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Abstract

:

Modeling the current distribution of and predicting suitable habitats for threatened species support the species conservation and restoration planning process. Therefore, the purpose of this study was to model the actual distribution and predict environmentally suitable habitats for Carex alatauensis S.R.Zhang 2015, a locally threatened native grass species on the Qinghai–Tibet Plateau. To realize this objective, based on the geographical samples within the natural distribution of C. alatauensis, the dominant climatic factors in its potential distribution range were analyzed using the maximum entropy (MaxEnt) model. The results showed that the average values of the area under the receiver operating characteristic curve (AUC) of the training data were 0.833 ± 0.044, which indicated that the accuracy of the MaxEnt model was pretty high for modeling potential distribution regions of C. alatauensis. The combined results from the Jackknife test and the presented contribution of environmental variables revealed that the annual precipitation, the growth season precipitation, and the precipitation of the driest month were the key climatic factors that restricted the distribution of C. alatauensis on the Qinghai–Tibet Plateau. It is predicted that the potential distribution area of C. alatauensis on the Qinghai–Tibet Plateau is 1.96 × 106 km2, and the most suitable area is 3.7 × 105 km2, mainly located in the Qilian Mountains, the Himalayas, and the Qingtanggula Mountains.
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1. Introduction


The Qinghai–Tibet Plateau is called the third pole, with an average altitude of more than 4000 m and an area of 2.58 million km2, accounting for 27% of China’s land area [1,2,3]. Due to its unique geographical location and climatic conditions, it is considered a sensitive and vulnerable area for biodiversity [4]. The area of alpine meadows with Carex alatauensis S.R.Zhang 2015 as the dominant species is 480,000 km2, accounting for 31% of the total grassland area of the Qinghai–Tibet Plateau and mainly distributed in the southern and eastern regions [5]. Alpine meadows not only provide production materials for the development of animal husbandry in the Qinghai–Tibet Plateau but also play important ecological service functions such as carbon pools, water conservation, climate regulation, and biodiversity protection [6,7,8,9,10,11].



C. alatauensis is a perennial herbaceous plant of the Carex genus with short rhizomes and subterranean shoots in cold mesophiles [12]. It is one of the dominant species in alpine meadows and is widely distributed in the Qinghai–Tibet Plateau. C. alatauensis has the characteristics of being able to adapt to cold and humid environments and having good palatability, high economic value, and resistance to water and soil erosion. It is a forage grass with excellent ecological and economic value in the Qinghai–Tibet Plateau [13]. Due to overuse and climate change, C. alatauensis meadows degenerate to form a “black beach” whereby irreversible changes take place in the structure and function of the ecosystem and the service and restoration functions of the ecosystem are weakened or even lost [14]. The degradation process of the alpine meadow ecosystem on the Qinghai–Tibet Plateau is quite different from that in the arid region due to its unique cold environment and wet characteristics. The phenotype of the small transpiration surface of C. alatauensis indicates the adaptability of this species to the cold and seasonally dry environment and may also be one of the factors for its wide distribution on the Qinghai–Tibet Plateau. The grass mat layer formed by its rhizome in the soil in alpine meadows is the main place for water conservation and carbon sinks [15,16]. Considering the dominant role of C. alatauensis in the alpine meadow ecosystem and the vulnerability of this species to climate change and human activities, this study is of great significance for the protection and management of the alpine meadow ecosystem. Since the alpine meadow area is also the source of major rivers in Asia [17], a better understanding of alpine vegetation distribution will help curb ecological problems.



