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Climate change significantly affects the distribution of plant species, particularly that of relict plants. 
Tetraena mongolica Maxim. is a first-class endangered relict plant in China, primarily found in Inner 
Mongolia. This study explored the impact of multiple factors on its potential distribution under climate 
change. Considering a comprehensive set of 42 potential influencing variables, including climate, soil, 
net primary productivity (NPP), human activities, and topography, 29 variables were selected. The 
maximum entropy (MaxEnt) model was used to construct separate climate and soil niche models, and 
an “overlay function” was employed to construct a dual-suitability model. By establishing five different 
scenarios, we analyzed the effects of climate, human activities, and NPP on T. mongolica distribution. 
The results showed that climate is the most significant factor, soil constraints limit its distribution, 
and human activities reduce its suitable habitats. Although the direct influence of NPP is limited, 
it may indirectly affect T. mongolica distribution by improving habitat conditions. Future climate 
change is expected to sharply reduce suitable habitat areas, with the center of distribution migrating 
eastward. The study’s findings imply that climate change, human activities, and soil conditions 
significantly impact the distribution and survival of the endangered plant T. mongolica, necessitating 
comprehensive conservation measures to mitigate habitat loss and ensure its preservation.
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Climate change has profoundly impacted the natural distribution of species, biodiversity, and ecosystem 
sustainability1. Rapid societal development has led to increased greenhouse gas emissions, resulting in more 
frequent extreme climate events, which further intensify the impact of climate change on ecosystems2. Studies 
reveal that climate change is a major cause of biodiversity loss, habitat fragmentation, and changes in species spatial 
patterns3–5 and may increase the extinction risk for endangered species6. Therefore, a detailed understanding of 
the distribution and potential habitats of endangered species is essential to developing conservation plans and 
management strategies7. Studying the distribution of endangered species helps identify their primary growth 
locations and potential habitats, thus providing a foundation for targeted conservation measures8,9. Additionally, 
understanding the impact of climate change on the distribution of endangered species helps predict further 
habitat changes, which is crucial for their conservation and sustainable use10,11. Research on endangered species 
distribution and habitats can help elucidate how climate change affects their living environments, offering 
scientific support for future conservation and management efforts.

Tetraena mongolica Maxim. (T. mongolica), a highly drought-resistant deciduous shrub in the family 
Zygophyllaceae, belongs to the monotypic subfamily Tetraenoideae, which contains only this single genus and 
species12. From ancient Mediterranean flora, approximately 140 mya, T. mongolica is a relict species classified as 
a first-class endangered plant in China13. Known as a “living fossil” and the “giant panda” of the plant world14, 
it has witnessed millions of years of climate, geomorphology, and soil change, making it an ideal subject for 
species distribution and biodiversity studies15. Although T. mongolica is globally distributed, most records are 
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concentrated in the Inner Mongolia, Ningxia, and Xinjiang regions of China, particularly in Inner Mongolia 
(Fig. 1). In other countries, such as Russia and Ukraine, it is sporadically found16. Despite multiple distribution 
records, information on the population size and range of T. mongolica is relatively limited. With its unique 
climate and topography, Inner Mongolia has become the primary distribution area for T. mongolica. This plant 
exhibits exceptional drought resistance, enabling its survival and reproduction in arid and harsh environments. 
Its deep root system effectively absorbs soil moisture, aiding the maintenance of the local ecosystem water 
balance17,18. As the foundation for plant growth, soil provides the necessary water and nutrients, and the 
interaction between plant roots and soil nutrients determines plant distribution19,20. As a key member of desert 
communities, T. mongolica prevents soil erosion, slows desertification, and maintains soil fertility and stability21. 
T. mongolica is indispensable for maintaining the stability of Inner Mongolia’s ecosystems and protecting its 
ecological environment. However, in recent years, intensified global climate change and excessive exploitation of 
biological resources by human activities have altered species patterns, severely threatening T. mongolica’s habitat, 
leading to a sharp population decline and posing an extinction risk22,23. Therefore, understanding its geographic 
distribution patterns and protecting its ecological habitats is critical.

Grasslands, one of the primary terrestrial ecosystems on Earth, are important for maintaining the natural 
environment and promoting sustainable socioeconomic development24–26. China’s grassland area covers 
3.93 million km2, accounting for 40% of the country’s total land area. Over 20% of these grasslands are in Inner 
Mongolia, representing 13% of the world’s grassland area27,28. However, recent severe grassland degradation 
in Inner Mongolia has led to desertification and significant carbon sink loss29. T. mongolica, a key species in 
grassland-desert communities, is crucial to the Inner Mongolian grassland ecosystem, aiding in windbreaks, 
sand fixation, soil conservation, and maintaining desert and grassland ecosystem stability. Net primary 
production (NPP) is an important ecological indicator that reflects the total energy plants obtain from the 
environment through photosynthesis for growth, development, and reproduction and is a crucial component of 
global carbon absorption30. NPP measures plant growth capacity and is crucial for assessing ecosystem health 
and functional status31, providing a valuable reference for evaluating the ecological environment and sustainable 
development of ecosystems. Studying the influence of NPP on the geographic distribution of T. mongolica 
helps in understanding the mechanism by which vegetation distribution patterns form in grassland-desert 
areas, providing a scientific basis for grassland ecosystem protection and management. Previous studies on the 
potential geographic distribution of this species and its response to climate change14,32, have made significant 
attempts to address this issue. However, further analysis of the results is required due to the different research 
objectives, environmental variables, and species distribution model constructions.

