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Introduction: Hippophae rhamnoides, a temperate species with a transcontinental

distribution spanning Eurasia, demonstrates preferential establishment in

water-limited ecosystems (arid/semi-arid zones), particularly occupying

high-elevation niches with skeletal soils and high solar flux. This ecologically

significant plant, prized for dual ecological provisioning and economic services,

shows biogeographic concentration in China’s northern desertification belts,

northwestern Loess Plateau, and southwestern montane corridors. Studying the

possible areas where H. rhamnoides may be found can offer a scientific foundation

for the protection and sustainable management of its resources.

Methods: This study utilized the biomod2 software to assess an integratedmodel

based on 312 distribution points and 23 environmental factors. Furthermore, a

modeling analysis was conducted to examine how the geographical distribution

of H. rhamnoides changes over time under the SSP245 scenario.

Results: The findings show that the distribution of H. rhamnoides is primarily

affected by three factors: annual mean temperature, temperature seasonality and

mean temperature of the coldest quarter. Currently, H. rhamnoides is

predominantly distributed in the provinces of Shanxi, Shaanxi, Gansu, Hebei,

Yunnan, Xinjiang, Tibet, Sichuan, Qinghai, and Ningxia. The suitable habitat

covers an area of 212.89×10⁴ km², which represents 22.15% of China’s total

land area. Within this region, high, medium, and low suitability areas make up

23.15%, 22.66%, and 54.20% of the suitable habitat, respectively.

Discussion: In the future, the centroid of the suitable habitat for H. rhamnoides is

expected to gradually shift northwest, with a trend of increasing suitability in the

west and decreasing suitability in the east. This study aims to provide an in-depth

exploration of the distribution of H. rhamnoides and the influence of

environmental factors on it from a geographical perspective. These results are
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important for improving the conservation, management, cultivation, and

propagation of H. rhamnoides, while also offering a scientific foundation for

the research of other valuable plant species.
KEYWORDS
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1 Introduction

Sea buckthorn (Hippophae rhamnoides L.) is a plant belonging

to the Elaeagnaceae family and the Hippophae genus, originally

native to Europe and Asia (Xia et al., 2023). Hippophae rhamnoides

is one of the oldest plants in the world, originating approximately 65

million years ago during the Cretaceous period. This species has the

highest natural distribution and cultivation density in China, where

it is rich in natural resources (Lv et al., 2021). It contains a variety of

compounds, including rich nutritional components such as

proteins, minerals, and vitamins, as well as various bioactive

substances, including flavonoids, terpenoids, steroids, organic

acids, and alkaloids (Ma et al., 2023). In China, this species is

primarily distributed in north, northwest, and southwest (Hu et al.,

2024). As a valuable biological resource with significant potential,

H. rhamnoides has extensive applications in land restoration, soil

erosion prevention, and energy sources (Mihal et al., 2023). And it

was once listed as an endangered species in the IUCN Red List of

Threatened Species in 2017 (IUCN, 2017). Currently, there is a

relatively substantial amount of research of H. rhamnoides, with

existing studies primarily focusing on fields such as traditional

Chinese medicine, chemistry, and biology (Kukina et al., 2020;

Balke et al., 2022; Lee et al., 2023). However, research on the

potential distribution areas of H. rhamnoides remains limited.

Therefore, understanding its distribution and habitat preferences

is crucial for effective conservation efforts.

Research on the effects of climate change on the geographical

distribution of plants has increasingly focused on species distribution

models (SDMs), which are grounded in ecological niche theory.

These models utilize specific algorithms to analyze known plant

distributions and their corresponding environmental factors, thereby

predicting suitable areas for plant species (Kearney et al., 2010; Zhang

et al., 2019). Species distribution models are commonly employed to

forecast potential distributions across different scales. These include

global patterns of species diversity, the movement of invasive species

at regional levels, and the modeling of local population distributions

(Fu et al., 2024; Wang et al., 2024). Current, widely used species

distribution models include Generalized Linear Models (GLMs),

Genetic Algorithm for Rule-set Production (GARP), Maximum

Entropy (MaxEnt), and the Bioclimatic Model (BIOCLIM) (Gao
02
et al., 2024). Typically, these models combine species distribution

data with climate factors to clarify shifts in distribution and pinpoint

the key environmental factors that shape species distribution patterns

(Wu et al., 2024). Due to differences in their underlying principles

and algorithms, each model has unique advantages and limitations.