The climate is closely related to the growth of plants and affects the geographical distribution of plants. Through the development of geographic information and the sharing of global data resources, the joint application of niche models and geographic information systems can accurately calculate the distribution of species and predict the habitat of species. The maximum entropy model (MaxEnt) is currently the most accurate and widely used model for studying species distribution and suitable habitat areas [18,19,20]. C. alatauensis is the dominant species in alpine meadows on the Qinghai–Tibet Plateau, and the analysis of the distribution of C. alatauensis is of great significance for species protection under climate change [21]. In this study, the MaxEnt model was used to predict the distribution area of C. alatauensis in the Qinghai–Tibet Plateau and to explore the relationship between the geographical distribution and the climate in order to clarify the dominant climatic factors affecting the distribution, and to combine the suitable grades for its potential, the geographical distribution range was visualized to provide theoretical and data support for the rational layout in degraded grassland ecological engineering.




2. Materials and Methods


2.1. Study Area


The Qinghai–Tibet Plateau (26°00′-39°47′ N, 73°19′-104°47′ E) is the highest plateau in the world and is known as the “roof of the world”. It is located in the China–Tibet province and parts of Qinghai, Xinjiang, Gansu, Sichuan, and Yunnan and covers an area of approximately 2.58 million km2. Topographically, it can be divided into six parts, including the Qiangtang Plateau, the South Tibet River Basin, the Tsaidam Basin, the Qilian Mountains, the Qinghai Plateau, and the Sichuan–Tibet Alpine Valley. Precipitation and temperature have clear regional distribution patterns. Annual precipitation increases gradually from 50 to 700 mm from the northwest to the southeast, and the annual temperature gradually increases from −15 to 20 °C from the northeast to the southeast [22]. The vegetation types on the Qinghai–Tibet Plateau are alpine meadows, alpine steppe, alpine shrub steppe, and desert grassland [23].




2.2. Carex alatauensis Distribution Data


According to the field investigation of C. alatauensis germplasm resources from 2019 to 2022, the Chinese Virtual Herbarium (https://www.cvh.ac.cn/ accessed on 12 August 2022) and the Global Biodiversity Information Facility database (https://www.gbif.org/ accessed on 12 August 2022), combined with local flora and literature reports, a total of 128 distribution data of C. alatauensis resources were obtained. Uncertain and repeated sampling points were removed, and finally, 90 distribution points that could execute the MaxEnt model program were retained; ArcGIS10.4.1 was used to draw the geographical distribution map of C. alatauensis (Figure 1). The map data come from the National Basic Geographic Information Center (http://www.ngcc.cn/ngcc/ accessed on 10 September 2022).




2.3. Climatic Data


The climate variable data come from the latest climate data layer provided by the WorldClim website (https://www.worldclim.org/ accessed on 20 August 2022). In January 2020, the website released climate data such as rainfall, temperature, solar radiation, and wind speed data from 1970 to 2000 and data on 19 bioclimatic variables (Table 1) [24]. Bioclimatic variables are derived from monthly temperature and rainfall values in order to generate more biologically meaningful variables. These are often used in species distribution modeling and related ecological modeling techniques. All of the climate variable data layers adopt a spatial resolution of 30″ (about 1 km).




2.4. Maximum Entropy Niche-Based Model


Import the existing distribution data of C. alatauensis collected above and the climate layer converted into ASCII format by the ArcGIS10.4.1 software into the MaxEnt3.4.1 software for calculation. During the operation, set the training set to 75%, the test set to 25%, the number of iterations to 10,000, and the repeated training to 10 to perform data simulation. Use the Jackknife module in MaxEnt3.4.1 software to calculate the contribution rate and important replacement value of each climate variable and to test the restriction strength of each climate variable on the geographical distribution. The accuracy of the MaxEnt model is tested by the receiver operating characteristic curve (ROC), represented by the area under the curve (AUC). The AUC value ranges from 0 to 1, and the larger the value, the more accurate the model’s prediction. An AUC value less than 0.5 indicates that it is worse than the random simulation and the model simulation fails. If it is 0.5–0.7, this indicates that the model simulation is poor. If it is 0.7–0.9, this indicates that the model simulation effect is average. If it is greater than 0.9, this indicates that the model simulation accuracy is better, and it can more accurately reflect the potential distribution of the species [25].



