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Abstract

Lycii Cortex is a frequently utilized traditional Chinese medicine with notable therapeutic properties. The
impact of climate change on its distribution and quality of Lycii Cortex s a significant concern. In this
study, it investigated the geographic distribution of two sources of plants for Lycii Cortex and collected
data on the distribution of samples from different origins via an online survey. HPLC was employed to
ascertain the concentrations of kukoamine B and kukoamine A in the samples. Subsequently, the
integrated ecological factor data were employed to forecast the prospective expansion areas of Lycium
Chinese Mill. and Lycium barbarum L. under future climatic conditions, the migration trajectory of
suitable habitat centers of mass, and the potential impact of climatic factors on the quality of Lycii
Cortex at varying times using Maxent and ArcGIS. The current climate scenario indicates that suitable
habitats for L. barbarum are primarily distributed in the northern, northwestern, and southwestern
regions of China, while L. Chinese is predominantly distributed in the central, southern, and southeastern
regions of China. In the RCP4.5 from 2050s to 2070s, the total area deemed suitable for both two Lycii
Cortex species is significantly reduced. The mean distribution center of L. barbarum shifted towards
higher latitudes, while that of L. Chinese shifted towards lower latitudes. It was predicted that in the
future, the area of suitable quality of Lycii Cortex would appear to decrease. The results of this study can
provide a reference for the determination of the suitable cultivation area of Lycii Cortexin China and the
sustainable development of two Lycium species resources.

Background

Climatic factors significantly influence the geographical distribution of species. The growth of the
population has been demonstrated to result in increased resource demand and energy consumption,
which has been shown to lead to elevated carbon emissions. These changes will lead to an increase in
adverse impacts on future climate and a continuous rise in global temperatures [1]. Global warming and
the increased frequency of extreme weather events are expected to alter the geographical distribution of
numerous plant species [2-4]. It is predicted that under future climate scenarios, the distribution area of
Acacia mearnsii, a harmful weed, will expand in Asia. Furthermore, global climate change is likely to
increase the risk of invasion of this plant in Asia [5]. Vishnu posited that climate fluctuations may result
in a reduction of suitable habitats for the Indigenthus virus (Roxb.) in India and Sri Lanka, both currently
and in the future [6]. Moreover, the effects of climate change on the distribution and bioactive
components of medicinal plants warrant further investigation [7]. For instance, Uranishi et al studied the
significant changes in the content of chlorogenic acid and dicaffeoylquinic acid isomers in the leaves of
Chrysanthemum indicum L. under the influence of environmental factors. And climatic change was
found to have the most significant impact on the suitability of its habitat [8]. It can be reasonably
deduced that the suitability of a habitat has a considerable influence on the accumulation of secondary
metabolites in medicinal plants [9-11].

Lycii Cortex, commonly referred to as wolfberry root, is derived from the dried root bark of the
Solanaceae plant Lycium chinense Mill. or Lycium barbarum L. [12]. Lycii Cortex is widely used in
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proprietary Chinese medicines and Chinese herbal formulas [13], and can effectively treat vomiting
blood, hemoptysis, and lung-heat cough. Recent studies have demonstrated that Lycii Cortex has the
capacity to reduce blood sugar, blood pressure, blood lipids, and anti-osteoporotic activity [14, 15]. A
considerable number of active ingredients are present in Lycii Cortex [16]. However, there is currently no
established standard for determining the content of indicator ingredients in Lycii Cortex as outlined in
the Chinese Pharmacopoeia [12]. In recent years, there have been many reports of alkaloids such as
kukoamine B and kukoamine A in Lycii Cortex[17, 18]. Li et al. mention that kukoanes B may regulate
nuclear transcription factors to reduce inflammation [19]. Kukoanes A and B have been demonstrated to
treat Alzheimer's disease (AD) and type 2 diabetes (T2D) by inhibiting amyloid aggregation [20]. Studies
indicate that Lycii Cortex requires 4-5 years of growth to accumulate adequate active ingredients [21]. It
is plausible that climate factors exert a considerable influence on its growth. Furthermore, previous
historical research on the origin of Lycii Cortex indicates that climate change may also affect the
changes in the origin of two sources of plants for Lycii Cortex [22]. Climate change and environmental
overexploitation have significantly diminished the wild resources of Lycii Cortex [23]. Nevertheless, the
majority of studies on the composition and pharmacological activity of Lycii Cortex have concentrated
on its components [24, 25]. In contrast, studies examining the overall distribution and quality evaluation
of this plant are scarce, with a greater focus on the study of Chinese wolfberry [26-28].