Ecological niche models (ENMs), also known as species distribution models (SDMs), are widely used to 
predict potential distribution areas for species. They use various algorithms to combine environmental variables 
with geographic data to simulate the ecological niches of species and project their potential distribution across 
the geographic landscape33. Quantifying the ecological niches of species aids in understanding their geographic 
distribution changes, assessing their vulnerability to climate change and ecological adaptation, and promoting 
biodiversity maintenance34. With advancements in computer technology and statistical science, different types 
of ENMs have emerged, including generalized linear models (GLM)35, generalized additive models (GAM)36, 
random forest (RF)37, and maximum entropy (MaxEnt)38. Among these, the MaxEnt model is widely used 
because it requires only presence data, can handle small sample sizes39–41, and accommodates continuous or 
categorical data as inputs for environmental variables42.

Therefore, to better protect T. mongolica, this study comprehensively explores multiple driving factors to fully 
understand their impacts on the potential geographic distribution of T. mongolica under climate change, aiming 
to develop more effective conservation measures. To this end, this study employs the MaxEnt model to establish 
a climate niche model, considering multiple factors, including climate, NPP, human activities, and topography. 
This model simulates the distributional changes in the relict plant T. mongolica in Inner Mongolia, China, driven 
by multiple factors under climate change. Furthermore, the MaxEnt model will be used to analyze and establish a 
soil requirement niche model that will be combined with the climate niche model to construct a dual-suitability 
model to predict the potential geographic distribution of T. mongolica in Inner Mongolia. By comprehensively 
considering the influencing factors, this study aims to fully understand the impacts of multi-factor drivers on 
the potential distribution of T. mongolica under climate change conditions, providing an important reference for 
further research and conservation efforts.

Fig. 1.  The habitat of T. mongolica in Inner Mongolia, China. (a) Single T. mongolica; (b) Flowering of T. 
mongolica; (c) Landscape of T. mongolica.
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Results
Evaluation of model prediction results
The MaxEnt model was used to obtain the area under the curve (AUC) values for each model (Fig. 2). All AUC 
values were > 0.9, indicating good model performance and high accuracy.

Key predictive variables
The MaxEnt model predictions indicated that under the climate change scenarios (Model A), the key climatic 
variables influencing the potential geographic distribution of T. mongolica included the minimum temperature 
of the coldest month(bio6), precipitation of the wettest month (bio13), and precipitation of driest month (bio14). 

Fig. 2.  The AUC values of different models.
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In the four scenarios (I−IV) in Model A, these three key climatic variables contributed > 10% with cumulative 
contributions of 73.3, 70.2, 61.4, and 58%, respectively, suggesting that temperature and precipitation are key 
climatic variables affecting T. mongolica’s distribution (Fig. 3). The cumulative contribution rates of scenarios I–
IV are 85.7, 85.1, 85.2, and 85.5%, respectively, with the common major variables being bio6, bio13, bio14, slope, 
bio3, bio8, bio15, aspect, bio5, and elevation (Table S3, Table S4).

Additionally, based on Scenario I, scenarios II, III, and IV incorporate NPP, human activities, and NPP and 
human activities, respectively. When comparing scenarios II, III, and IV to Scenario I, introducing different 
predictive variables led to varying changes in the key variables. In Scenario II, bio6 decreases by 11.7%, bio13 
increases by 9%, and bio14 decreases by 0.4%. In Scenario III, bio6 decreases by 6.9%, bio13 by 0.8%, and bio14 
by 4.2%. In Scenario IV, bio6 decreases by 11.2%, bio13 increases by 0.3%, and bio14 decreases by 4.4%. Notably, 
in Scenario III, the changes in the key variables were more pronounced, with human activities contributing 
13.6 and 15.3% in scenarios III and IV, respectively. This suggests that human activities significantly impact the 
distribution of T. mongolica, whereas NPP contributes less in scenarios II and IV, and its influence on key factors 
is relatively insignificant compared with that of human activities.

Potential distribution of T. Mongolica’s dual suitability under current and future climate 
change conditions
Figure  4 shows the dual potential habitat suitability distribution of T. mongolica under four current climate 
scenarios. Suitable areas are primarily located in southwestern Inner Mongolia, particularly in regions such as 
Wuhai, western Ordos, southern Bayannur, and eastern Alxa League, with highly suitable areas distributed in 
Wuhai and western Ordos. Under the future climate scenarios, the potential habitat distribution of T. mongolica 
(Fig.  5), compared with that in the current climate scenario, showed that while some areas, such as Wuhai 
and western Ordos, may remain suitable, the overall distribution is expected to significantly fragment and the 
suitable habitat area is anticipated to decrease significantly.

