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Introduction

Mobile phone signaling data have become one of the main types of data used to carry out spatial mobility analysis, but no research has simulated herders’ grazing intensity by using this measure.





Methods

In this paper, based on herders’ mobile phone signaling data, herders’ network centrality and herders’ network connection intensity were established. The equal weight average method was employed to simulate herders’ grazing intensity, with empirical analyses conducted in the Henan Mongolian Autonomous County.





Results

The findings indicated that: 1) herders’ mobile phone signaling data can quantitatively represent grazing intensity, and when combined with the density and elevation distribution of settlements in Henan County, it reveals that the spatial distribution of grazing intensity aligns with the trajectory of herders’ summer grazing activities. 2) The spatial characteristics of the centrality of the herders’ mobility network exhibited a concentrated point-like ring structure, primarily centered on the townships of Duosong and Youganning, with a decreasing spread outward. 3) The spatial characteristics of the intensity of herders’ mobility ties showed a circular distribution for the overall degree of network ties, which was primarily characterized by low ties. The intensity of mobility links among townships was low, with higher intensity observed only at the junctions of townships, indicating limited mobility among herders in Henan County regarding their herding behavior. 4) The grazing intensity of herders in Henan County was primarily characterized by light grazing.





Discussion

Research shows that the spatialized simulation model based on big data provided in this paper can accurately portray the spatial distribution characteristics of grazing intensity in the study area, ,and effectively and conveniently serve grassland resource management.
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1 Introduction

Grazing represents the primary mode of production and management for grassland herdsmen. Various production and management methods result in different grazing intensities. Grazing behavior is influenced by herdsmen, with the scope of livestock activities and grassland grazing intensity being shaped by human decisions. Grazing intensity refers to the number of livestock that can be grazed per unit area. Grazing activities directly affect the ecological conditions of grasslands and are the main factor in the formation of spatial heterogeneity in above-ground plant communities. The number of livestock per unit area can represent the grazing intensity of grasslands, and its distribution and changes have also become important components of grassland sustainability research in the Qinghai-Tibet Plateau region. Grazing intensity is related to factors such as plant communities, vegetation coverage, species richness, and spatial heterogeneity, which are related to the sustainable development of grasslands. Moreover, with different grazing intensities, the changes also differ. Moreover, with the informatization management of grasslands, scientifically and effectively grasping the grazing intensity of grasslands can better serve the management of smart animal husbandry.

Traditionally, grazing intensity has been categorized primarily via statistical data, which are often reported at the county level and fail to capture spatial changes in grazing intensity in detail. With advancements in remote sensing technology, an increasing number of researchers have estimated grazing intensity using individual factors such as the vegetation index and above-ground net primary productivity (Mingxuan et al., 2021; Xing et al., 2021a). Additionally, multiple factors, including population density and meteorological conditions, have been integrated into grazing intensity estimations (Hu et al., 2022; Li et al., 2023). For example, while multifactor estimation methods consider meteorological, human, and natural elements, their applicability is region-specific and requires further examination across different areas. (Du et al., 2019b) introduced a method for estimating grazing intensity through trajectory data; however, these data rely on the GPS positioning of livestock, which has not yet been fully realized in the management of livestock in pastoral regions, making large-scale positioning unfeasible. Investigations reveal that herdsmen consider various factors when implementing grazing behavior, including specific production and operational modes, the carrying capacity of the grassland, the actual situation of grazing restrictions, and livestock numbers. These factors influence the trajectory and frequency of grazing. A larger number of livestock necessitate wider movement by herdsmen to ensure their safety, reflecting livestock activity through human activities. The intensity of livestock activities directly affects grasslands, enabling a quantitative description of grazing intensity.