To evaluate the influence of climate change on species distribution, this study utilizes representative
concentration pathways (RCP2.6, RCP4.5, and RCP8.5) for the 2050s and 2070s, which model potential
greenhouse gas emissions [29—31]. The focal point of this study is the direct impact of natural
environmental variables on species distribution, precluding the involvement of socio-economic driving
factors such as urbanization and agricultural expansion. Consequently, the Representative Concentration
Pathways (RCPs) provide clear climate forcing pathways, thereby circumventing uncertainty introduced
by complex socio-economic parameters. Consequently, the Shared Socioeconomic Pathways (SSP)
pathway, which incorporates a more comprehensive range of socio-economic factors, was not selected.
The Maximum Entropy Model (Maxent) is a statistical model that correlates species occurrence with
environmental variables. Its objective is to predict potential spatial shifts, identify influencing factors and
determine the likely direction of migration of species distribution [32]. Maxent is widely utilized for its
simplicity, rapid modeling capabilities [33], and effectiveness in predicting species distribution,
particularly with small sample sizes and limited geographic ranges [34]. It is also recognized for its
accuracy and reliability [35]. Maxent has been extensively applied to predict suitable regional and
geographic distributions of various medicinal plant species, including simulations of climate change
effects on the distribution of C. arabica in Ethiopia [36]. Hosseini et al. utilized the Maxent model to
predict the distribution area of two Thymus species in Iran under climate change [37]. Furthermore, there
have been studies employing the Maxent model to investigate the impact of climate change on the
future distribution of three Ferulago species in Iran [38]. Similarly, Waheed et al. employed the Maxent
model to forecast the potential geographic range of invasive species, such as X. strumarium, in Pakistan
under the influence of climate change [39]. Furthermore, researchers studying Lonicera japonica Flos.
integrated chemical content analysis with Maxent to assess the influence of ecological factors on
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quality, predict suitable habitats under various scenarios, and generate high-resolution habitat maps [40].
Various chemical indicators have been employed in these studies to evaluate how habitat suitability
affects medicinal quality [41]. HPLC is used to determine the content of chemical components, which
has high sensitivity and can quickly and efficiently separate and detect the type and content of
compounds in samples. It is instrumental in assessing differences in secondary metabolites of
medicinal plants across various regions [42]. Alkaloids represent the primary active ingredients within
the secondary metabolites of Lycii Cortex. Among these, kukoamine B and kukoamine A are the
predominant alkaloid components within Lycii Cortex. Accordingly, two alkaloidal components,
kukoamine B and kukoamine A, were selected for this study as indicators for the determination of the
content of active ingredients of Lycii Cortex. The objective of this study is to evaluate the habitat
suitability of two sources of plants for Lycii Cortex, L. barbarum and L. Chinese, derived from disparate
sources, in the context of both the present and future climates.

To this end, the study will integrate data on their geographical distribution, information on the quality of
their effective ingredients, and climate factors. Explore the relationship between climate factors and two
bioactive alkaloids in Lycii Cortex, conduct quality suitability analysis, predict the quality suitability areas,
and provide scientific basis for the sustainable development of two Lycium species and environmental
protection of suitable planting areas.

Materials and methods
Species occurrence records and sample collection

Data from L. barbarum and L. Chinese sources across China were obtained from the China Virtual
Herbarium (CVH) (https://www.cvh.ac.cn/) and the Global Biodiversity Information Facility (GBIF)
(https://www.gbif.org/). L. barbarum and L. Chinese samples were found throughout China. L. barbarum
was predominantly distributed in Ningxia, Xinjiang, and Inner Mongolia, aligning with recent studies on
its distribution [43]. In contrast, L. Chinese was mainly found in central and southern China, consistent
with Tang et al.'s observations [44]. Additionally, 14 records of Lycii Cortex were collected from various
provinces: 4 from Henan, 2 from Shanxi, 2 from Jiangsu, and 1 each from Shaanxi, Hebei, Hubei, Anhui,
Guangdong, and Jilin.

The 154 occurrences for L. barbarum and 740 occurrences for L. Chinese were collected in this study. To
reduce sampling bias, we remove duplicate samples and obvious geocoding errors or blurred data as
much as possible. At the same time, considering the large scale of the study, we refer to other people’s
data screening methods and the rationality and accuracy of the model operation [45]. To minimize
sampling bias and eliminate the risk of counting the same points more than once, we consider non-
overlapping observations obtained using a fishing net [46], and samples were screened within 16 km x
16 km geographic grids based on established data screening methods [47, 48]. For grids with multiple
Lycii Cortex samples, the sample nearest to the grid center was chosen as the representative sample.
After applying the fishing net screening in ArcMap, 70 L. barbarum occurrences and 216 L. Chinese
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occurrences were identified (Fig. 1). The occurrence records for two sources of plants for Lycii Cortex
were compiled into a '.csv' file for model construction using Maxent software.

Model construction of the species distribution

The 19 bioclimatic variables were identified as critical factors in developing niche models for the
distribution of two species. Data from the Geospatial Data Cloud (https://www.gscloud.cn/) and the
Global Climate Database (http://www.worldclim.org/) were utilized, covering the current period (1970~
2000) and future projections for the 2050s (2041-2060) and 2070s (2061-2080). Bioclimatic variables
(Bio1 ~ Bio19) had a spatial resolution of 1 km x 1 km and were analyzed under three greenhouse gas
emission scenarios: RCP2.6, RCP4.5, and RCP8.5, derived from the Fifth Assessment Report of IPCC
(Table S1).