Predictions of T. Mongolica’s potential habitat distribution under current climate conditions 
across four models
Figure 6 shows the dual habitat suitability distribution classification of T. mongolica under the current climate 
scenario using the four models and area predictions (Table 1). Under the scenario influenced only by climatic 
factors (Model A-I-B), the highly suitable habitat area was 0.2821 × 104 km2, mainly in the northern and 
southern parts of Haibowan District, northern Hainan District, and scattered in Wuda District of Wuhai 
City; western Hangjin Banner, and northwestern Etuoke Banner in Ordos City; and eastern Alxa Left Banner 
in the Alxa League. The moderately suitable habitat area was 0.2951 × 104 km2, primarily distributed in the 
western part of Hainan District, northwestern Hangjin Banner, northwestern Etuoke Banner, eastern Alxa Left 
Banner, and scattered in Dengkou, Hangjinhou Banner, Linhe, and Urad Middle Banner in Bayannur City. 
The low-suitability habitat area was 0.5739 × 104 km2, sporadically distributed in the eastern part of Alxa Left 
Banner and scattered in Hangjin Banner, Dengkou, and Linhe. Suitable areas accounted for 0.9723% of the 
entire Inner Mongolian region, indicating that the habitat of T. mongolica is minimal. After incorporating NPP 
(Model A-II-B), although the distribution area did not change significantly, it varied. The highly suitable habitat 
area decreased to 0.0159 × 104 km2, the moderately suitable habitat area slightly decreased to 0.2881 × 104 km2, 

Fig. 3.  The contribution rates of major variables in different models.

 

Scientific Reports |        (2024) 14:28478 4| https://doi.org/10.1038/s41598-024-79088-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and the low-suitability habitat area increased to 0.5878 × 104 km2. Compared with Model A-I-B, the overall 
suitable habitat area decreased by 0.7819%. After adding human activities (Model A-III-B), the distribution area 
was unchanged but varied. The highly, moderately, and lowly suitable habitat areas decreased to 0.2716 × 104, 
0.2768 × 104, and 0.5661 × 104 km2, respectively. Compared with Model A-I-B, the overall suitable habitat area 
decreased by 3.1796%. When NPP and human activities were added (Model A-IV-B), the distribution area 
remained unchanged; however, it varied to different extents. The highly and moderately suitable habitat areas 
decreased to 0.2575 × 104 and 0.2659 × 104 km2, respectively, and the lowly suitable habitat area increased to 
0.6078 × 104 km2. Compared with Model A-I-B, the suitable habitat area decreased by 1.7288%. Overall, human 
activities most significant affect the habitat distribution of T. mongolica, with some mitigation by NPP based on 
the results from Model A-IV-B.

Changes in the potential distribution pattern ofT. mongolica under future climate scenarios
Under future climate scenarios, the predicted suitable habitats of T. mongolica are primarily distributed in Etuoke 
Banner and Hangjin Banner in Ordos City; Wuda District, Hainan District, Haibowan District in Wuhai City; 
sporadically in Alxa Left Banner in the eastern part of the Alxa League, as well as in Dengkou, Urad Rear Banner, 
and Linhe in the southern regions of the Bayannur League. The highly suitable area decreased remarkably and 
became increasingly fragmented (Fig. 7). The most significant increase in suitable area under different climate 
scenarios occurred under SSP585 (2041−2060), covering 1.2297% of the entire region and representing the 
largest suitable area. However, at this stage, most suitable areas had low suitability, with highly suitable areas 
comprising only 5.68%. In comparison, under Model A-I-B, highly suitable areas comprised 24.51% of the 
suitable areas. The most significant decrease in the suitable area was observed under SSP126 (2041−2060), where 
the suitable area covered 0.82% of the overall region, representing the smallest suitable area (Table 2). Analysis 
of the percentage of suitable habitat areas indicated that, over time, the suitable habitat for T. mongolica under 
SSP126 and SSP245 initially decreased and then increased, whereas that under SSP585 showed the opposite 
trend, with highly suitable areas increasing. This suggests that the suitable habitat area of T. mongolica changes 
under different CO2 emission levels and tends to stabilize; however, the overall suitable area decreases compared 
with the current area.

Fig. 4.  Dual potential habitat suitability distribution of T. mongolica under current climate scenarios. Maps 
created in ArcGIS 10.8 (https://www.​esri.com/zh-​cn/arcgis/pr​oducts/arcg​is-desktop/resources).
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Temporal and spatial changes in ecological niches
Using the “Distribution Changes Between Binary SDMs” tool, the distribution results of T. mongolica at different 
times under the same Shared Socioeconomic Pathways (SSP) were analyzed. The results indicated that under the 
three different SSPs, the changes in T. mongolica’s expansion area were in the order of highly < moderately < lowly 
suitable habitats. The contraction area changes were in the order of high- < low- < moderate- suitability 
habitats. Unchanged areas were in the order of highly < moderately < lowly suitable habitats. Furthermore, with 
increasing CO2 concentrations, the expansion areas of high-, medium-, and low-suitability habitats generally 
displayed an initially decreasing and then increasing trend, while the contraction area initially increased and 
then decreased (Table 3). The regions where the suitable habitat for T. mongolica initially expanded and then 
contracted were mainly in the Alxa Left Banner and the southwestern region of the Bayannur League. The 
regions where suitable habitats remained relatively unchanged were mainly Wuda District, Haibowan District, 
Hainan District, Etuoke Banner, and Hangjin Banner. Additionally, the habitat area of T. mongolica changed 
with varying CO2 concentrations (Fig.  8). Under the SSP585 (2041−2060) scenario, the expansion area was 
highest at 0.8012 × 104 km2, primarily distributed in Alxa Left Banner, Dengkou, and Linhe. Under the SSP245 
(2041−2060) scenario, the expansion area was lowest at 0.4743 × 104 km2, mainly in the Alxa Left and Hangjin 
banners. Under the SSP126 (2081−2100) scenario, the contraction area was highest at 0.7672 × 104 km2, 
primarily in the southwestern regions of Bayannur, including Hangjin Rear Banner, Linhe, and Dengkou. Under 
the SSP585 (2041−2060) scenario, the contraction area was lowest at 0.4549 × 104 km2, mainly distributed in 
the Alxa Left Banner and Linhe. Under the SSP585 (2041−2060) scenario, the unchanged area was highest, 
at 0.8567 × 104 km2, mainly distributed in the Wuda District, Haibowan, Hainan District, Etuoke Banner, 
Hangjin Banner, Linhe, and parts of the eastern Alxa Left Banner. Under the SSP126 (2081−2100) scenario, 
the unchanged area was lowest, at 0.5447 × 104 km2, primarily concentrated in the Wuda District, Haibowan, 
Hainan District, Etuoke Banner, Hangjin Banner, and parts of eastern Alxa Left Banner (Fig. 8; Table 3).

