14) 0.2 1.3 3.8926 2.1583 4.0562 2.2392 0.9938 0.9594

Note: PC is Percent contribution; PI is Permutation importance; RTGw is the regulariaed training gain using without the variable; RTGo is the
regulariaed training gain using the only variable; TGw is the test gain using without the variable; TGo is the test gain using the only variable; AUCw is
the area under the receiver operating characteristic curve using without the variable; AUCo is the area under the working characteristic curve of the
subjects using the only variable.



W. Lai et al.

B Without variable

Heliyon 9 (2023) e14402

M With only variable ™ With all variable

Biol
}é Bioll
= Biol4
> Biol7
<
2 Biol9
g Bio4
2 Bio6
Z Bio8

Bio9

Regularized training gain

N
0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00

AUC

Test gain

Fig. 4. Main evaluation parameters for the main environmental variables.

0.7f 0.7 06
0.6f
0.6 0.5
2 0.5
H 0.5 04
3 04 0.4
£ 03 03 L
& 02l 02 02
0.1+ 0.1 0.1
0.0 0.0 0.0
50 0 50 100 150 200 250 300 350 550 0 50 100 150 200 250 300 350 400 450 -35 -30-25-20 -15-10 -5 0 5 10 15 20 25
Biol7 (mm) Biol9 (mm) Biol1(°C)
0.6 0.6
_ 0.5 0.5
=
£ 04 0.4
o
b= 0.3 03
E‘) 0.2 0.2
0.1 0.1
0.0 {00
-45 -40-35-30-25-20 -15-10-5 0 5 15 20 25 -20-15-10 -5 0 5 10 15 20 25 30 35 40
Bio6 (°C) Biog (°C)
Fig. 5. Response curve analysis of main climatic variables of S. subeaqualis.
110°E 112°E 114°E 116°E 118°E 120°E 122°E
s
36°N 36°N
34°N 34°N
2°N 2°N
5 2 0 130 260 km
S E— |
Habitat Suitabili
30°N 30°N il
E Unsuitability
I Low suitability
28°N 28°N | Medium suitability
T
Il High suitability

110°E 112°E 114°E 116°E 118°E 120°E 122°E

Fig. 6. Prediction of modern geographical distribution pattern of S. subeaqualis by MaxEnt model.



W. Lai et al. Heliyon 9 (2023) e14402

Table 3

The change of suitable area of S. subeaqualis in different periods (unit: x 10* km?).
Period LGM MH Current SSP245 SSP585

2050s 2090s 2050s 2090s

Lowly suitable area 6.885 5.847 6.325 7.278 6.262 5.660 7.469
Modium suitable area 3.726 4.594 3.826 3.618 3.469 2.488 4.038
Highly suitable area 2.653 1.424 1.424 1.174 1.622 1.406 1.418
Total suitable area 13.264 11.865 11.575 12.069 11.352 9.554 12.925
Percentage of total suitable area 1.382% 1.236% 1.206% 1.257% 1.183% 0.995% 1.346%

Note: The percentage is the ratio of suitable areas to national land surface area (960 x 10* km?) under different climatic scenarios.

Based on the climate data of four climate emission scenarios, LGM, MH, SSP245 and SSP585, the potential geographical distri-
bution pattern of S. subaqualis under different climate scenarios was simulated using MaxEnt, and the geographical distribution map
(Fig. 6) and area (Table 3) of S. subaqualis under different climate scenarios were obtained. The results showed that the geographical
design of the distribution area of S. subaqualis for all climatic scenarios was generally consistent and contained the areas of Henan,
Jiangsu, Anhui and Zhejiang province. In the LGM, the total suitable area of S. subaqualis increased by 1.689 x 10* km? compared with
the present, among which, the high suitable area and low suitable area increased by 1.229 x 10* km? and 0.561 x 10* km?,
respectively, while the medium suitable area decreased by 0.101 x 10* km?. In the MH, the total suitable area of S. subaqualis was only
0.290 x 10* km? more than that of the present. The highly suitable area was 1.424 x 10* km?, and the medium suitable area was 0.767
x 10% km? more than that of the present. The low suitable area was 0.477 x 10* km? less than the contemporary area. Compared with
the current period, under the two future emission scenarios (SSP245 and SSP585), the change of the total adaptation area of
S. subaqualis presented two different trends. From contemporary to 2090s, the suitable area of S. subaqualis in SSP545 situation showed
an increase and then a decrease, while that in SSP585 situation showed a decrease and then an increase. In the SSP245 climate
scenario, the medium area of S. subaqualis broke in 2050 and resumed connectivity in 2090. In the 2050s, the areas of low and high
suitable areas of S. subaqualis were both larger than that of the present, while the areas of medium suitable areas were smaller than that
of the present. The overall suitable area of 2090s is reduced by 0.222 x 10* km?, but the highly suitable area was increased by 0.198 x
10* km?. In the scenario of SSP585, the suitable area of S. subaqualis in 2050 was greatly reduced, and the reduced area was 2.021 x
10* km?, which was smaller than the contemporary area. In 2090, there was a discontinuity in the suitable area of S. subaqualis, but the
total area rose up and was larger than the contemporary area, and the increased part was low and medium suitable area.