The 19 climate variables were screened by using Pearson correlation analysis, minimizing the risk of
overfitting due to multicollinearity [49]. Climatic factors with high collinearity (r > 0.8) which deemed
significant for two Lycium species growth were retained, and therefore were retained for analysis. The
jackknife test method was employed to assess the relative importance of each environmental variable
[50]. Subsequently, on the basis of the actual growth conditions of two Lycium species and the extant
literature on the environmental response of Lycium plants and closely related taxa, a subset variable was
retained for further analysis [43, 44]. We iteratively run the Maxent model, removing variables with 0
contribution at each step, and repeat this process ten times to obtain the final set of participating
climate factors, with all other parameters set to default values. Based on previous researchers’ methods,
correlation analysis and Jackknife experiments (Fig. S1) identified 9 climatic factors for L. barbarum and
11 for L. Chinese, which were used for Maxent modeling (Table 1) [45]. This model was used to predict
the potential distributions of L. barbarum and L. Chinese under current and future scenarios. The model
was constructed using Maxent software (version 3.3.3k, Steven Phillips et al., New York, NY, USA). The
software prevents sampling from non-occurrence habitats of the target species or compensates for
survey bias using coordinate data [51].

In this study, the maximum number of background points was set to 1 x 10% while the maximum number
of iterations was set to 1 x 10° during data processing. The Maxent model utilizes an ASClI-coded file
containing geographical distribution and environmental factor information for two sources of plants for
Lycii Cortex. The 75% percent of the randomly selected distribution data was used to train the model,
while the remaining 25% was reserved for testing and validation. The model's predictive power was
evaluated by calculating the area under the receiver operating characteristic (ROC) curve (AUC) [52]. The
AUC value indicates the model's performance, ranging from 0 to 1, with values closer to 1 representing
stronger predictive accuracy. The AUC > 0.9 signifies optimal modeling results, AUC values between 0.7
and 0.9 are considered good, while the AUC < 0.7 generally indicates moderate model performance [53,
54]. Using the reclassification tool in ArcMap10.8 and referring to the method of Li et al., it was used to
categorize the occurrence probability of the two Lycii Cortex species into four levels: unsuitable area (0-
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0.2), poorly suitable area (0.2-0.4), moderately suitable area (0.4-0.6), and highly suitable area (0.6-1)
[45]. Next, the center of suitability in the ecologically suitable area was analyzed using centroid
migration. The spatial statistics tool was used to determine the average center of the ecologically
suitable area, while local analysis merged periods under the same greenhouse gas emission scenario.
The centroid migration trajectory was last derived using the point set transfer line function.

HPLC chemical composition analysis

Store the collected Lycii Cortex samples in a cool, dry, and well-ventilated area. Add 0.5 g of sample
powder to 5 mL of a methanol-0.5% acetic acid aqueous solution, followed by ultrasonication for 35 min
and centrifugation for 20 min. The supernatant is then filtered through a 0.22 pm membrane to prepare
the test solution. The chemical composition was analyzed using HPLC equipped with a Zorbax SB-AQ
C,g column (250 mm x 4.6 mm, 5 pm). The mobile phase consisted of acetonitrile (A) and 0.1%
trifluoroacetic acid in water (B). The gradient elution protocol was as follows: 0—20 min, 90-85% B; 20—
30 min, 85-82% B; 30—35 min, 82-78% B; 35—50 min, 78—-55% B; 50-60 min, 55-5% B; 60—65 min, 5% B.
The total run time was 65 min, with a flow rate of 1.0 mLemin-", detection wavelength of 280 nm,
injection volume of 10 pL, and column temperature maintained at 40°C. Concurrently, the content of
kukoamine B and kukoamine A in 14 Lycii Cortex samples from different habitats were measured, with
the total content calculated as the sum of these two components.

Lycium Chinese Mill. Cortex quality suitability analysis

The concentrations of kukoamine B and kukoamine A were measured in Lycium Chinese Mill. Cortex
samples from various production regions. The levels of these two compounds were employed as the
primary criteria for evaluating quality in this study. 14 collection sites, identified as fitting the L. Chinese
suitability distribution, were analyzed for their quality suitability. Regression analysis of the two
components in the samples was performed using SPSS 23.0 (IBM, Shanghai, China), developing a model
that links their concentrations to climatic factors. Although yearly variations in the quality of Lycii Cortex
at the same location were noted, they were less significant than the effect of environmental factors on
quality across different locations. To ensure the accuracy of environmental data at the collection sites,
this study referenced previous studies [55] and employed environmental parameters from a 1 km x 1 km
grid to predict the quality suitability area. The grid calculator and fuzzy overlay function in Arcmap 10.8
were applied to integrate spatial distribution maps of the two chemical components with ecological
suitability maps, producing current and future integrated quality suitability maps [56]. Lastly, the mask
extraction function was used to generate an integrated quality area map for the two alkaloid
components of Lycii Cortex.

Results

Prediction and model evaluation of the distribution of two Lycium species
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Verification of modeling results

In this study, the AUC values of the training set for both L. barbarum and L. Chinese exceeded 0.900
(Table 2). The results indicated that the Maxent model effectively predicted the suitable habitat
distribution of two sources of plants for Lycii Cortex, demonstrating high confidence and accuracy in the
model's calculations of habitat suitability.