Using the “Centroid Changes (Lines)” tool in “SDMtoolbox”, the changes in the centroids of suitable 
habitats were calculated for three SSPs across two time periods (2041−2060 and 2081−2100) relative to the 
current centroid. An overall trend in distance changes was detected. The results indicated that the centroid of T. 
mongolica is in the northwestern part of Ordos. Under the SSP126 pathway, the distribution centroid exhibited 
a southeastward migration trend along the horizontal gradient. The SSP245 and SSP585 pathways showed 
northeastward and southeastward migration trends, respectively. Along the vertical gradient, T. mongolica 

Fig. 5.  Dual potential habitat suitability projection for T. under future climate scenarios. Maps created in 
ArcGIS 10.8 (https://www.​esri.com/zh-​cn/arcgis/pr​oducts/arcg​is-desktop/resources).
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migrated toward higher altitudes under the SSP126 pathway, whereas it initially migrated toward lower altitudes 
and then shifted to higher altitudes under the SSP245 and SSP585 pathways. However, the overall altitude change 
was insignificant and remained between 1,100 and 1,300 m (Fig. 9 and Table S5).

Discussion
This study utilized the MaxEnt model to generate Model A (climate niche model) and Model B (soil niche 
model), each with an AUC value > 0.9, indicating superior performance with high accuracy. Models A and B 
considered the effects of climate change scenarios and soil variables on T. mongolica distribution. Specifically, 
the four scenarios within Model A included climate, topography, NPP, and human activities, whereas Model B 
focused on soil texture and nutrient content. Constructing ENMs by considering multiple factors helps provide 
a comprehensive understanding of the potential ecological distribution patterns of T. mongolica. Recent studies 
have shown that soil and climate variables can be combined into a single niche model43. Accordingly, the present 
study attempted this approach using climate and soil variables; however, the results indicated that the accuracy 
of the niche model did not improve significantly, and the model did not sufficiently account for soil impact 
(Table S1). The effectiveness of this method may be compromised by a correlation between soil and climate 
variables, potentially undermining their respective contributions to the model and prediction credibility44 by 
treating soil variables as constants for future predictions45. Therefore, the current study developed models A 
and B separately and integrated them using an “overlay function” to create a dual-suitability distribution of the 

Model Highly suitable habitat Moderately suitable habitat Low suitable habitat Unsuitable habitat Suitable habitat Suitable habitat percent

Model A-I-B 0.2821 0.2951 0.5739 117.237 1.1511 0.9723%

Model A-II-B 0.2662 0.2881 0.5878 117.216 1.1421 0.9650%

Model A-III-B 0.2716 0.2768 0.5661 117.274 1.1145 0.9414%

Model A-IV-B 0.2575 0.2659 0.6078 117.226 1.1312 0.9558%

Table 1.  The suitable habitat area of T. mongolica under current climate conditions is influenced by four 
different models (×104 km2).

 

Fig. 6.  Classification of dual habitat suitability distribution for T. Mongolica under current climate scenario. 
Maps created in ArcGIS 10.8 (https://www.​esri.com/zh-​cn/arcgis/pr​oducts/arcg​is-desktop/resources).
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Scenario Time

Highly suitable habitat Moderately suitable habitat Low suitable habitat

Gain Loss Unchanged Gain Loss Unchanged Gain Loss Unchanged

SSP126

2041–2060

0.0002 0.2355 0.08603 0.2453 0.1484 0.1879 0.2744 0.3375 0.3166

SSP245 0.0001 0.2366 0.0849 0.2375 0.1546 0.1817 0.2367 0.2473 0.4067

SSP585 0.0021 0.2294 0.0920 0.2512 0.1379 0.1983 0.5479 0.0876 0.5664

SSP126

2081–2100

0.0301 0.2315 0.0900 0.2308 0.1647 0.1716 0.2658 0.3710 0.2831

SSP245 0.0007 0.2225 0.0990 0.2400 0.1613 0.1750 0.2854 0.1952 0.4589

SSP585 0.0142 0.2257 0.0956 0.2585 0.2060 0.1303 0.2192 0.2370 0.4171

Table 3.  The change in suitable habitat area of T. mongolica under future climatic conditions (×104 km2).