3.4. Distribution pattern change of S. subaqualis in future climate scenario

Based on the distribution of potential suitable areas of S. subaqualis under different climate scenarios predicted by MaxEnt (Figs. 6
and 7), the spatial and temporal changes of potential suitable areas of S. subaqualis under different climate scenarios in different

110°E 112°E 114°E 116°E 118°E 120°E 122°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E

LG g\w;H T [ sspias. 2050s§N e sspfzs-zosos é =g
36°N i} : . > 36°N
34N ~ ) E/‘N/ : 340N
4 S
32°N+- \i\ 32°N
28°N . 28°N
SSP{45-20905
36°N: 36°N
é/ /J«—)
34°N 34°N
—
32°N \i 32°N
300N Kff{f» 30°N
28°N 2 j( 28N
11

0°E 112°E 114°E 116°E 118°E 120°E 122°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E 110°E 112°E 114°E 116°E 118°E 120°E 122°E

N
A Habitat Suitability Unsuitability [ Low suitability Medium suitability I High suitability Ll

Fig. 7. Geographical distribution of S. subeaqualis under different climatic scenarios.



W. Lai et al. Heliyon 9 (2023) e14402

periods were obtained by visual processing using ArcGIS14.0 software (Fig. 8). The results (Table 4) show that the change degree of the
LGM period is greater, as high as 13.08%, and the loss area is 3.660 x 10% km?2. The loss area is mainly in eastern Zhejiang, the junction
of Hubei and Henan, and a few areas in northern Anhui and Jiangsu, and the increase area is mainly in Anhui and Jiangsu province. In
the MH, the suitable area of S. subaqualis changes little, only by 1.80%. The area of increase and decrease is small, and sporadically
appear around the suitable area. Under the SSP245 scenario, the habitat of S. subaqualis increases by 3.359 x 10* km? in 2050s, with an
increase rate of 29.24%, while the area of retains habitat is 8.595 x 10* kmz, with a retention rate of 65.14%, and 2.896 x 10* km? is
lost, with a loss rate of 21.95%. And by 2090, the increase area of S. subaqualis decreases and the loss area is the same as in 2050,
making the overall still 1.71% less than contemporary. Under the SSP585 scenario, in 2050, the suitable area of S. subaqualis increases
by 1.805 x 10* km?, and 3.928 x 10* km? is lost, making the overall area 16.09% smaller than the contemporary area. But in 2090,
S. subaqualis increases by 3.049 x 10% km?, and only lost 1.725 x x 10% km?, making the overall area 10.03% more than the
contemporary area.

4. Discussion
4.1. Reliability analysis of model prediction

In this study, the MaxEnt model and ArcGIS software were used to predict and analyze the potential habitat range of the endemic
and endangered plant S. subaqualis in China. The present study predicts that S. subaqualis is mainly distributed in southern Henan ,
central and southern Anhui and Jiangsu province , scattered areas in northwestern and central Zhejiang province, and a few areas in
eastern Hubei Province, in which the range of medium and high suitable areas predicted by the results is basically consistent with the
known distribution of S. subaqualis [51] and previous predictions [40], which greatly indicates that the results of this study have a high
degree of confidence. However, comparing with previous studies, it was found that Ge and Zhang [40] in their study predicted the
suitable area of contemporary S. subaqualis to be only 13.305 x 10* km?, which is somewhat different from the 11.575 x 10* km?
predicted in this paper. The reasons for this may be as follows: (1) the difference in the number of species samples retained and
involved in modeling can cause different prediction results; (2) the choice of climate models and the difference in accuracy can cause
different results; (3) the difference in the choice of climate factors involved in modeling can also affect the prediction results (4)
different methods are used to classify the suitable habitat. In addition, the above-mentioned reasons are equally influencing the ac-
curacy of the prediction results of the species distribution models, such as the reliability of the species distribution samples or whether
the climate variables involved in the modeling are closely related to the habits of the organisms after screening by correlation analysis.
Therefore, in the future research process, the collection of sample sites should be prioritized with reference to existing records and
combined with fieldwork, and the modeling should be based on the habitat of species to screen out relevant climatic factors to improve
the accuracy of prediction results as much as possible.