However, the performance of these models may also become unstable

when input data changes (Grimmett et al., 2020). As a result,

combining predictions from several models into an ensemble

approach can greatly improve the accuracy of forecasts (Jinga et al.,

2021). Therefore, the Biomod2 modeling platform, which combines

multiple models, was developed in 2003 and has since been widely

recognized in this field (Thuiller et al., 2009; Bi et al., 2013). The

platform integrates various modeling algorithms, allowing users to

choose different models and customize them by modifying initial

conditions, model types, parameters, and boundary settings to

optimize predictive results.

Climate change has become a major driver of changes in the

distribution of plant species across the globe. Understanding how

climate change impacts the species’ distribution is crucial for its

conservation. In China, significant climate shifts have occurred over

the last century, with an average temperature increase of

approximately 1.5°C and changes in precipitation patterns, such

as more frequent droughts in northern regions (Zhou et al., 2020).

These shifts are expected to influence the distribution of H.

rhamnoides, potentially leading to range contractions in southern

areas and northward expansions (Qiu et al., 2025). The species’

ecological affinities, such as its tolerance to cold temperatures and

drought conditions, make it an ideal subject for studying adaptation

to climate change (Cheng et al., 2024).

The objective of this research is to assess the spatiotemporal

shifts in the potential distribution range of H. rhamnoides, identify

climate change area in future scenarios, and pinpoint key factors

that could affect changes in its geographical range. Understanding

these shifts is crucial because climate change is expected to

significantly impact the distribution of many plant species,

including H. rhamnoides. By identifying regions where its habitat

may be most vulnerable or expanding, this research can guide

targeted conservation efforts, ensure the sustainable management of

H. rhamnoides in China, and contribute to broader biodiversity

preservation strategies in the face of global climate changes.
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2 Materials and methods

2.1 Sample data acquisition and screening

The occurrence data for H. rhamnoides used in this study were

obtained from several sources, including the Global Biodiversity

Information Facility (GBIF, http://www.gbif.org/), the Chinese

Natural Plant Specimen Museum (http://www.cfh.ac.cn), the

Chinese Digital Herbarium (http://www.cvh), and relevant field

surveys, resulting in a total of 1,384 occurrence records. These

records were filtered to remove non-natural occurrences and

duplicate data. To reduce potential clustering bias, only one

occurrence point was kept for each 2.5 km grid (5 km × 5 km).

Ultimately, 312 valid samples were selected, as shown in Figure 1.
2.2 Collection and evaluation of
environmental data

In predicting species distribution, environmental factors play a

crucial role. This study selected four types of influencing factors.

First, 19 climatic factors were selected from the WorldClim 2.1

climate database (https://worldclim.org/) (Petrie et al., 2021).

Second, considering the ecological significance of soil factors and

the characteristics of H. rhamnoides, 11 soil factors were chosen
Frontiers in Plant Science 03
from the Harmonized World Soil Database (HWSD) provided by

the Food and Agriculture Organization (FAO) (http://www.fao.org/

faostat/en/). Third, three topographical factors were obtained from

the National Centers for Environmental Information (NCEI) of the

National Oceanic and Atmospheric Administration (NOAA)

(https://www.ngdc.noaa.gov/). Finally, the study acquired

Category IV environmental covariates potentially influencing X

distribution, comprising: land cover classification and fractional

vegetation cover from Global Maps (https://globalmaps.jp/);

Human Footprint Index and Human Impact Index sourced from

the Center for International Earth Science Information Network

(CIESIN)(http://sedac.ciesin.columbia.edu/wildareas/); and mean

annual erythemal UV dose derived from the Helmholtz Centre

for Environmental Research - UFZ databases(https://www.ufz.de/

gluv/index.php?en=32435). For future climate projections, this

study used bioclimatic factors from the medium-emission

scenario of the BCC-CSM2-MR climate model, developed by the

Beijing Climate Center (BCC), under the SSP245 scenario. The data

were analyzed for three time periods: 2041–2060, 2061–2080,

and 2081–2100. Due to the strong autocorrelation among

environmental factors and the fact that not all factors are

essential for predicting potential distributions, this study

employed R software to conduct separate correlation analyses of

bioclimatic factors and soil factors. The analysis results were used to

assess the multicollinearity among environmental factors.
FIGURE 1

Geographic distribution records of H. rhamnoides. (The color bar indicates area Elevation, Brown triangles: H. rhamnoides distribution points.).
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2.3 Building and evaluation of the model