The advent of advanced information technology facilitates the analysis of spatial flows using big data. Notably, recent developments in mobile location services and cloud processing technology have enabled the efficient retrieval and processing of personal location information, presenting new opportunities for research (Liang et al., 2015). The study of network connections originated from Castells’ network society theory (Castells, 1996), the research perspective shifted to a new “flow space”, and the coexistence of local space and flow space under the effect of informatization promoted the regional space structure from hierarchical to networked (Goodspeed et al., 2018). As a novel geospatial phenomenon and research paradigm, the network connects cities through agents, organizing the flow, interaction, and production of elements within them, thereby offering new perspectives and explanatory power for urban studies (Zhao et al., 2017; Yongkai et al., 2015). Since 2010, the proliferation of smartphones has led to the gradual application of mobile phone bill data, signaling data, and various internet data in travel behavior analysis (Wang et al., 2015; Zhang, 2016; Cheng et al., 2021). This development enables the tracking of individuals’ behaviors and activities while providing a potential boundary for many uncertain inputs in traffic models. The large sample size of mobile phone signaling data can mitigate errors associated with the insufficient representativeness of sampling survey samples (Xing et al., 2021b). Additionally, mobile phone signaling data have advantages in the realms of human activities and spatial characteristics because of their extensive sample size, comprehensive coverage, and continuous spatiotemporal attributes. At present, many studies have focused on mobile phone signaling data in disaster impact assessment (Zhang et al., 2020b), urban commuting analysis (Hadachi et al., 2020; Zou et al., 2018; Lu et al., 2019; Huang et al., 2021), transportation and regional urban systems (Zhou et al., 2019; Niu et al., 2017b; Yue et al., 2021; Zhang et al., 2021; Setiadi and Uluwiyah, 2017), tourist behavior and preferences (Ahas et al., 2007; Xinyi et al., 2015), spatial structure (Niu et al., 2017a), job-housing balance (Liu et al., 2021), human activities (Yin et al., 2021; Chen et al., 2018; Zhong et al., 2017), and spatial dynamics (Jia et al., 2018; Zhong and Wang, 2018). However, research on herdsmen’s grazing behavior still has limitations, primarily due to the relative scarcity of signal base stations from each mobile phone operator. This deficiency hampers the ability to capture the grazing behavior of herdsmen, as mobile phone signaling data provide only human travel records near signal base stations, preventing a comprehensive understanding of herdsmen’s travel behavior. Although spatial interpolation can be employed to estimate models, it does not effectively describe the grazing behavior of herdsmen. However, with the enhancement of mobile phone tower encryption, grazing behavior can be effectively captured within the grazing areas of herdsmen. Spatial interpolation was utilized to estimate the signal loss areas, enabling the use of mobile phone signaling data to describe herders’ grazing behavior.

As technology has progressed, mobile phone signaling data have increasingly been applied to estimate human movement, allowing for the estimation of herders’ grazing intensity. This study reflects the grazing behavior of herders through their grazing intensity, utilizing mobile phone signaling data across various spatial grids. An estimation of herdsmen’s grazing intensity is constructed on the basis of the centrality of herders’ flow networks and the index of flow connection intensity. This approach aims to explore herders’ grazing intensity using big data, providing new insights for macro estimations of grazing intensity and effectively supporting grassland management (Leng et al., 2023; Hu, 2019).




2 Materials and methods



2.1 Overview of the study area

The study area is located in Henan Mongolia Autonomous County, Huangnan Tibetan Autonomous Prefecture, Qinghai Province (hereinafter referred to as Henan County). This area encompasses 1 town, 4 townships, 2 communities, 39 pastoral committees, and 135 pastoral cooperatives, covering an administrative area of 6,700 square kilometers. The topography generally trends from high in the northeast to low in the southwest, with the altitude of most regions exceeding 3,600 m. The landform type is classified as a typical shallow-cutting high mountain area in southern Qingnan, characterized by a plateau continental climate that falls in the plateau subarctic humid climate zone. The main type of grassland in this area is alpine meadow, and the grassland area accounts for nearly 92% of the county’s total area. On the Qinghai-Tibet Plateau, herders have developed traditional rotational grazing systems on the basis of factors such as grassland productivity, altitude, climate and temperature. The summer pastures are mostly located in higher-altitude areas, far from the herders’ settlements. With the development of information technology and the industrialization of animal husbandry, Henan County has become the largest organic animal husbandry production base in China. The grazing method has also shifted from extensive grazing to refined and scientific grazing, and animal husbandry is gradually transforming toward modernization and industrialization.