In comparison with the available literature, the results of this study showed that the range of suitability of contemporary
S. subaqualis was larger, probably due to the fact that only climatic factors were used to discuss the effect of hydrothermal conditions on
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Table 4

Spatial variation in suitable distribution area of S. subeaqualis in different periods.
Period Area ( x 10* kmz) Change Rate (%)

Increase Reserved Lost Change Increase rate Reserved rate Lost rate Change rate

LGM 1.934 9.534 3.660 -1.726 14.66% 72.26% 27.74% —13.08%
MH 1.684 9.774 1.921 —0.237 14.40% 74.08% 14.56% —1.80%
SSP245-2050s 3.359 8.595 2.896 0.463 29.24% 65.14% 21.95% 3.51%
SSP245-2090s 2.615 8.656 2.841 —0.226 22.74% 65.61% 21.53% -1.71%
SSP585-2050s 1.805 7.566 3.928 —-2.123 15.70% 57.34% 29.77% —16.09%
SSP585-2090s 3.049 9.768 1.725 1.323 26.53% 74.04% 13.08% 10.03%

S. subaqualis in this study. The main reason for using only climatic factors in this study is to investigate the dynamics of the distribution
patterns of S. subaqualis caused by different climatic scenarios. Although climatic factors are the main determinants of species dis-
tribution at global, continental or regional scales [52-54], the distribution of species can be influenced not only by climate but may be
limited by habitat conditions and biological factors [55]. For example, human activity is the most important environmental parameter
affecting the distribution of the three Ephedra species [56]. The weak interspecific competition and the strong influence of human
activities [57-60] have been shown to greatly constrain the survival space and population size of S. subaqualis. It is expected that
subsequent studies will include human activities and more environmental variables to explore the key factors governing the
geographical distribution of S. subaqualis more comprehensively and systematically, so as to further improve the accuracy of
prediction.

4.2. Analysis of factors restricting the distribution of S. subaqualis

The results showed that the cumulative contribution rate of precipitation factor is 59.6%, and the cumulative contribution rate of
temperature factor is 40.4%. The reason for this result may be related to the environmental requirements of S. subaqualis, which is
mainly distributed in mountain slopes and gullies and has a great demand for water. For example, the photosynthesis of S. subaqualis is
mainly restricted by water conditions. When the soil moisture content was more than 60%, S. subaqualis had the maximum photo-
synthetic rate [36,61]. In addition, atmospheric relative humidity (RH) was the main factor affecting the net photosynthetic rate of
sapling hamamelis in May [62]. Good water conditions are conducive to the accumulation of more organic matter in S. subaqualis, so as
to better promote the growth and development of S. subaqualis. At the same time, water also affects the pollination process of
S. subaqualis. Its pollen is easily lost by rain, which hinders cross pollination and makes pollination difficult. This also becomes one of
the reasons why S. subaqualis is in an endangered state [29]. Among the water factors, the Precipitation of the driest quarter (Bio 17) is
the key water factor that restricts the geographical distribution of S. subaqualis. With the decrease of precipitation, the suitability of
S. subaqualis is decreasing. S. subaquali is mainly distributed in East China, where the driest season is in winter and spring, and the
precipitation in winter and spring is one of the important conditions for the survival of endemic plants in East China [63]. In addition,
the phenology showed that the fruit stage of S. subaqualis was about the middle of October, and the seeds popped in the second half of
that month. When the winter is too dry, the seeds of most plants that mature in the fall are more susceptible to dehydration and death
[64,65]. Therefore, the Precipitation of the driest quarter (Bio 17) was closely related to the successful completion of life history of
S. subaqualis. Besides water factor, temperature factor also restricts the distribution of S. subaqualis. The strong cold current attack is
not conducive to the growth of the flower buds in the germinating stage, and the appropriate temperature can help to break the
dormancy of seeds and to improve the germination rate and germination potential of seeds [66,67]. Previous studies have shown that
temperature is an important factor affecting the germination of S. subaqualis seeds, and the optimal germination temperature range is
20-25 °C [68]. Therefore, temperature is also important for the growth of S. subaqualis. It is worth noting that the Mean air tem-
perature of the coldest quarter (Biol1) among the temperature factors has the greatest impact on the distribution of S. subaqualis. This
again shows that S. subaqualis has a high demand for water and a certain demand for temperature. Based on the above analysis, it can
be concluded that the key factor affecting the distribution of S. subaqualis is the Precipitation of the driest quarter (Biol7), and the
temperature factor is the Mean air temperature of the coldest quarter (Bio11), which is consistent with the biological characteristics of
S. subaqualis that likes humidity and temperature.