Given the limitations of individual models, utilizing an

ensemble approach for predictions is expected to produce more

reliable results (Wang et al., 2023). This study employed eight

distinct model types to predict the current and future habitat

suitability for H. rhamnoides. The models used include two

regression techniques (Generalized Linear Model (GLM) and

Multivariate Adaptive Regression Splines (MARS)), four machine

learning methods (Artificial Neural Network (ANN), Random

Forest (RF), Generalized Boosted Model (GBM), and

Classification Tree Analysis (CTA)), one classification model

(Flexible Discriminant Analysis (FDA)), and one range envelope

approach (Surface Range Envelope (SRE)).

Biomod2 can be used to develop integrated models that require

both species distribution and pseudo-absence data. The software

provides various methods for generating pseudo-absence points

based on background data. In this study, 1,000 pseudo-absence

points were randomly generated using the ‘random’ command for

model simulation (Wen et al., 2022). The ‘biomod tuning’

command was applied to optimize model parameters, with 75%

of the sample data used for training and the remaining 25% reserved

for validation. Equal weights were assigned to both distribution and

pseudo-absence data, and this procedure was repeated 10 times. For

model simulations, a weighted averaging method was employed,

retaining only models with a TSS ≥ 0.75 to construct the ensemble

model. Predictive accuracy was evaluated using the Receiver

Operating Characteristic (ROC) curve and the True Skill Statistic

(TSS), and the robustness of the model results was further calibrated

and validated (Xian et al., 2023). The output range for the ROC and

TSS metrics is from 0 to 1.0.Values between 0.85 and 1.0 indicate

excellent predictive performance, 0.7 to 0.85 indicates good

performance, 0.5 to 0.7 reflects fair performance, and 0.4 to 0.55

suggests moderate performance. Scores below 0.4 indicate poor

predictions, with areas below this threshold considered unsuitable.

Based on these established thresholds, suitable areas can be further

categorized into low, medium, and high suitability zones.
Frontiers in Plant Science 04
2.4 Classification and centroid change of
potentially suitable distributions

The results of the Biomod2 model were evaluated using TSS and

ROC scoring to select the appropriate ensemble model.

Subsequently, the suitable areas were classified using the Jenks

Natural Break Classification (NBC) method (Zhao R, et al., 2024).

After establishing the ensemble model, it was projected onto future

environmental factors to predict potential geographic distribution.

The resulting distribution maps were then normalized using

ArcGIS 10.8. Based on the results from Biomod2, areas above the

threshold were designated as suitable zones. The top 10% of these

suitable areas were classified as high suitability zones, while the

remaining suitable areas were divided into medium and low

suitability zones. Finally, the raster calculator was used to

reclassify and allocate data under different climatic conditions.

Additionally, the raster calculation function in ArcGIS was

utilized to compute the mean values, thereby determining the

centroid of suitable distribution areas for H. rhamnoides. This

analysis reflects the geographical migration process of the target

species. The SDMTool toolbox was used to calculate the migration

distances of the centroids of suitable areas for H. rhamnoides across

different time periods. The analysis focused on the temporal and

spatial changes in high-suitability habitats during the 1950s, 1970s,

and 1990s, as well as the associated shifts in centroids.
3 Results

3.1 Model accuracy and key factors

Bioclimatic and soil factor correlation analysis is shown in

Figure (Figure 2), removing environmental factors with a

correlation greater than 0.8 to reduce the risk of model overfitting

due to multicollinearity. Considering the biological characteristics

of H. rhamnoides, the final selection retained the ecologically most

important environmental factors, resulting in a total of 23 factors
FIGURE 2

Correlation coefficient matrix of 19 bioclimatic factors and 11 soil factors. (Red indicates a positive correlation, blue indicates a negative correlation,
and the strength of Pearson’s correlation coefficient (r) increases as the square of the correlation grows larger.).
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(Table 1) being included in the model construction for