Environmental variables analysis

The values presented in the variable contributions table of the Maxent analysis represent the average
percentage contribution derived from 10 replicate runs. The results indicated that Bio2 (31.8%), Bio6
(16.4%), and Bio17 (15.5%) were the three primary environmental factors influencing L. barbarum
distribution, with a cumulative contribution of 63.7%. However, based on Permutation Importance (PI),
the three most impactful environmental factors were Bio12 (23.7%), Bio13 (22.4%), and Bio1 (15.5%).
Consequently, the Maxent model was integrated with jackknife test analysis, revealing that Bio6, Bio1,
and Bio13 are the most critical factors for L. barbarum habitat distribution, indicating that these factors
provide the most valuable and unique information for determining L. barbarum distribution. The
response curves of the primary ecological factors revealed that climatic influences on L. barbarum
generally increased with rising factor values, with distribution probability initially rising before declining.
Among these factors, the suitable range for the minimum temperature of the coldest month (Bio6) is -18
to -6.2°C, with an optimal temperature of -11°C, as shown in Fig. 2A. In Fig. 2B, the suitable range for
annual average temperature (Bio1) is 5 to 12.5°C, with an optimal temperature of approximately 9°C. In
Fig. 2C, the suitable range for precipitation in the wettest month (Bio13) is 2.5 to 13 mm, with optimal
precipitation around 6 mm.

The three most important environmental variables with the greatest impact on L. Chinese were Bio1
(44.6%), Bio13 (33.6%) and Bio4 (5.4%), with a cumulative contribution rate of 83.6%. However, Bio13
(43.7%), Bio11 (9.6%), and Bio4 (9.4%) have greater PIl. According to the results of jackknife, the three
most important factors affecting the distribution of L. Chinese are Bio1, Bio13, and Bio12. The response
curves of the primary ecological factors indicate that the suitable range for annual average temperature
(Bio1) is 13.2 to 23°C, with an optimal temperature of 18°C, as shown in Fig. 2D. As shown in Fig. 2E, the
suitable range for the wettest monthly precipitation (Bio13) is 16 to 56 mm, with an optimal precipitation
of 25 mm. In Fig. 2F, the suitable range for average annual precipitation (Bio12) is 75 to 180 mm, with an
optimal precipitation of 162.5 mm, as depicted in Fig. 2D-F.

Predicted distribution under different scenarios
Predicting the distribution of L. barbarum

Figure 3 illustrates the potential distribution of two sources of plants for Lycii Cortex, as estimated by the
Maxent model under current climate conditions. Based on the available data, the optimal growth regions
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for L. barbarum (Fig. 3A) in current are predominantly concentrated in northern and northwestern China.
The total suitable area reaches 2.6919 x 10° km2, representing 25.75% of the total research area. The
highly suitability area is primarily concentrated in Northwest China, central and southwestern Shanxi,
western Hebei, central and eastern Tibet, and western Sichuan, collectively accounting for 4.26% of the
total research area (Table 3).

According to the predictions for the future period (Fig. 3B-G), L. barbarum showed a decrease in the total
suitable area of three suitable habitats compared to current scenarios, except for the RCP2.6 scenario in
2070s where the total suitable area increased. Specifically, in the RCP2.6-2050s and RCP2.6-2070s, the
total suitable area of L. barbarum will decrease by 5.84% and increase by 5.83%, respectively, compared
with the current period. The total suitable area for L. barbarum will decrease by 13.71% and 12.20%
respectively by RCP4.5-2050s and RCP4.5-2070s. For the emission scenario of RCP8.5, the total suitable
area for L. barbarum will decrease by 8.32% and 1.33% respectively by 2050s and 2070s.

Additionally, the highly suitability area for L. barbarum exhibited varying degrees of decline under
different emission scenarios, while the areas of moderately and poorly suitability showed both increases
and decreases. The highly suitability area for L. barbarumis projected to decrease by 7.67% in the 2050s
and by 11.38% in the 2070s under the RCP2.6 scenario; for the RCP4.5 scenario, it is expected to
decrease by 8.93% and 7.48% in the 2050s and 2070s; it is anticipated to decrease by 13.38% in the
RCP8.5-2050s and by 12.25% in the RCP8.5-2070s. The moderately suitable area is projected to increase
by 0.32% and 1.41% in the RCP2.6-2050s and RCP2.6-2070s; under the RCP4.5 scenario, it is expected to
decrease by 12.56% in the 2050s and by 5.08% in the 2070s; it is anticipated to decrease by 19.04% in
the RCP8.5-2050s but increase by 11.84% in the RCP8.5-2070s. The poorly suitability area is projected to
decrease by 8.09%, 15.61%, and 2.04% under different emission scenarios by the 2050s; under the
RCP2.6-2070s, it is expected to increase by 12.77%, while under the RCP4.5-2070s and RCP8.5-2070s, it
is anticipated to decrease by 16.77% and 4.12%, respectively.

Predicting the distribution of L. Chinese

The areas deemed suitable for cultivation of L. Chinese (Fig. 3H) in current are primarily concentrated in
North China, Central China, South China, East China, and Southwest China, with some distribution in
Northeast and Northwest China. The total area deemed suitable is 3.3516 x 108 km?, representing
32.07% of the total research area. The highly suitability area is primarily situated in central China, central
Hebei, central Shaanxi, central Zhejiang, northern Guangdong, north-eastern Guangxi, Chongqging, eastern
Sichuan, and other regions, collectively accounting for 2.53% of the total research area (Table 4).