The geographical distribution pattern of plants is often restricted by hydrothermal conditions. Studies have shown that heat affects
the distribution of plants in the northern and southern latitudes, and water affects the distribution of vegetation from the coast to the
interior [69]. Based on the response curves, we boldly speculate that the Precipitation of the driest quarter (Bio17) limits the growth of
S. subaqualis to central Hubei, and the Mean air temperature of the coldest quarter (Bio11) limits the growth of S. subaqualis to northern
Jiangsu and southern Zhejiang. These factors may be one of the important reasons for limiting the growth of S. subaqualis in the
subtropical area of East China.

4.3. Distribution pattern and change of S. subaqualis in different periods
Since Quaternary, species distribution patterns have been strongly influenced by climate [70]. During the LGM, the global cooling
caused the decrease of forest area in different regions, and the forests in the warm temperate zone in eastern China gradually moved

south [71]. The results of this study showed that S. subaqualis involved more extensive areas in the southern suitable area of LGM, such
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as the eastern part of Zhejiang province, than in the contemporary period, indicating that the cold climate affected the suitable range of
S. subaqualis to a certain extent. It is worth noting that the suitable area of S. subaqualis in the LGM period was larger than that in the
contemporary period, especially the area of high suitability increased by 1.229 x 10* km?2, which may be due to the influence of terrain
factors. Even if the temperature decreased, the humidity in the subtropical mountain area in the LGM period did not change much,
which was conducive to the growth of hygro-loving plants. Studies on plant phylogeography have revealed the existence of climatic
refuges for plants to cope with climate change, for example, some areas of Sierra Madre in eastern Mexico are the climatic refuges of
Fagus mexicana in LGM, a gene relicent plant that is about to die out [72]. MaxEnt results showed that the highly suitable areas of
S. subaqualis were mainly located in the mountainous areas of Jiangsu province, Dabie Mountain area of Anhui province, and West
Tianmu Mountain area of Zhejiang province during the LGM period. As one of the highly suitable areas for S. subaqualis, the western
Tianmu Mountain in Zhejiang province has an ancient geology, and only the foothills were slightly invaded during the Quaternary
glacial period, so the native vegetation was intact. By using AFLP markers and chloroplast DNA (cpDNA) sequences, some scholars
have speculated that the western Tianmu mountain area is one of the climate shelters for residual Ginkgo biloba [73]. Compared with
the contemporary distribution area of S. subaqualis, the suitability of these mountain areas did not change significantly, indicating that
these areas could provide a suitable environment for S. subaqualis population during the glacial period. Therefore, it is speculated that
the mountain areas of Jiangsu , Dabie Mountain area of Anhui and western Tianmu Mountain area of Zhejiang province were the
sanctuaries of S. subaqualis during LGM.

From LGM to MH, some suitable areas of S. subaqualis had higher latitude. The reason for this phenomenon may be that the climate
of the MH was more humid and the precipitation intensity was greater than that of the LGM. In this climate, the vegetation that liked
temperature and humidity would migrate northward in a small extent. However, in MH, the suitable area of S. subaqualis was reduced
t0 11.865 x 10* km?, and the overall suitable area fragmentation was intensified. The reason may be that the increase of precipitation
in MH led to the change of the suitable area of S. subaqualis. According to the response curve in the results (Fig. 5), when the pre-
cipitation exceeds a certain limit, the distribution of S. subaqualis will be greatly restricted.

As the global climate continues to warm [74,75], plants and animals will gradually migrate to higher altitudes or higher latitudes
[76,77] and the potential suitable areas of species will change accordingly. The results of this study showed that the future change
trend of S. subaqualis suitable areas were complex and varied, and there was no obvious trend of migration to high latitude and altitude.
However, from the perspective of distribution range, the suitable area of SSP245 and SSP585 did not decrease significantly at the end
of this century under different scenarios, especially the SSP585-2090s increased by 1.351 x 10* km? compared with the contemporary
period. This situation is different from the results of the study that the distribution range of the large group will be reduced [78]. So
why has this happened to S. subaqualis? Studies have shown that certain plants with narrow geographic ranges but relatively wide
altitude ranges may be more tolerant to climate change and have the potential to expand [79]. This also suggests that S. subaqualis may
migrate to higher altitudes in response to climate change in the future. In addition, small-scale species living in a warm climate
environment will continue to benefit even from climate change [80]. S. Subqualis likes warm and humid climate, so it may benefit from
climate change.