H. rhamnoides.

The results show that all 8 models were successfully run. The

‘biomod_tuning’ function was used to optimize model parameters, and

these parameters were evaluated in each iteration using the selected

methods (ROC, Kappa, or TSS). The optimized parameters produced

the most accurate predictive results. Overall, the findings indicate that

the RF model is the most effective for predicting the potential spatial

distribution of H. rhamnoides. In comparison, the GBM, FD, CTA,

ANN, and GLM models scored slightly lower, with the RF model

achieving an average Kappa coefficient of 0.87 and an average TSS of

0.91 (Figure 3). The models with the poorest performance were MARS

and SRE, which failed to meet the accuracy criteria. The remaining five

models showed moderate performance levels. Of the eight models that

passed the accuracy tests, six were selected to construct the ensemble

model, which achieved a Kappa coefficient of 0.703, a TSS of 0.830, and

an AUC of 0.97.

Through the use of the Biomod2 platform, we evaluated how

each environmental factor contributed to the modeling process. Our

analysis revealed that various models employed different
Frontiers in Plant Science 05
combinations of factors, with the influence of each factor on the

models differing considerably. Using the best-performing combined

model, we examined the significance of environmental factors

influencing the distribution of H. rhamnoides (Figure 4). The

analysis results indicate that bioclimatic factors have a greater

impact on predicting the distribution of H. rhamnoides compared

to other factors. This is followed by the human footprint and human

activity index, with terrain factors, UV radiation, and soil factors

having progressively lesser impacts. The most influential bioclimatic

factors in the model for H. rhamnoides included seasonal

temperature (bio04, 15.43%), average temperature (bio01, 14.96%),

the average temperature during the coldest quarter (bio11, 14.58%),

and the minimum temperature of the coldest month (bio06, 8.48%).

These four bioclimatic variables made up a significant portion of the

total contribution, with a cumulative contribution rate of 53.44%. In

this study, the four environmental factors were visualized alongside

the current potential distribution (Figure 5). and it was found that the

distribution point data of H. rhamoides appeared within the optimal

threshold of various environmental factors, indicating that the

Biomod2 comprehensive model had good performance.

Additionally, among the remaining 19 factors used in model

construction, only three—human footprint and human activity

index (hf_v2geo1, 8.24%), elevation (elev, 8.15%), and annual

average UV radiation (annual_mean_uv.b, 7.39%)—had

contribution rates exceeding 5%.
3.2 The distribution pattern of H.
rhamnoides under current conditions

Under current climatic conditions, the potential distribution of

H. rhamnoides is illustrated in Figure 6. The area of highly suitable

habitat is 492,700 km², while moderately suitable habitat covers

482,300 km², and low suitability habitat spans 1,153,800 km². These

areas account for 23.15%, 22.66%, and 54.20% of the total suitable

habitat, respectively. Overall, suitable habitat represents 22.15% of

China’s total land area. The suitable areas are primarily

concentrated in regions such as Sichuan, Gansu, Qinghai,

Ningxia, Shaanxi, and Shanxi, with smaller distributions also

found in Yunnan, Xinjiang, and Tibet (Figure 6). Notably,

suitable habitats for H. rhamnoides are mainly located near the

Yellow River basin.

Combining the climate data reveals a significant overlap

between the habitat suitability for H. rhamnoides and temperature

levels. Under excessively low-temperature conditions, the plant is

unsuitable for cultivation and growth.
3.3 Changes in the habitat areas of H.
rhamnoides under future conditions

The prediction results indicate that under the SSP245 scenario,

the future potential geographic distribution of H. rhamnoides will

be similar to its current potential distribution (Figure 7). However,
TABLE 1 23 variables of model construction.