 

Scenario Time Highly suitable habitat Moderately suitable habitat Low suitable habitat Unsuitable habitat Suitable habitat percent (%)

SSP126

2041–2060

0.0757 0.3801 0.5185 117.3256 0.8236

SSP245 0.0757 0.3678 0.5646 117.2919 0.8522

SSP585 0.0826 0.3944 0.9777 116.8453 1.2297

SSP126

2081–2100

0.0816 0.3531 0.5587 117.3067 0.8397

SSP245 0.0875 0.3642 0.6531 117.1953 0.9339

SSP585 0.0853 0.4076 0.5583 117.2489 0.8886

Table 2.  The suitable habitat area for T. mongolica under future climatic conditions (×104 km2).

 

Fig. 7.  Classification of dual habitat suitability projection for T. mongolica under future climate scenarios. 
Maps created in ArcGIS 10.8 (https://www.​esri.com/zh-​cn/arcgis/pr​oducts/arcg​is-desktop/resources).
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potential habitat of T. mongolica. The overlay process added constraints to prevent potential double counting 
or overlapping information. The minimum value between the two models was selected; when they were equal, 
the value from Model A was selected, ensuring the distribution of T. mongolica’s habitat met climate and soil 
suitability conditions. This approach maintains rationality by considering the combined impact of both factors 
on the distribution of T. mongolicas’s habitat.

Identifying the key environmental variables determining species distribution is crucial for understanding 
the relationship between plants and their environment45. T. mongolica thrives in desertified steppe regions 
characterized by a continental climate with high winds, abundant sand, drought, low rainfall, cold winters, hot 

Fig. 9.  Potential distribution centroid of T. mongolica under SSP126 (b), SSP245 (c), SSP585 (d). Maps created 
in ArcGIS 10.8 (https://www.​esri.com/zh-​cn/arcgis/pr​oducts/arcg​is-desktop/resources).

 

Fig. 8.  Changes in the dual habitat suitability distribution for T. mongolica under future climate scenarios. 
Maps created in ArcGIS 10.8 (https://www.​esri.com/zh-​cn/arcgis/pr​oducts/arcg​is-desktop/resources).
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summers, and prolonged sunlight13. The ENM predicts that the primary variables influencing the potential 
geographic distribution of T. mongolica were climate change and human activities, specifically the minimum 
temperature of the coldest month (bio6), precipitation of the wettest month (bio13), precipitation of the driest 
month (bio14), and human activities. Incidentally, temperature and precipitation are the main factors affecting 
the growth of most plants46. Temperature directly influences plant metabolic rate, and temperatures beyond 
the tolerance range can hinder plant growth and development47. Prolonged elevated temperatures can disrupt 
internal physiological mechanisms and inhibit growth, whereas sustained low temperatures can cause frost 
damage or plant death48. Precipitation directly affects soil moisture content, promoting a favorable plant growth 
environment. Adequate precipitation promotes growth and development, whereas insufficient rainfall can cause 
wilting and impede normal growth49.

Human activities significantly influence species distribution by exerting inhibitory and promotional 
effects50,51. Species such as T. mongolica, which have extremely limited distribution in China, play an essential 
role in local ecological conservation and ecosystem stability. Human activities such as mining, logging, grazing, 
land development, and urbanization have significantly reduced suitable habitats for T. mongolica. After 
incorporating human activities into the model (Model A-III-B), the overall suitable habitat area decreased by 
3.1796% compared with that in Model A-I-B. Due to the simple community structure and fragile ecosystem of 
T. mongolica, human activities trigger habitat fragmentation21, resulting in distribution area reduction, a sharp 
decline in population numbers, and deterioration in the age structure, exacerbating the endangered status of the 
species. Therefore, human activities seriously threaten T. mongolica’s survival and reproduction, necessitating 
the strengthening of ecological conservation measures to mitigate further deterioration of its endangered status.

NPP determines the carbon sequestration capacity of ecosystems, directly affecting the absorption and 
release of carbon dioxide into the atmosphere. Hence, it is a vital indicator of ecosystem function and stability30. 
Although the contribution of NPP to the models was not significant in models A-II-B and A-IV-B, the suitable 
habitat for T. mongolica decreased by 0.7819 and 1.7288%, respectively. This implies that NPP may indirectly 
influence plant distribution by affecting ecosystem structure and function52. While the direct contribution of 
NPP to T. mongolica distribution is limited, it may affect the distribution and growth of other vegetation types53. 
A higher NPP may intensify competition among other vegetation types, indirectly affecting the suitable habitat 
of T. mongolica. Additionally, NPP reflects the ecosystem productivity level and health status, which are directly 
related to plant growth and distribution. Although the direct impact of NPP on T. mongolica distribution is 
limited, the influence of climate change on NPP may alter the health status of ecosystems53, thereby affecting 
the suitable habitat of T. mongolica. Furthermore, when only NPP was considered, the contribution rate was 
low; however, a combined effect may occur when combined with human activities. These results suggest 
that compared with that in Model A-III-B, the suitable habitat area in Model A-IV-B increased by 1.4508%. 
This implies that including NPP may positively affect human activities, indirectly improving its impact on T. 
mongolica habitats by enhancing ecosystem productivity and function, thereby providing more suitable habitat 
conditions and areas for T. mongolica.