Use the ArcGIS10.4.1 software to visualize the simulation results and divide the habitat suitability; according to the simulated moderate size of C. alatauensis, combined with the collected geographical distribution data, use the Jenks’ natural breaks to divide it. There are four grades: the non-suitable region (<0.09), the suitable region (0.09–0.33), the sub-suitable region (0.33–0.62), and the most suitable region (>0.62). Then, use the Reclassify tool to calculate the distribution area corresponding to each grade.





3. Results


3.1. Accuracy of the Maxent Model


There are 90 geographical distribution coordinate data of C. alatauensis. In the construction of the maximum entropy model, 68 coordinate data were randomly selected as training samples, and the remaining 23 coordinate data were used as test samples. The results show that the AUC value of the model training set is 0.833 ± 0.044, which is greater than 0.8 and significantly greater than the AUC value of the random prediction distribution model (Figure 2). The simulation effect of the model is “good”, with it meeting the model prediction accuracy requirements. This shows that the potential distribution area of C. alatauensis predicted by the maximum entropy model has good accuracy and the prediction results have high credibility.




3.2. The Variables’ Contribution to Suitability


The MaxEnt model was run according to 19 environmental variables to evaluate the contribution rate of each climate factor (Table 2). The top five climatic factors with the highest contribution rate are the annual precipitation (Bio12, (42.31 ± 3.41)%), the mean temperature of the warmest quarter (Bio10, (14.63 ± 5.49)%), the mean diurnal range (Bio2, (12.62 ± 1.23)%), the precipitation of the driest month (Bio14, (7.38 ± 0.87)%), and the max temperature of the warmest month (Bio5, (5.17 ± 4.45)%), with a cumulative contribution rate of 82.11%. The Jackknife test scores for different climatic factors were analyzed by the Jackknife module (Figure 3). The results show that the top five climate factors are the annual precipitation (Bio12, 0.361), the precipitation of the wettest quarter (Bio16, 0.324), the precipitation of the warmest quarter (Bio18, 0.309), the precipitation of the wettest month (Bio13, 0.295), and the mean temperature of the warmest quarter (Bio10, 0.228).




3.3. The Variables’ Response to Suitability


The response curves of the fitness degree of C. alatauensis were drawn for the above eight climatic factors. The existence probability of each climatic factor to C. alatauensis showed that with the increase in the climatic factor value, the existence probability showed a trend of first increasing rapidly and then decreasing slowly. In this study, the range of climate factors when the probability of existence is greater than 0.6 was used to represent the climate characteristics of the C. alatauensis distribution area. The climate characteristics of the distribution area of C. alatauensis are as follows: the mean diurnal range (Bio2) is 12.8–15.1 °C, the max temperature of the warmest month (Bio5) is 14.2–20.7 °C, the mean temperature of the warmest quarter (Bio10) is 7.7–14.3 °C, the annual precipitation (Bio12) is 300–651 mm, the precipitation of the wettest month (Bio13) is 69–143 mm, the precipitation of the driest month (Bio14) is 0–5 mm, the precipitation of the wettest quarter (Bio16) is 188–380 mm, and the precipitation of the warmest quarter (Bio18) is 187 mm~391 mm (Figure 4).




3.4. Potential Distribution of Carex alatauensis


The potential most suitable regions for C. alatauensis are mainly located in the Qilian Mountains, the Himalayas, and the Qingtanggula Mountains on the Qinghai–Tibet Plateau (Figure 5). Based on the MaxEnt model, the most suitable region for C. alatauensis is about 37.41 × 105 km2 (Table 3). Most of the sub-suitable regions are located around the most suitable regions, such as near the Tanggula Mountains and the Nyainqentanglha Mountains. The area of the sub-suitable region is about 62.84 × 105 km2. C. alatauensis has a wide range of suitable regions; except for the Qiangtang Plateau and the Tsaidam Basin, it is distributed in other areas, with an area of about 95.47 × 105 km2.