2.2 Data sources and processing

Mobile phone signaling data constitute a type of large-sample data that can record users’ spatiotemporal trajectories. This study utilizes local mobile phone signaling data (excluding personal information) from Henan County for three consecutive months: July, August, and September 2018. The preprocessing of mobile phone signaling data was conducted by China Unicom in accordance with the requirements of this study, primarily leveraging the mobile phone positioning function of herdsmen to obtain their visit trajectories. The data were divided into grids of 500 m * 500 m, and the number of visits made by herders to their pastures was counted. Ultimately, the data output for the research was divided into two categories. The first category comprises the intrastate start-end point vector data for the grids within the Huangnan Tibetan Autonomous Prefecture in 2018 and records the number of visits to the ending grid by month. This dataset includes information on the destination grid visited, along with details such as the departure grid, arrival grid, and local sample expansion. The second category consists of vector data representing the number of individuals returning to their starting grid in Huangnan Tibetan Autonomous Prefecture in 2018, recorded on a monthly basis. These data include the grid number and the local sample expansion count. On the basis of this information, the start-end point vector data for the grids in the Huangnan Tibetan Autonomous Prefecture are obtained. In ArcGIS software, the inverse distance weighting interpolation method is used, with the locally expanded sample population as the interpolation value range, to obtain the raster spatial distribution data of the study area in July, August, and September.

The local sample expansion mainly refers to the expansion of the operator’s data. According to the market share of China Unicom, an expansion algorithm is established and made public to ensure comprehensive coverage of the local population. This work was completed by Qinghai Unicom Company, and the resulting data were used as the basis for the research data.

The departure grid and the arrival grid are dynamic concepts. That is, a grid can be a departure grid or an arrival grid. Herders in pastoral areas are experiencing continuous movements. For example, herder 1 moves from grid A to grid B and then from grid B to grid C. Grid B is both the arrival grid of herder 1’s first leg of the journey and the departure grid of the second leg.

The survey data refer to the statistical data obtained through field visits to some towns and villages in Henan Mongolian Autonomous County, including the grassland area, number of livestock, etc. By comparing the total number of livestock with the total area of pastures, the measured grazing intensity within the survey area can be obtained.

The resident point data of Henan County are derived from the land change survey data of Henan County. The spatial location data of the resident areas are extracted from these data, and the density distribution map of the resident points in Henan County is obtained via the kernel density analysis method.

The elevation data are sourced from the geospatial data cloud and have a resolution of 30 m. The elevation data are classified at intervals of 500 m.




2.3 Research methodology

Studies have indicated that the GPS can effectively estimate grazing intensity; however, challenges remain regarding large-scale data acquisition. Currently, mobile phone signaling data can capture the movement trajectories of individuals and the number of visitors at specific locations through GPS positioning, making data collection more accessible. In this research, it is assumed that the movement trajectories of herders can qualitatively reflect the movement trajectories of livestock, thereby reflecting the grazing intensity. It is believed that herders with more cattle and sheep have more frequent grazing activities, whereas those with fewer cattle and sheep have relatively fewer grazing activities. This paper mainly studies the comprehensive grazing intensity in July, August, and September. From the perspective of big data on mobile phone signaling, grazing intensity is spatially reflected through the movement of herders. It is assumed that the grazing behavior of herders is directional. The study area is grid-divided, and the behaviors of herders when visiting grids include entering the grid (i.e., in-degree) and leaving the grid (i.e., out-degree). According to the different grazing behaviors, the behaviors of visiting grids are different; either both behaviors exist or only one behavior exists. Therefore, the number of visits to each grid can reflect, to a certain extent, the activity intensity of herders in this area. Similarly, when herders graze, there is also a certain connection between grids, and this connection further reflects the complete grazing behavior of herders. Therefore, in this paper, network centrality is employed to reveal the influence of herders in the grazing flow network, whereas network connection strength reflects the actual connectivity of herders to each grid space. An estimation method for herdsmen’s grazing intensity is established on the basis of mobile phone signaling data through a comprehensive evaluation of points and lines (Figure 1).


[image: Flowchart depicting the estimation process of grazing intensity using mobile phone signaling, survey, residential, and elevation data. It shows steps like data preprocessing, inverse distance weighting, network centrality, normalization, and comprehensive estimation, culminating in determining herders' grazing intensity. Statistical, density, and elevation data join for verification analysis.]

Figure 1 | Estimation and analysis framework of grazing intensity.





2.3.1 Pastoralist network centrality

The study area presents a spatial network of herder movements between grids. Within this network structure, centrality (Li et al., 2021) serves as an indicator of herder mobility importance and grid control capability. The herder mobility network is characterized as directed, with grid centrality encompassing incoming and outgoing degrees. Specifically, in-degree measures connections from other grids to a given grid, whereas out-degree measures connections from a grid to other grids. The calculation formula is as follows:



where W represents the network centrality of the pastoralists in the grid

Riindicates the number of people who leave herders in the corresponding grid. In this study, the values of i are taken from 1 to 3 (in July, August and September of the corresponding year); that is, only the out-of-grid degree in the growing season of the grassland is calculated.