For L. Chinese, the total suitable area in future projections (Fig. 3I-N) is not expected to change
significantly, although a general reduction in area is anticipated (Table 4). The total suitable area for L.
Chineseis projected to decrease by 4.26% in the RCP2.6-2050s and by 4.55% in the RCP2.6-2070s. The
total suitable area for L. Chinese is anticipated to decrease by 2.67% in the RCP4.5-2050s and by 2.48%
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in the RCP4.5-2070s. In the RCP8.5-2050s and RCP8.5-2070s, the total suitable area for L. Chineseis
expected to decrease by 4.20% and 3.35%.

The areas of highly and moderately suitability for L. Chinese have significantly decreased under various
scenarios, while the area of poorly suitability has increased in all scenarios except for the RCP8.5-2070s.
Under the RCP2.6 scenario, highly and moderately suitability areas are projected to decrease by 10.60%
in the 2050s and by 27.62% in the 2070s; they are expected to decrease by 10.40% in RCP4.5-2050s and
by 22.37% in RCP4.5-2070s; they are anticipated to decrease by 12.92% and 19.56% in the RCP8.5-2050s
and RCP8.5-2070s. The moderately suitability area is projected to decrease by 11.04% in RCP2.6-2050s
and by 5.38% in RCP2.6-2070s; it is expected to decrease by 6.39% in RCP4.5-2050s and by 6.24% in
RCP4.5-2070s; for the RCP8.5 scenario, it is anticipated to decrease by 16.57% and 2.33% in the 2050s
and 2070s. The poorly suitability area is projected to increase by 6.36% in the 2050s and by 1.28% in the
2070s under the RCP2.6 scenario; it is expected to increase by 6.41% in RCP4.5-2050s and by 6.73% in
RCP4.5-2070s; under the RCP8.5 scenario, it is anticipated to increase by 14.08% in the 2050s but
decrease by 1.45% in the 2070s.

The migration trend of geometric centers of suitable habitats for different periods of L. barbarum and L.
Chinese under climate change

In this study, the geometric center represents the central spatial location of the potentially the total
suitable area for two sources of plants for Lycii Cortex under three emission scenarios, spanning from
the present to the 2050s and 2070s. At present, the location of the most suitable habitat for the potential
geometric center of L. barbarum is identified as Gande County Qinghai Province (100.663555°E,
34.224862°N). The geometric center of L. barbarum in the RCP2.6 scenario exhibited a migration of
92.76127 km from Gande County Qinghai Province, to Zeku County Qinghai Province, and subsequently,
an additional 81.13688 km to Tongde County Qinghai Province. Under the RCP4.5 scenario, the
geometric center initially migrated 85.52054 km within Gande County Qinghai Province, and
subsequently migrated 88.34171 km to Maqin County Qinghai Province. Under the RCP8.5 scenario, the
geometric center exhibits a migration of 129.36854 km from Gande County Qinghai Province to Zeku
County Qinghai Province, followed by a further migration of 62.16803 km to Tongde County Qinghai
Province (Fig. 4A).

In the current scenario, the most suitable habitat for the geometric center of L. Chineseis located in
Shizhu Tujia Autonomous County, Chongging (108.165436°E, 29.867593°N). In the RCP2.6 scenario, the
predicted geometric center of the suitable habitat for L. Chinese will migrate 82.9126 km from Shizhu
Tujia Autonomous County Chonggqing city to Qianjiang District Chonggqing city, and then 44.0186 km to
Pengshui Miao Tujia Autonomous County Chongging city from 2050s to 2070s. For the RCP4.5 scenario,
the predicted migration distance is 27.8479 km from Shizhu Tujia Autonomous County Chongging city to
Pengshui Miao and Tujia Autonomous County Chongging city, followed by a further 33.88568 km to
Shizhu Tujia Autonomous County Chongqing city. In the RCP8.5 scenario, the predicted migration
distance is 86.2666 km from Shizhu Tujia Autonomous County in Chonggqing city to Xianfeng County in
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Hubei Province, followed by an additional 115.61227 km to Xiushan Tujia and Miao Autonomous County
in Chonggqing city (Fig. 4B).

Quality suitability analysis
The content of alkaloid active ingredients in L. Chinese Cortex

The contents of two alkaloids, kukoamine B and kukoamine A, were measured in the collected L.
Chinese Cortex samples (Table 5). Among these samples, S1 was collected from highly suitable area, S2
to S11 were collected from moderately suitable area, and S12 to S14 were collected from poorly suitable
area. The average contents of the two alkaloids in the samples from each suitability category were
calculated, considering the unequal number of samples in each area. The results indicated that the
average total alkaloid content in samples from highly and moderately suitable areas was higher than that
in poorly suitable area.