Taken together the above analysis, from the LGM to the future, the potential distribution pattern of S. subaqualis has a tendency of
repeated contraction and expansion.

4.4. Conservation strategies of S. subaqualis

In response to global climate change, countries have actively implemented a series of strategies, measures and actions. There is
reason to believe that the future direction of climate change is more likely to be towards SSP245 or even lower emissions. Such a
development direction seems to be more conducive to the survival of S. subaqualis. However, according to the study in this paper, under
the SSP245 scenario, S. subaqualis still has the status quo of habitat fragmentation. The discontinuity of habitats will lead to the
isolation of S. subaqualis populations, limit their species diffusion, hinder gene exchange among populations, and lead to the reduction
of genetic diversity, then affect the quantity and quality of individuals in the population, which is not conducive to the evolution of
S. subaqualis. The overall degree of fragmentation of contemporary suitable areas is not serious, but the distribution of medium and
highly suitable areas has shown an “island”. Therefore, under the current situation, we should take active and effective measures to
gradually slow down the adverse effects of climate change on S. subaqualis. In addition, these stable areas should be divided into
S. subaqualis germplasm resource conservation area and artificial planting area. This not only strengthens the protection of
S. subaqualis germplasm resources, but also helps to improve the quality of cultivation, so that it can give full play to its ecological
benefits and scientific research value. At the same time, the corresponding protection policies should be formulated, the protection
publicity should be intensified, and the man-made damage should be reduced as far as possible. For S. subaqualis increasing area, it is
suggested to make a reasonable and comprehensive land planning, set up S. subaqualis introduction demonstration area, observe the
introduction effect in advance, and prepare for the protection of S. subaqualis. For its loss areas such as Anhui and Jiangsu province,
S. subaqualis germplasm bank should be established in advance, and the changes of S. subaqualis germplasm resources should be fully
investigated, collected and dynamically monitored to avoid the loss of genetic information of S. subaqualis in different provenance
areas. In addition to the macro planning, special attention should be paid to the biological characteristics and habitat protection of
S. subaqualis. At present, S. subaqualis has problems such as pollination difficulty, low seed setting rate, weak interspecific competi-
tiveness, and vulnerability to pests and diseases. Solving the above problems is also a key link to protecting the germplasm resources of
S. subaqualis.
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5. Conclusion

(1) Inthis study, MaxEnt model was used to simulate the potential habitat of S. subaqualis under different climatic backgrounds. The

results showed that the main environmental factors affecting the geographical distribution pattern of S. subaqualis were Pre-
cipitation of the driest quarter (Biol7), Precipitation of the coldest quarter (Bio19), Mean air temperature of the coldest quarter
(Biol1), Min air temperature of the coldest month (Bio6) and Mean air temperature of the wettest quarter (Bio8). Water factor is
the main climatic factor restricting the growth and distribution of S. subaqualis.

(2) The potential suitable areas for S. subaqualis are mainly distributed in the junction of Jiangsu, Anhui, Zhejiang and Henan,

Hubei and Anhui province under contemporary climatic conditions. From the past to the future, S. subaqualis population
decreased to different degrees, but the distribution range remained the same in all periods. During the LGM, The S. subaqualis
population includes the great mountains of Anhui and the west of Tianmu mountains of Zhejiang province as glacial refugia.
After entering the MH, the suitable area of S. subaqualis undergoes a small northward shift. In the future climate scenario,
S. subaqualis may migrate to higher elevations. With the gradual warming of the climate, S. subaqualis population may benefit
from climate change, but the problem of habitat fragmentation is still serious and the survival crisis of the population still exists,
which may not be conducive to the evolution of S. subaqualis population.

(3) The distribution pattern of S. subaqualis in the future will be retained, increased, and lost. Therefore, when formulating a

protection strategy for S. subaqualis against climate change, it is necessary to combine the actual situation and implement
regional policies. In addition, the development of germplasm resources protection strategy for S. subaqualis should not only
macro planning, but also specific to its biological characteristics.
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