The soil niche model predicted that the topsoil sand fraction (T_SAND), soil unit symbol (SU_SYM90), 
topsoil sodicity (T_ESP), and topsoil gravel content (T_GRAVEL) significantly contribute to model predictions 
(Table S2). This suggests that areas where T. mongolica grows suffer from severe surface desertification and 
poor soil quality and are primarily characterized by desert and calcareous soils54. In addition, the soil in these 
regions tends to be alkaline and contains a high proportion of gravel. Suitable soil conditions are crucial for 
T. mongolica growth. T. mongolica can increase the number of soil microbial species, alter their functionality, 
and enhance their diversity in the root zone. Therefore, when formulating conservation and planting strategies, 
climate factors should be considered the primary determining factors, while soil factors should be regarded as 
the limiting factors55. For endangered relict species, areas where soil and climate conditions are suitable, known 
as double suitable areas, should be considered potential sites for planting and conservation. Further research on 
the growth of T. mongolica under varying climates and soil nutrient gradients will augment data on conservation 
planning.

For relict species such as T. mongolica, Liriodendron chinense, and Liriodendron tulipifera, suitable habitats 
are extremely limited and easily affected by climate change and topography, leading to reduction and even 
extinction6. This decline may be attributed to the lack of potential habitat areas for migration. Additionally, if 
only climatic factors are considered, the soils of some areas may not be suitable for T. mongolica growth, which 
could overestimate its suitable habitat. To provide more reliable predictions, we employed a dual-suitability 
approach to filter these areas (Fig. 4, Fig. S1). When considering soil factors, the predicted results showed a 
more pronounced reduction in suitable habitat areas (Fig. S1), consistent with previous findings56. Therefore, 
predictive models that consider soil factors are more comprehensive and credible for guiding the conservation 
of relict species, including searching for new planting areas or high-quality seed sources57.

Climate change poses unprecedented threats to biodiversity conservation and grassland ecosystem stability. 
Plant growth and distribution are profoundly affected by the increasingly evident impacts of climatic factors, 
such as rising temperatures and imbalanced precipitation. Therefore, the persistence of species depends on their 
ability to adapt to their habitat or migrate to cope with the uncertainty of future climate change58. The predictive 
results of the present study indicate that the suitable habitat area for T. mongolica will decrease in the future 
(Figs. 7 and 8; Table 3) and may migrate toward the east (Fig. 9). With climate change, arid regions will become 
drier, especially in mid-to-high-latitude areas25, exacerbating aridity in northwest China. Currently, T. mongolica 
is distributed in the arid regions of northwest China, mainly in the western parts of Inner Mongolia, and is 
concentrated in Wuhai and western Ordos (Fig. 8). Additionally, T. mongolica grows in rocky low mountains, 
gravel ridges, and piedmont alluvial fan areas at altitudes of 1000−1,300 m59. Therefore, over time, the distribution 
center of T. mongolica may migrate eastward along the horizontal gradient, with minimal changes in the vertical 
gradient. Due to factors such as the soil environment, the migration distance of T. mongolica is limited.
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Although this study incorporated soil factors to construct a dual-suitability model for T. mongolica, some 
limitations associated with data constraints are noted. First, the constructed ENMs considered soil factors 
but treated them as static. Currently, predicting future soil variables is not possible44 due to their sensitivity 
to climate change and vegetation dynamics. This assumption might affect the accuracy of future predictions 
because changes in soil properties could significantly affect species distribution. Additionally, global warming 
may alter soil microbial activity distribution, affecting soil organic matter decomposition and thus influencing 
plant growth conditions60. Therefore, existing models do not fully account for the dynamic changes in soil 
factors, potentially limiting the accurate prediction of future species distributions. Second, the future prediction 
results only considered the influence of climate change scenarios and did not fully consider other factors, such as 
human activities and NPP. This highlights the need for further research and model improvements to accurately 
predict future species distributions and consider the effects of multiple factors under future climate change.

Methods
Species occurrence data
T. mongolica data were obtained from the National Specimen Information Infrastructure ​(​​​h​t​t​p​:​/​/​w​w​w​.​n​s​i​i​.​o​r​g​.​c​n​
/​2​0​1​7​/​h​o​m​e​.​p​h​p​​​​​)​, the Global Biodiversity Information Facility (https://www.gbif.org/, accessed on December 1, 
2023), The Fourth Traditional Chinese Medicine Resources Survey of Inner Mongolia61, and published scientific 
literature12. These sources yielded 4, 7, and 137 records of T. mongolica, respectively. To prevent information 
redundancy due to the spatial autocorrelation of sample points, the “Spatial Sparse Occurrence Data” tool in 
“SDMtoolbox” was used to filter the distribution data points of T. mongolica in the study area. Considering the 
elevation at which T. mongolica grows, we filtered 100 habitat distribution points for T. mongolica within a 1 km 
×1 km grid area, ensuring no duplicate points existed (Fig. 10, Fig. S2).