Abbreviation Description

bio01 Annual mean temperature

bio03 Isothermally

bio04 Temperature seasonality

bio05 Max temperature of the warmest month

bio06 Min temperature of the coldest month

bio09 Mean temperature of the driest quarter

bio11 Mean temperature of the coldest quarter

bio17 Precipitation of the driest quarter

aspect
The direction or orientation of the

earth’s surface

elev Elevation of theterrain

slope Slope or obliquity of the terrain

d1_clay clay content

d1_cn_ratio Carbon nitrogen ratio

d1_elec_cond Electric conductivity

d1_ph_water PH

d1_sand Sand content

d1_swr Soil water regime

d1_total_n Total nitrogen content

d1_usda Topsoil texture classification

gm_lc_v3 Land cover type

gm_ve_v2 Percentage of vegetation coverage

hf_v2geo1 Human footprint and human impact index

annual_mean uv-b Average annual UV exposure
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there is a gradual trend of contraction in the suitable habitat area.

By the 2050s, the suitable area for H. rhamnoides is projected to be

approximately 1,372,600 km², representing a decrease of 35.53%

compared to the current area. Within this suitable habitat, the

proportions of high, moderate, and low suitability areas are

expected to be 32.98%, 25.19%, and 41.83%, respectively. By the

2070s, the suitable area for H. rhamnoides is projected to be

approximately 1,477,400 km², reflecting a decrease of 30.60%

compared to the current area. Within this suitable habitat, the
Frontiers in Plant Science 06
proportions of high, moderate, and low suitability areas are

expected to be 34.13%, 36.60%, and 29.27%, respectively. By the

2090s, the suitable area for H. rhamnoides is projected to be

approximately 1,521,300 km², representing a decrease of 28.54%

compared to the current area. The proportions of suitable habitats

are expected to be 35.70% for high suitability, 37.36% for moderate

suitability, and 26.94% for low suitability. Overall, the areas of high,

moderate, and low suitability show a trend of initial reduction

followed by gradual expansion.
FIGURE 3

TSS and ROC evaluations of each single model of H. rhamnoides.
FIGURE 4

Percentage contribution of top ten environmental factors to the final model of H. rhamnoides.
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3.4 Changes in the centroid of suitable
areas for H. rhamnoides in the future

As shown in Figure 8, the centroid location and movement

direction of the suitable area for H. rhamnoides were calculated

using ArcGIS. Currently, the centroid is located in Zeku County,

Qinghai Province, at coordinates 102.478° E, 35.263° N. By the

2050s, the centroid is projected to move 205.37 km southwest to

Guinan County, Qinghai Province, with new coordinates of

100.712° E, 34.825° N. By the 2070s, the centroid is expected to

shift 53.39 km northeast, remaining in Guinan County at

coordinates 101.129° E, 35.020° N. By the 2090s, it will move

60.71 km northwest but will still be located in Guinan County, at

coordinates 100.658° E, 35.246° N.

Additionally, the study utilized ArcGIS to conduct a

comparative analysis of suitable areas under the current scenario

and those projected for the SSP245 scenario in the 2050s, 2070s, and

2090s (Figure 9). The results indicate that in future climate

scenarios, regions such as the Hai River Basin and the Yellow

River Basin exhibit trends of degradation or loss of suitable areas,

while suitability levels in the Southwest Basin are increasing. Over

time, this trend becomes increasingly pronounced.

In summary, based on the predicted future climate conditions,

the centroid of H. rhamnoides distribution is expected to shift

slightly westward over time.
Frontiers in Plant Science 07
4 Discussion

The research results show that that the optimal Temperature

seasonality for H. rhamnoides ranges between 600 and 1200

(Figure 5A). Seasonal temperature influences plants in various

ways; suitable temperature conditions can promote healthy

growth, while extreme temperature fluctuations may result in

growth stagnation or the onset of diseases (Albuquerque et al.,

2023). Hippophae rhamnoides can grow across a broad range of

seasonal temperatures, indicating its adaptability to various

environments . Furthermore, this study suggests that

H. rhamnoides can thrive in harsh, low-temperature conditions,

with suitable areas primarily found in regions with an average

annual temperature of 0 to 15°C (Figure 5B). Its cold tolerance, low

growth height, well-developed root system, and thick leaves enable

H. rhamnoides to effectively produce antifreeze proteins, providing

a survival advantage in cold environments (Gupta and Deswal,

2012). This also highlights that H. rhamnoides possesses strong

vitality, allowing it to effectively maintain soil temperature and

moisture. Furthermore, H. rhamnoides is well-suited for growth

under conditions where the minimum temperature in the coldest

month ranges from -20 to 10°C (Figure 5C) and can thrive in areas

where the lowest temperature during the coldest season falls

between -12 and 6°C (Figure 5D). These results are similar to

those of Arora et al., both indicating that H. rhamnoides has strong
FIGURE 5

Composite graph displaying the distribution of H. rhamnoides points, habitat suitability, and contour lines for environmental factors.
(A) Temperature seasonality (bio04), (B) Annual mean temperature (bio01), (C) Mean temperature of the coldest quarter (bio11), (D) Minimum
temperature of the coldest month (bio06).
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adaptability, as it can still obtain sufficient energy for growth even