Cirepresents the number of herders in the corresponding grid, and the value of i used in this study was taken from 1 to 3 (in July, August and September of the corresponding year); that is, only the entry degree of the grid in the grassland growing season was calculated.

Standardize the centrality of pastoralist networks:



where   is the centrality of the standardized herder network, and the value range is 0–1.

  is the network centrality of each grid in the network.

  is the minimum value of network centrality in the network.

  is the maximum value of network centrality in the network.




2.3.2 Strength of pastoralist network linkages

In the herdsmen’s mobility network (Li et al., 2021), the daily round-trip frequency per grid serves as the connection intensity metric, and a mobility intensity index is developed. The calculation formula is as follows:



where L denotes the network connectivity of herders in the network.

  indicates the network connection of herders in the corresponding grid in the current month. In this study, the values of i are taken from 1 to 3 (in July, August and September of the corresponding year); that is, only the degree of grid connection during the growing season of grassland is calculated.

Normalize the strength of pastoralist network linkages:



where   is the normalized herder network connection strength, and the value range is 0–1.




2.3.3 Grazing intensity of herders

The characteristics of herders’ network centrality and connection intensity were analyzed at two levels: network centrality and contact intensity. These indicators were treated as independent and equally significant.



where   is the grazing intensity of herders;   is the centrality of the herders’ network; and   is the strength of the pastoralist network.

The classification of grazing intensity is based on the levels of grazing intensity on the Qinghai-Tibet Plateau proposed by Zhang et al. (2020a), namely, light, moderate and heavy grazing. In this study, in combination with the grazing characteristics of Henan County and the classification results of grazing intensity on the Qinghai-Tibet Plateau by Zhang et al. (2020a), the natural break method was used to classify the grazing intensity in Henan County into light, moderate and heavy to better depict the grazing intensity in the study area.




2.3.4 Comparative verification

The results of the evaluation of herdsmen’s grazing intensity from the perspective of herdsmen’s flow were obtained through the above methods and further compared and analyzed with survey data, settlement data and elevation data in Henan County.






3 Results and analysis



3.1 Analysis of the estimation results of herders’ grazing intensity



3.1.1 Analysis of the centrality of pastoralist mobility networks

Network centrality is established on the basis of the flow of herdsmen’s population contact by using mobile phone signaling data within the territory of Henan County (the territory  of Henan County; Equations 1 and 2). From the perspective of the overall characteristics of the network, the maximum centrality of each grid node is 1, the minimum value is 0.0003, the average value is 0.079, and the standard deviation is 0.062. From the spatial characteristics of Figure 2, the centrality of the herdsmen’s flow network is distributed in a concentrated point-like circle, which is centered mainly in Duosong Township and Youganning Town, and its outward diffusion decreases. The centrality of the herdsmen flow network in Youganning Town and Kesheng Township is relatively high, followed by that in Duosong Township, and it is relatively low in Ningmute Town and Saierlong Township.


[image: Map depicting herder network centrality in a region with three color-coded categories: green for values 0 to 0.05, yellow for 0.05 to 0.15, and red for 0.15 to 1. The map shows named townships and varying centrality levels, with red areas primarily in the central and northern regions.]

Figure 2 | Centrality of the herders mobility network.






3.1.2 Analysis of the intensity of herders’ mobility linkages

Based on same-day round-trip grid data of mobile phone users in Henan County, a connection strength framework was established to analyze herdsmen’s mobility patterns (herdsmen's mobility patterns; Equations 3 and 4). The network connection intensity metrics revealed a maximum degree of 0.999, a minimum of 0.0002, an average of 0.034, and a standard deviation of 0.041.

From the spatial characteristics of Figure 3, the overall network connection degree exhibited a circular distribution, characterized predominantly by low contact intensity. High degrees of linkage were concentrated in specific areas: the northwest junction of Youganning Town and Ningmute Town, the junction of Youganning Town and southwestern Duosong Township, the southeastern junction of Duosong Township and Kesheng Township, and southern Youganning Town. Isolated high-degree connections were scattered throughout other regions.