Environmental variables
This study initially selected 42 environmental variables that could potentially influence T. mongolica distribution 
(Table S4). These included bioclimatic, soil, topographic, NPP, and human activity data. Nineteen bioclimatic 
variables were obtained from WorldClim version 2.1 (https://www.worldclim.org, released January 2020). Digital 
elevation model data were sourced from the Data Center for Resources and Environmental Sciences of the 
Chinese Academy of Sciences (https://www.resdc.cn/). Soil data were downloaded from the Harmonized World 

Fig. 10.  Occurrence records of T. mongolica in Inner Mongolia, China. Maps created in ArcGIS 10.8 ​(​​​h​​​​t​t​​p​s​​:​​/​​/​​w​
w​w​​.​e​s​r​​i​.​c​​​o​m​/​z​​h​-​c​n​/​a​r​c​g​i​s​/​p​r​o​d​u​c​t​s​/​a​r​c​g​i​s​-​d​e​s​k​t​o​p​/​r​e​s​o​u​r​c​e​s​​​​​)​.​​​​
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Soil Database version 1.2 (HWSD) (http://www.iiasa.ac.at/), which includes 30 soil parameters. These parameters 
are commonly used as soil indicators and are divided into topsoil (0–30 cm) and subsoil (30–100 cm) sections. 
These parameters include gravel content, silt fraction, sand, cation exchange capacity, which describes the soil’s 
ability to retain and exchange cations; organic carbon, pH, and other ecologically significant physicochemical 
properties62. Since T. mongolica grows in environments with shallow and coarse soil layers63, this study used 15 
topsoil variables, 1 subsoil variable, and soil classification (SU_SYM90). These variables were extracted from 
the raster layers with a 30-arc-sec spatial resolution, and NPP data were obtained from the Chinese Science 
and Technology Resource Sharing Network (https://escience.org.cn/), which compiles monthly NPP data for 
terrestrial ecosystems in China north of 18°N latitude from 1985 to 201564, with a 1-km spatial resolution 
and units of gC/(m2a). These data objectively reflected the spatial variation in NPP in the grassland terrestrial 
ecosystems of Inner Mongolia, providing a reference indicator of the region’s ecological environment. Human 
activity data were sourced from the Global Human Influence Dataset version 3 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​c​i​e​s​i​n​.​c​o​l​u​m​b​i​a​.​e​
d​u​/​w​i​l​d​_​a​r​e​a​s​​​​​) and included annual records from 1993 to 2009 covering land use, population density, railways, 
roads, power infrastructure, croplands, and grazing65. Weighted and standardized according to Sanderson et al., 
these data, with a spatial resolution of 1 km, objectively and comprehensively reflect the intensity and spatial 
distribution of human activities, demonstrating the degree of human environment disturbance in this study. 
All variables were resampled to a spatial resolution of 1 km using bilinear interpolation. We assumed that the 
topography and soil will remain largely under current and future conditions.

The climate data, including 19 bioclimatic variables, covered current and future conditions. Future climate 
data were based on the SSPs provided by the Intergovernmental Panel on Climate Change Sixth Assessment 
Report. The general circulation model selected for this study was BCC-CMS2-MR (China), which has shown 
improvements over the BCC-CMS1.1 m model in simulating global temperatures and the climatic distribution 
of annual precipitation in China66. Given its appropriateness for China’s climate change context, this model 
was selected to predict suitable habitats for T. mongolica in Inner Mongolia67. Additionally, two time periods 
(2041−2060 and 2081−2100) and three climate change scenarios [SSP126 (optimistic: low-carbon emission 
pathway), SSP245 (moderate: medium-mitigation economic pathway), and SSP585 (pessimistic: high-emission 
economic pathway)] were selected.

Model construction
We constructed two models and five scenarios to investigate the influence of various factors on T. mongolica’s 
distribution (Table 4). The two models included the climate niche model (Model A) to simulate T. mongolica’s 
migration trends under different climate change scenarios and the soil niche model (Model B) to consider soil 
factor limitations on T. mongolica’s potential geographic distribution.

Model A comprised five scenarios: (I) Prediction of T. mongolica distribution under current climate 
change conditions, including environmental variables (bioclimatic + topographic); (II) Prediction of 
T. mongolica distribution under current climate change conditions, including environmental variables 
(bioclimatic + topographic) and NPP; (III) Prediction of T. mongolica distribution under current climate change 
conditions, including environmental variables (bioclimatic + topographic) and human activities; (IV) Prediction 
of T. mongolica distribution under current climate change conditions, including environmental variables 
(bioclimatic + topographic), NPP, and human activities; (V) Forecasting the distribution pattern of T. mongolica 
under future climate change scenarios, considering environmental variables (bioclimatic + topographic).

Scenarios I–IV were based on predictions under the current climate model, whereas V was based on a future 
climate model. Scenarios I–IV compare and analyze the impacts of climate, NPP, and human activities on the 
suitable habitats of T. mongolica, contrasting their effects under climate change.

Principal component analysis (Fig. S3) and Pearson’s correlation analysis (Fig. S4) were performed while 
constructing the climate niche model to avoid model overfitting due to multicollinearity among the variables. 
Variables with a correlation coefficient (r) < 0.75 were selected to eliminate collinear and low-contribution 
variables, resulting in 12 representative variables used to construct of Model A68. Seventeen soil variables were 
used to construct Model B (Table 5).