under harsh environmental conditions (Arora et al., 2024).

Furthermore, the prediction results indicate that the future

geographical distribution of this species will exhibit a spatial

divergence trend characterized by westward expansion and eastern

contraction. This pattern may be associated with heterogeneous

responses to regional climatic factors. Under warming conditions,

the western regions, due to their higher elevation, experience less

pronounced temperature-induced impacts compared to the eastern

lowlands. Notably, the western expansion zones are often constrained

by topographic barriers or ecological carrying capacity limitations,

suggesting that the actual habitable range may be smaller than model

predictions (Liu et al., 2024). Additionally, rising temperatures and

increasing extreme climate events may shorten plant growth cycles,
Frontiers in Plant Science 08
leading to reduced habitat suitability. This trend has been corroborated

by studies in Europe and parts of Asia, where analogous species have

adjusted their habitat ranges under climate change pressures (Duyar

et al., 2025). For instance, cold-tolerant species such as Pinus armandii

and Betula ermanii have demonstrated latitudinal or altitudinal shifts

to adapt to changing climatic conditions (Huang et al., 2023; Cai et al.,

2024). To mitigate climate-driven ecological imbalances, we

recommend prioritizing the conservation of habitat connectivity for

emerging populations in western regions. Concurrently, adaptive

management strategies based on niche substitution should be

implemented in eastern decline zones to buffer ecosystem risks.

The ensemble model forecasts that H. rhamnoides is

predominantly found in the middle and lower reaches of the Haihe,

Yellow, and Yangtze River basins. Areas with high habitat suitability
FIGURE 6

The distribution of suitable habitats of H. rhamnoides varies across different regions of China under the current climate conditions (green: high
suitability area; blue: moderately suitable area; yellow: low suitable area; white: unsuitable area).
FIGURE 7

Prediction map of the potentially suitable area of H. rhamnoides in China at different periods under the SSP245 climate scenario (green: high
suitability area; blue: moderately suitable area; yellow: low suitable area; white: unsuitable area).
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are mainly concentrated in the middle and lower reaches of the Yellow

River basin, along with certain parts of the Yangtze River basin and

southern regions. The favorable water resource environment in the

Yellow River basin provides optimal growth conditions for the plants,

while the rich vegetation and biodiversity in the plains create a

supportive ecosystem for their survival (Zhao G, et al., 2024). The

southern region is characterized by abundant forests and biodiversity,

with a warm and humid climate. These conditions are highly

conducive to agricultural development and plant growth (Zheng

et al., 2020; Xie et al., 2024). The global cooling since the mid-

Miocene may have facilitated the geographic dispersion and

northwestern expansion of H. rhamnoides (Su et al., 2023). The

results indicate that climate warming may be the primary driver of

habitat reduction for H. rhamnoides. Although this species

demonstrates strong adaptability, it is highly sensitive to rising

temperatures, which significantly alter its mountainous habitats.

Increased temperatures are prompting H. rhamnoides to migrate

westward. Furthermore, extreme weather events, such as frequent

droughts and heavy rainfall, can adversely affect its growth (Wang

et al., 2020). The distribution centroid of H. rhamnoides is expected to
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shift slightly northwest, primarily driven by ecological adaptations to

climate change (Wang et al., 2018). This study found that, in response

to climate change, the suitable habitat for H. rhamnoides is exhibiting

an overall trend of contraction in the east and expansion in the west.

This shift is primarily attributed to global warming, which is causing

gradual increases in temperature and precipitation in western regions

of China. Temperature conditions are the main climatic factors

influencing the distribution of H. rhamnoides (Li et al., 1999).