Correlation between the content of environmental variable
components

This study developed models to describe the relationship between the content of kukoamine B and
kukoamine A and various ecological factors. The model describing the relationship between kukoamine
B content and ecological factors is: Y;=-575.744-0.291X,-4.662X, + 21.452X5 + 2.932X,-0.186X; +
0.319X¢-10.116X5 + 3.747Xg (P< 0.05, Y, represents the kukoamine B content in Lycii Cortex, X, = Bio1,
X, = Bio2, X5 = Bio3, X, = Bio5, X5 = Bio12, X = Bio13, X; = Bio14, Xg = Bio19). The regression analysis
results indicated that within specific ranges, Bio1, Bio2, Bio12, and Bio14 limit kukoamine B
accumulation, while Bio3, Bio5, Bio13, and Bio19 promote its accumulation. The model describing the
relationship between kukoamine A content and ecological factors is: Y, = 0.196X;-0.006X,-0.526X5 +
0.178X, (P<0.05, Y, represents kukoamine A content, X, = Bio3, X, = Bio12, X5 = Bio14, X, =Bio19). The
analysis revealed that Bio3 and Bio19 promote kukoamine A accumulation within specific ranges,
whereas Bio12 and Bio14 restrict its accumulation within similar ranges.

Different periods quality suitability analysis

Table 6 shows the current quality suitable areas and the proportion of area. The current spatial
distribution and suitable area of kukoamine B content in L. Chinese are presented in Fig. 5A (Table S2).
The poorly suitability area for kukoamine B decreases in the 2070s under the RCP8.5 scenario but
increases during other periods. The decrease in moderately suitable area is most pronounced in the
2050s under the RCP8.5 scenario, while the most significant decrease in highly suitable area occurs in
the 2070s under the RCP2.6 scenario. The total suitable area is smaller than the current suitable area
(Fig. 5B-G). The current spatial distribution and suitable area of kukoamine A content in L. Chinese are
presented in Fig. 5H (Table S3). For kukoamine A, the poorly suitability area increases in the 2050s under
the RCP4.5 and RCP8.5 scenarios but decreases during other periods. The moderately suitable area
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decreases in all periods except for the 2070s under the RCP8.5 scenario, while the highly suitable area
increases in the 2050s under the RCP8.5 scenario but decreases in other periods (Fig. 5I-N). The future
predictions indicate that under all three emission scenarios, the areas of highly and moderately
suitability for the two alkaloids in L. Chinese generally show a decreasing trend compared to the current
period. The areas of poorly suitability area, with some increases and decreases. Overall, changes in the
quality-suitable areas for Lycii Cortex align closely with the ecologically suitable areas, both showing a
general decline.

Comprehensive quality suitability analysis

Based on the previous research, the spatial distribution maps of the two alkaloid components were
overlaid to conduct a comprehensive analysis of L. Chinese's quality area, identifying the optimal areas
for Lycii Cortex growth and component accumulation (Table 7). The distribution map is presented in
Fig. 6A. The results indicate that the comprehensive quality-suitable areas are primarily located in
southern Beijing, central and southern Hebei, southern Henan, central and southern Shaanxi, northern
Sichuan, as well as in Hunan, Hubei, Anhui, Jiangxi, and Zhejiang. Furthermore, some high-quality areas
are identified in central Ningxia, southern Gansu, Tibet, northern Yunnan, and northern Guangxi. The
highly suitable area encompasses 0.1754 x 10 km?, representing 6.68% of the study area. The total
suitable area constitutes 27.36% of the total area, equivalent to 2.6264 x 10° km2. The quality area of L.
Chinese (Fig. 6B-G), derived from the combined analysis of the two components, decreases to varying
extents under different emission scenarios. The changes in different quality-suitable areas were similar
to those of kukoamine A, with the most pronounced decrease occurring in the 2050s under the RCP2.6
scenario.

Discussions

Lycii Cortex is a widely used therapeutic agent in clinical practice, with a significant evidence base
supporting its efficacy. In recent years, it has been the subject of close scrutiny by scholars from a range
of countries. Given that the growth and accumulation of active ingredients in Lycii Cortex necessitates a
period of four to five years or longer, this study predicts the potential influence of climate change on two
sources of plants for Lycii Cortex used ArcGIS and Maxent.

Environmental variables affecting the distribution of Lycium spp.

In order to minimize the risk of overfitting caused by multicollinearity, climate variables were screened
through correlation analysis combined with jackknife in the study [57], and factors with importance of 0
were removed from Maxent. The remaining factors were then used for Maxent modelling. While the
contribution of certain variables may be less substantial, it is our contention that these factors are
nevertheless significant for the growth, distribution or component accumulation of Lycii Cortex.
Consequently, they remain an integral component of the model construction. Our research identifies the
key climatic variables influencing the suitable distribution of L. barbarum as the minimum temperature
of coldest month (Bio6), annual average temperature (Bio1), and precipitation of wettest month (Bio13).
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The suitable range of Bio1 is 5-12.5°C, which is similar with the 8—9°C range of L. barbarum studied by
Wang [43]. And L. barbarum are mainly distributed within the suitable range of winter average
temperature - 10°C to 10°C [43]. As the temperature falls below - 15°C, the germination rate of dormant
branches is known to undergo a significant decrease [58]. Furthermore, L. barbarum can also survive
during the winter dormancy period when the lowest temperature reaches - 41.5°C [59]. Consequently, we
consider that L. barbarum can thrive within the optimal range of -18 to -6.2°C for Bio6. The primary
climatic factors determining the suitable distribution of L. Chinese are annual average temperature
(Bio1), precipitation of wettest month (Bio13), and annual precipitation (Bio12). Tang et al. also
concluded that precipitation of wettest month (Bio13) and minimum temperature of coldest month
(Bio6) were the primary climatic variables for L. Chinese. Although L. Chinese demonstrates a degree of
drought tolerance, it still requires a certain amount of precipitation for its survival [44]. The cold
resistance and water avoidance characteristics of two Lycium species may be closely related to the
ecological environment of their origin and geographical distribution areas [44]. This finding is consistent
with the research results that have previously been obtained.