Construction and evaluation of the climate ecological niche model
To predict the potential distribution of T. mongolica, the climate ecological niche model employed the MaxEnt 
model (version 3.4.4) with default settings, following a conservative principle and replacing missing data with 
background points69. Five hundred background points were randomly selected as pseudo-absences, with 75% of 
the occurrence records used for model training and 25% for testing. To reduce uncertainty, we conducted a 10-fold 

Model Scenario Time

Variable

Climate Topography NPP Human activities Soil

Model 
A

I Current √ √ - - -

II Current √ √ √ - -

III Current √ √ √ -

IV Current √ √ √ √ -

V Future √ √ - - -

Model B - Current & Future - - - - √

Table 4.  Model construction and variable selection.
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cross-validation of the model, with an average of 10 repetitions considered the final result. Common evaluation 
metrics were used to quantify model performance, with the AUC of the receiver operating characteristic curve 
employed to assess accuracy. The AUC values were categorized as follows: 0–0.6 (Failed), 0.6−0.7 (Poor), 0.7−0.8 
(General), 0.8−0.9 (Good), and 0.9−1.0 (Excellent)70. Higher AUC values indicate better accuracy39.

Construction of the soil ENMs
This study used HWSD data, which contains crucial soil information on the parameters that restrict T. mongolica 
distribution. However, among ENMs, only the MaxEnt model can accommodate categorical data as inputs for 
soil variables. Hence, we integrated 17 soil variables with T. mongolica occurrence data to establish Model B 
and determine the soil requirements for T. mongolica growth. To assess the performance of Model B, 75% of the 
occurrence data were used for model calibration and 25% for model validation. To enhance the credibility of the 
results, 10 repetitions were conducted, and model performance was evaluated using the AUC.

Integrating soil factors to predict the impact of climate change on T. mongolica distribution can be approached 
in two ways: combining climate and soil variables to build a model using traditional methods71, or separately 
establishing climate and soil ENMs72. Initially, we attempted to construct a combined model using 10 climatic 
and topographic variables and 17 soil variables. However, the performance of the combined model lacked 
significant improvement, and the importance ranking of the soil predictive factors remained low (Table S1), 
indicating that the model barely reflected the soil effects. Consequently, this study adopted the second approach. 
Following the “barrel effect” principle, the “overlay function” in ArcGIS was employed to perform layer stacking. 
Specifically, the T. mongolica climate suitability spatial distribution maps generated using Model A and the soil 
adaptability spatial distribution maps generated using Model B were overlaid. Climate suitability was the base, 
and the minimum value was retained73. When the values were equal, those from Model A were selected (Fig. 
S1). Climate suitability and soil adaptability were integrated to obtain the dual suitability of T. mongolica for 
each grid, generating a spatial distribution map of dual suitability (Fig. S1), represented as Model A-I-B, Model 
A-II-B, Model A-III-B, Model A-IV-B, and Model A-V-B.

To analyze the changes in T. mongolica’s distribution patterns under different scenarios, this study employed 
the maximum training sensitivity plus specificity (MTSS) method to select the optimal threshold and binarize 
the predictive results for T. mongolica74. Suitability was categorized into four groups: unsuitable (< MTSS), lowly 

Type Variables Description

Climate

bio3 Isothermally

bio5 Max Temperature of Warmest Month

bio6 Min Temperature of Coldest Month

bio8 Mean Temperature of Wettest Quarter

bio13 Precipitation of Wettest Month

bio14 Precipitation of Driest Month

bio15 Precipitation Seasonality

Topography

slope Slope

elevation Elevation

aspect Aspect

Human activities hf Human Footprint

Ecology NPP Net Primary Productivity

Soil

T_GRAVEL Topsoil Gravel Content

T_SAND Topsoil Sand Fraction

T_SILT Topsoil Silt Fraction

T_CALY Topsoil Clay Fraction

T_USDA_TEX_CLASS Topsoil USDA Texture Classification

T_REF_BULK_DENSITY Topsoil Reference Bulk Density

T_OC Topsoil Organic Carbon

T_PH_H2O Topsoil pH (H2O)

T_CEC_CLAY Topsoil CEC (clay)

T_CEC_SOIL Topsoil CEC (soil)

T_BS Topsoil Base Saturation

T_TEB Topsoil TEB

T_CACO3 Topsoil Calcium Carbonate

T_CASO4 Topsoil Gypsum

T_ESP Topsoil Sodicity (ESP)

T_ECE Topsoil Salinity (Elco)

SU_SYM90 Soil Unit Symbol (FAO-90)

Table 5.  Modeling variables.
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suitable habitat (MTSS−0.4), moderately suitable habitat (0.4−0.6), and highly suitable habitat (0.6−1) habitats4, 
using the same threshold for classification in current and future climate models.

Conclusion
Considering multiple factors, such as climate, soil, human activities, and topography, helps in understanding 
the effect of climate change on the potential distribution of T. mongolica. Climatic factors directly shape the 
growth environment of the plant, whereas soil conditions influence nutrient absorption and root growth, which 
are crucial for T. mongolica’s distribution. Human activities directly affect species habitat and growth conditions 
by altering vegetation cover and land use, while topographical factors shape growth environment and survival 
conditions75,76. Although NPP may indirectly affect T. mongolica’s distribution, it still holds significance. It reflects 
plant growth rate and ecosystem productivity and indirectly influences the suitable habitat area and distribution 
pattern of T. mongolica. Despite its limited direct contribution to species distribution, NPP can indirectly 
ameliorate the impact of human activities on T. mongolica habitats by enhancing ecosystem productivity and 
functionality, thereby providing more suitable conditions for its survival. Therefore, comprehensive consideration 
of factors, such as climate, soil, human activities, topography, and NPP, is crucial for conserving and managing 
this species. By implementing more effective conservation and management measures, we can promote effective 
biodiversity protection and maintain the integrity and stability of ecosystems.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
infomation files].
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