4. Discussion


Climatic factors are one of the main factors restricting the geographical distribution of plants on a large scale, in which hydrothermal conditions play a leading role [26,27]. In this study, the MaxEnt model was used to simulate the potential distribution area of C. alatauensis on the Qinghai–Tibet Plateau. By integrating the contribution rate of each climate factor and the Jackknife test scores, it was shown that the main climatic factors affecting C. alatauensis are annual precipitation (Bio12), growth season precipitation (Bio16 for the precipitation of the wettest quarter, Bio18 for the precipitation of the warmest quarter, and Bio13 for the precipitation of the wettest month), heat (Bio10 for the mean temperature of the warmest quarter, Bio2 for the mean diurnal range, and Bio5 for the max temperature of the warmest month), and the precipitation of the driest month (Bio14). Annual precipitation, growth season precipitation, and the precipitation of the driest month have a greater impact on its distribution. Moisture conditions are the dominant climatic factors affecting the distribution of C. alatauensis, followed by heat conditions in the growing season [28,29]. Some studies have shown that temperature and moisture are the main limiting factors for the distribution of alpine species [30,31,32]. Other scholars believe that in the Qinghai–Tibet Plateau, temperature has a greater impact on Cyperaceae genus plants than precipitation [33]. However, Cyperaceae genus plants are mainly short and compact cushion plants. This special shape is beneficial for plants to absorb heat and reduce the impact of windy environments on plants, thereby improving their tolerance to alpine regions [34,35]. There are also some studies that show that water is the main limiting factor for the distribution of plateau plants. Song studied the changes in δ13C in the leaves of plants on the Qinghai–Tibet Plateau and found that precipitation is an important factor in regulating the ecosystem changes of the Qinghai–Tibet Plateau from southeast to northwest [36]. Growth season precipitation is also an important climatic factor restricting the growth of juniper (Juniperus pingii var. wilsonii) and birch (Betula utilis) [37,38]. According to the leaf area index satellite images of the National Oceanic and Atmospheric Administration in the United States, Xu found that rainfall is the main climatic factor affecting the interannual variation in the average vegetation cover in the entire Qinghai–Tibet Plateau. Higher temperatures lead to drought and insufficient rainfall in the northern Qinghai–Tibet Plateau; such arid climatic conditions are not conducive to increasing vegetation cover [39].



Among the 19 environmental variables adopted in the model, the mean temperature of the warmest quarter (Bio10) and the annual precipitation (Bio12) were the most important contributors to the habitat suitability distribution of C. alatauensis. For example, in the response curve of the mean temperature of the warmest quarter, C. alatauensis has lower temperature requirements (7.7–14.3 °C) in the warm season. Some studies have shown that C. alatauensis is a plant adapted to alpine meadows and likes a humid and cold environment [12]. Rainfall is one of the most important factors affecting the function and structure of plants and terrestrial ecosystems on the Qinghai–Tibet Plateau [21,40]. An area with an average annual precipitation of 300–651 mm is suitable for the growth of C. alatauensis, and the precipitation of the warmest quarter (Bio18) and the precipitation of the driest month (Bio14) will also affect the habitat suitability distribution.



The results showed that the total area of the potential distribution area was 1.96 × 106 km2, of which the area of most suitable growth for potential distribution reached 3.7 × 105 km2. The suitable distribution area of C. alatauensis simulated in this study is much higher than the total area of known alpine meadows [17,41]. The reasons may be as follows: (1) This study focuses on the distribution from the perspective of the relationship between climatic factors and species distribution, without considering the influence of distribution altitude, slope aspect, soil, land use type, and other factors. (2) The MaxEnt model simulates based on climate similarity and does not take into account other factors that are affected by the actual distribution of species, such as species growth characteristics, dispersal and migration capabilities, natural renewal capabilities, interactions between organisms, etc. [42,43]. (3) C. alatauensis is the dominant species in alpine meadows. Due to overgrazing and climate change, some alpine meadows have been degraded to Ajania stenuifolia, Ligularia virgaurea, Pedicularis kansuensis, etc., and have become black beach areas dominated by poisonous weeds [44]. These possible reasons will result in the predicted potential distribution area being larger than the actual known area. Nevertheless, the potential distribution areas of C. alatauensis obtained from the MaxEnt model all have similar climate characteristics, indicating that C. alatauensis has high adaptability, which can provide a certain basis for ecosystem restoration and the restoration of species selection in the abovementioned areas.