Predicted distribution potential of Lycium spp.

It is anticipated that climate change will have an impact on the geographical distribution of certain
species, resulting in a reduction in growth and range [60]. The present study predicted changes in the
distribution of suitable areas for L. barbarum and L. Chinese. The highly suitable areas for L. barbarum
are currently located in provinces such as Hebei, Inner Mongolia, Shaanxi, Shanxi, Gansu, Ningxia,
Qinghai, and Xinjiang, similar to the research by Wang et al. [61, 62]. In the current period, L. Chinese is
mainly distributed in the southern, southwestern, central, and eastern regions, as well as provinces such
as northeastern China, Hebei, Shanxi, Shaanxi, and Gansu. This distribution is similar to the research
results of Tang et al. [44]. Despite the strong adaptability exhibited by L. Chinese and its distribution
across numerous regions of China, the species remains sensitive to external environmental changes and
requires favorable conditions for sustained growth. Consequently, the suitability index is suboptimal in
the majority of regions. Two Lycium species demonstrate a preference for light conditions, exhibit
drought tolerance, and evade waterlogging, thereby exhibiting a certain degree of adaptability to
temperature and precipitation [44]. During the early stage of growth and development, Lycium species
requires less precipitation. However, as the fruit approaches maturity, greater precipitation is required to
ensure the stability of the root system and the completion of the maturation process. The soil moisture
content is typically found to be within the range of 16% and 22%. Excessive water or waterlogging has
been demonstrated to result in diminished plant growth [63]. Such conditions have been shown to cause
root rot and death. Furthermore, the distribution of two Lycium species is predominantly associated with
subtropical monsoon climate and temperate monsoon climate, characterized by hot summers and cold
winters. In the context of global climate change, there has been an observed increase in extreme
precipitation events [64]. This is not conducive to the expansion of the distribution area of two Lycium
species. This finding is consistent with the conclusion drawn in the present study that the total suitable
area of L. barbarum and L. Chinese will generally decline in the future.
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Prediction of centroid migration of two Lycium species

Due to ongoing global warming, many species may shift to more favorable habitats, with their
distribution centers moving toward colder, wetter regions [65] or shifting to higher latitudes or altitudes
[66]. This may explain why the suitable distribution centers for L. barbarum are projected to migrate from
southeast to northwest, aligning with findings from Wang et al. [43] and resembling Dong et al.'s
prediction of the centroid migration of Astrolus membranaceus var. mongholicus [41]. However, as the
climate continues to warm, the accelerated water cycle leads to increased total precipitation, making
global humid regions even wetter [67]. This study speculated that the current distribution center of L.
Chinese, located in the mid-latitude region, will shift toward areas with decreasing precipitation, moving
from northwest to southeast. The survival prospects of two Lycium species are anticipated to improve.
In conclusion, precipitation and temperature significantly influence the distribution of ecologically
suitable areas for Lycii Cortex.

Predicted quality suitable area of Lycii Cortex

The quality of traditional Chinese medicine (TCM) can be evaluated based on the secondary metabolites
of medicinal plants. Climate change and rising global carbon dioxide levels can provide carbon
substrates for secondary metabolism in medicinal plants. The synthesis and accumulation of these
substances are strongly influenced by the growth environment of TCM, leading to a significant increase
in alkaloid content [68]. To maintain the medicinal value of Lycii Cortex, it is crucial to understand the
influence of environmental variables on its growth. Lu et al. demonstrated that the accumulation of most
chemical components in wolfberry is influenced by precipitation and temperature factors [26]. Research
has indicated that the alkaloid components of kukoamine B and kukoamine A in Lycii Cortex can be
utilized as quality markers to evaluate the quality of Lycii Cortex[69]. As Li et al. demonstrate in their
research, the total alkaloid content of Lycii Cortex is closely related to its quality and growth environment
[70]. This study was conducted for the purpose of determining and calculating the content of two
alkaloids in Lycium Chinese Mill. Cortex, with a view to conducting a quality suitability analysis. The
results showed that the quality of Lycii Cortexin highly and moderately suitable areas was superior to
that in poorly suitable area. These high-quality areas are characterized by four distinct seasons,
moderate temperatures, sufficient precipitation, and abundant sunshine [70]. It has been demonstrated
that the content of alkaloids may be subject to an increase in response to environmental stress
conditions, such as drought [71]. However, according to the characteristics of Lycium species, a soil
moisture content of 16—22% is conducive to growth [63]. The increase in precipitation probability may
lead to soil moisture levels exceeding this range, thus breaking drought stress and potentially causing
root waterlogging and plant death. This phenomenon is not conducive to the accumulation of alkaloids
in Lycii Cortex, and also impacts the distribution of areas conducive to the quality of Lycii Cortex, thereby
reducing the Lycii Cortex quality suitable area. It has been shown that annual precipitation (Bio12) and
precipitation of driest period (Bio14) have a restrictive effect on the accumulation of alkaloids in Lycii
Cortex. Research conducted by Rong et al. has indicated that Bio12 demonstrates a negative correlation
with the accumulation of alkaloid content. This finding also aligns with the results obtained in this study
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[57]. In summary, the quality suitable area of Lycii Cortex will be affected, resulting in a decrease in the
quality suitable area.