Although H. rhamnoides benefits from its unique morphological and

physiological structures that provide high water retention capacity, it

also exhibits strong adaptability to arid, cold, and nutrient-poor

environments (Gupta and Deswal, 2012). Furthermore, numerous

studies have shown that H. rhamnoides requires specific moisture

conditions for optimal growth and development. Water stress can

significantly impair photosynthesis and adversely affect overall growth

and fruit yield. Therefore, maintaining appropriate moisture levels is

crucial for its healthy development (Jin et al., 2006). In the distribution

areas ofH. rhamnoides, the growing season is characterized by elevated

temperatures and increased transpiration, underscoring the critical

importance of both precipitation and temperature during this time
FIGURE 9

A comparison of changes in the suitable area for H. rhamnoides under the SSP245 scenario with the currently suitable area over future periods (red:
degradation or loss of suitable areas; blue: the rise of suitable areas).
FIGURE 8

The change in the centroid of the potential distribution area of H. rhamnoides in China.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1533251
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Gan et al. 10.3389/fpls.2025.1533251
(Zhang et al., 2022). The ensemble model analysis further supports that

the key factors affecting the distribution of H. rhamnoides in China are

average annual temperature, temperature seasonality, and precipitation

in the coldest season. Collectively, these factors determine the

formation and distribution patterns of suitable habitats.

In addition to climate factors, various other factors can influence

the geographical distribution of plants. For instance, vegetation cover,

topographic conditions, and soil characteristics may also play

significant roles (Yang et al., 2018; Zhang et al., 2021; Churko et al.,

2024). This study integrates topographic factors, soil properties, and

human influences with climatic factors to provide a more accurate

prediction of the potential distribution ofH. rhamnoides in China over

different time periods. This holistic approach deepens our

understanding of the various factors shaping its distribution, thereby

enhancing the model’s predictive accuracy. Previous studies have

indicated that soil sand content can be a limiting factor for the

distribution of H. rhamnoides in China. This research also examines

the impact of soil sand content on its distribution (Zhang et al., 2024).

Variations in slope gradients and orientations can indirectly influence

soil moisture and light conditions, thereby affecting the distribution of

H. rhamnoides in China (Jin et al., 2011). Therefore, when simulating

the geographic distribution of species, it is crucial to consider a

comprehensive array of environmental factors that influence their

distribution. Additionally, this study primarily focuses on the

potential distribution of H. rhamnoides under the current carbon

emission scenario (SSP2-4.5), which may present certain limitations

(Guo et al., 2021; Jiang et al., 2022).For instance, the potential

distribution areas of H. rhamnoides under low-carbon emission

pathways (SSP1-2.6), where environmental pressures are reduced, or

under high-emission pathways (SSP5-8.5), where environmental

conditions continue to deteriorate, are scenarios not addressed in

this research.

5 Conclusions

This study employs an ensemble model to assess the potential

distribution of Hippophae rhamnoides under current and future

climate scenarios, focusing on environmental factors such as

temperature, precipitation, and human activity impacts. The results

reveal that the species’ suitable habitat area in China currently spans

2,128,900 km², primarily located in the Yellow River basin, with

significant potential shifts in the coming decades. By 2050, 2070, and

2090, suitable habitats are expected to expand in the west while

contracting in the east, with a westward shift in the centroid of these

areas. These findings highlight the significant impact of climate

change on the distribution of H. rhamnoides and emphasize the

importance of targeted conservation efforts, especially in the western

regions. The results provide a critical foundation for the sustainable

management and conservation of H. rhamnoides, contributing not

only to its protection but also offering valuable insights for the

conservation of other key plant species. This study underscores the

importance of incorporating climate projections into conservation

strategies to safeguard biodiversity in the face of ongoing

environmental changes. These findings highlight the significant

impact of climate change on the distribution of H. rhamnoides and
Frontiers in Plant Science 10
emphasize the importance of targeted conservation efforts, especially

in the western regions. The results provide a critical foundation for

the sustainable management and conservation of H. rhamnoides,

contributing not only to its protection but also offering valuable

insights for the conservation of other key plant species. This study

underscores the importance of incorporating climate projections into

conservation strategies to safeguard biodiversity in the face of

ongoing environmental changes.
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