5. Conclusions


Through the analysis of the MaxEnt model, this study shows that water conditions are the dominant climatic factor affecting the distribution of C. alatauensis, followed by the heat conditions in the growing season. The range of dominant climatic factors in the suitable growth area has been clarified, among which the annual precipitation in the suitable growth area was 300–651 mm and the max temperature of the warmest month was 14.2–20.7 ℃. It has been predicted that the potential distribution area of C. alatauensis on the Qinghai–Tibet Plateau is 1.96 × 106 km2 and the most suitable area is 3.7 × 105 km2, mainly located in the Qilian Mountains, the Himalayas, and the Qingtanggula Mountains.
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Figure 1. The occurrence sites of Carex alatauensis on the Qinghai–Tibet Plateau. 
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Figure 2. The receiver operating characteristic curve predicting the current potential distribution of Carex alatauensis based on the MaxEnt model. 
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Figure 3. Jackknife test for climatic factors in the current potential distribution model of Carex alatauensis. 
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Figure 4. Probability response curves of the main climatic factors. 
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Figure 5. Potential distribution of Carex alatauensis based on MaxEnt. 
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Table 1. Bioclimatic variables’ description.
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	Variable
	Description





	Bio1
	Mean annual temperature



	Bio2
	Mean diurnal range



	Bio3
	Isothermality



	Bio4
	Temperature seasonality



	Bio5
	Max temperature of the warmest month



	Bio6
	Minimum temperature of the coldest month



	Bio7
	Temperature annual range



	Bio8
	Mean temperature of the wettest quarter



	Bio9
	Mean temperature of the driest quarter



	Bio10
	Mean temperature of the warmest quarter



	Bio11
	Mean temperature of the coldest quarter



	Bio12
	Annual precipitation



	Bio13
	Precipitation of the wettest month



	Bio14
	Precipitation of the driest month



	Bio15
	Precipitation seasonality



	Bio16
	Precipitation of the wettest quarter



	Bio17
	Precipitation of the driest quarter



	Bio18
	Precipitation of the warmest quarter



	Bio19
	Precipitation of the coldest quarter
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Table 2. Contribution rate of each climatic factor for the distribution of Carex alatauensis.
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	Variables
	Percent Contribution/%





	Bio12
	42.31 ± 3.41



	Bio10
	14.63 ± 5.49



	Bio2
	12.62 ± 1.23



	Bio14
	7.38 ± 0.87



	Bio5
	5.17 ± 4.45



	Bio3
	5.07 ± 1.61



	Bio15
	3.57 ± 1.08



	Bio18
	3.52 ± 2.28



	Bio17
	2.10 ± 0.95



	Bio7
	1.48 ± 1.05



	Bio4
	0.82 ± 0.49



	Bio19
	0.62 ± 0.16



	Bio16
	0.29 ± 0.18



	Bio1
	0.17 ± 0.21



	Bio6
	0.11 ± 0.14



	Bio11
	0.06 ± 0.15



	Bio9
	0.05 ± 0.05



	Bio8
	0



	Bio13
	0
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Table 3. Potential distribution area of Carex alatauensis.
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	Classification
	Simulation Area (km2)





	Most suitable region
	37.41 × 105



	Sub-suitable region
	62.84 × 105
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