Research limitations

Protecting their habitats based on distribution advantages is essential to minimize the potential impact
of future environmental fluctuations on ecosystems and to ensure the sustainable use of resources. In
addition, it is imperative that urgent protective measures be implemented in order to mitigate the risk of
extinction of these two Lycium species in the wild. In regions where wild Lycium species are present, in
situ conservation measures should be reinforced and the harvesting of Lycii Cortex should be prohibited
to prevent excessive extraction. Furthermore, it is imperative that policies and measures related to
protection are promulgated in order to encourage reasonable planting and resource conservation in pre-
determined potential suitable habitat areas. Currently, the limited number of data obtained from literature
reviews and collecting pose samples constraints on the quality suitability analysis. Therefore, more
extensive sampling is needed for in-depth future research. Although the Maxent model used in this study
is appropriate, future studies should incorporate ensemble modeling to predict the potential distribution
and quality suitability of Lycii Cortex, which may enhance predictive accuracy under future climatic
conditions.

Conclusion

This study used the Maxent model and ArcGIS, combined with HPLC, to predict the potential
distributions of two Lycium species under climatic influences, along with Lycium Chinese Mill. Cortex
quality suitability analysis. In reference to the findings of the present study, it is posited that a scientific
reference has been furnished for the purpose of predicting the future distribution of two sources of
plants for Lycii Cortex in China. Furthermore, it is suggested that guidance has been provided for the
selection of optimal cultivation sites for Lycii Cortex.
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Tables

Table 1 Percentage contribution of key environment variables used for modeling.
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Abbreviation  Description contribution Permutation

(%) importance (%)
Lycium barbarum L.
Bio 2 mean diurnal range/°C 31.8 11.3
Bio 6 minimum temperature of coldest 16.4 8.1
month/°C
Bio 17 precipitation of driest quarter/mm 15.5 9.1
Bio 10 mean-temperature of warmest 14.4 0.9
quarter/°C
Bio 1 annual mean temperature/°C 10.4 15.5
Bio 13 precipitation of wettest period/mm 5.1 22.4
Bio 12 annual precipitation/mm 5.1 23.7
Bio 3 isothermally-[(Bio2/Bio7) *100] 0.6 7.0
Bio 19 precipitation of coldest quarter /mm 0.5 1.9
Lycium Chinense Mill.
Bio 1 annual mean temperature/°C 44.6 9.0
Bio 13 precipitation of wettest period/mm 33.6 43.7
Bio 4 temperature seasonality 5.4 9.4
Bio 12 annual precipitation/mm 4.8 2.3
Bio 7 temperature annual range 2.5 3.9
(Bio5~Bi06)/°C
Bio 10 mean-temperature of warmest 2.5 5.0
quarter/°C
Bio 11 Eréean temperature of coldest quarter/ 2.2 9.6
Bio 17 precipitation of driest quarter/mm 1.3 5.1
Bio 2 mean diumnal range/°C 1.3 4.2
Bio 14 precipitation of driest period/mm 1.1 53
Bio 18 precipitation of warmest quarter/mm 0.7 2.5

Table 2 Use the Maxent model to calculate the AUC values of two Lycium species at different periods.
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Figures

Origin
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Figure 1

Distribution records of two Lycii Cortex species samples and Collected samples (A), habitat of Lycii
Cortex (B) and single plant of Lycii Cortex (C).
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Figure 2

The response curves of the current existence probability of Lycium barbarum L. (A-C) and Lycium
Chinense Mill. (D-F) to the top three environmental variables.
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Figure 3

The habitat distribution of Lycium barbarum L. (A) and Lycium Chinense Mill. (H) under current climate
conditions, as well as the suitable habitat changes of Lycium barbarum L. (B-G) and Lycium Chinense
Mill. (I-N) under three climate scenarios in the future (2050s, 2070s).
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Centroid migration map of suitable habitat of L. barbarum (A) and L. Chinese(B).
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Figure 5

The distribution of suitable quality areas for kukoamine B (A) and kukoamine A (H) under current climate
conditions, as well as the changes in the distribution of suitable quality areas for kukoamine B (B-G) and
kukoamine A (I-N) under three climate scenarios in the future (2050s and 2070s).
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Figure 6

The distribution of L.Chinese comprehensive suitable quality areas under current climate conditions (A),
as well as the changes in the distribution of suitable quality areas under three climate scenarios in the
2050s and 2070s in the future (B-G).
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