[image: Map depicting household network connectivity in a region with areas marked in blue, yellow, and red representing different connectivity levels (0 to 0.05, 0.05 to 0.15, and 0.15 to 1,respectively). Townships like Ningmute, Youganming, Saierlong, Duosong, and Kesheng are labeled. A scale is provided in meters.]

Figure 3 | Strength of the mobility linkages of herders.



These findings suggest that in Henan County, mobility between townships and towns is limited, with high-intensity mobility occurring primarily at township and town junctions. This indicates relatively low mobility in herdsmen’s grazing behavior in Henan County.




3.1.3 Analysis of herders’ grazing intensity

The grazing intensity of herders is calculated via Equation 5 on the basis of the analytical results of two dimensions: the centrality of herders’ flow network and the intensity of herders’ flow linkage. As shown in Figure 4, light grazing is the main focus in Henan County, accounting for nearly 55% of the total area. This grazing intensity is primarily distributed in the central part of Youganning Town, the northern section of Ningmute Town, and most areas of Saierlong Township. Moderate grazing ranks second, accounting for nearly 40% of the grazing intensity, which is concentrated in most areas of Kesheng Township, the southern part of Youganning Town, the eastern section of Duosong Township, and the southern part of Ningmute Town. Heavy grazing is relatively uncommon and appears primarily in a sporadic distribution, notably at the northwest junction of Youganning Town and Ningmute Town, where a substantial contiguous area of heavy grazing is observed.


[image: Map depicting grazing intensity with color-coded areas: green for light grazing, yellow for moderate grazing, and red for heavy grazing. Locations such as Ningmute Town and Saierlong Township are labeled. A pie chart shows 54.89% light, 39.43% moderate, and 5.68% heavy grazing. Scale provided at the bottom.]

Figure 4 | Grazing intensity of herders.



Table 1 and Figure 5 show the grazing situation in each township of Henan County. The analysis revealed that among the five townships in Henan County, the average grazing intensity was relatively concentrated, between 0.03–0.07, and the overall grazing intensity was not high. There were obvious differences in the maximum and minimum grazing intensities in Youganning and Ningmute. Youganning Town experiences mainly light grazing and moderate grazing, Ningmute Town, Duosong Township, and Saierlong Township experience mainly light grazing, and Kesheng Township experiences mainly moderate grazing. Overall, the grazing intensity in Youganing Town is relatively high, with light and moderate grazing maintaining at about 45%. In Kesheng Township, moderate grazing accounts for about 63% of all grazing. The situation in Duosong Township is similar to that in Youganing Town. Although light grazing accounts for nearly 51%, moderate grazing accounts for nearly 42%.


Table 1 | Table of grazing intensities in each township.




[image: Radar chart displaying grazing intensity across five locations: Youganning Town, Ningmute Town, Duosong Township, Saierlong Township, and Kesheng Township. Grazing levels are represented as percentages, with light grazing in blue, moderate grazing in red, and heavy grazing in green.]

Figure 5 | Graph of grazing intensity in each township.







3.2 Comparative verification

By comparing the total number of livestock with the total area of pastures, the measured grazing intensity in the surveyed area was determined (Table 2). According to national grazing intensity evaluation standards and existing research on grazing intensity (Zhang et al., 2020a; Du et al., 2019a), the grazing intensity in the surveyed area is predominantly light grazing. With the exception of Kesheng Township, the grazing intensity in other regions aligns closely with the findings presented in this study. A further comparison revealed that the grazing intensity estimated on the basis of mobile phone signaling data can depict the grazing intensity in more spatial detail, which is more conducive to serving grassland management.


Table 2 | Grazing intensity statistics.



In summer, herders move their flocks to lush summer pastures, which are usually far from their settlements. Over time, they gradually shift their flocks closer to their settlements. Through the distribution map of the settlement density (Figure 6), areas with relatively high settlement density mainly feature light and moderate grazing, with a small portion being heavily grazed, whereas areas with relatively low settlement density are mainly moderately and heavily grazed. This also conforms to the activity patterns of summer pastures (Ai, 2010), further reflecting the grazing characteristics of Henan County. However, in some areas of Youganing Town and Ningmuthe Town, heavily and moderately grazed areas are concentrated in regions with relatively high settlement densities. The main reason for this is the significant differences in mobile phone signaling data in these areas.


[image: Map showing grazing intensity and settlements in a region bordered by Ningmute Town to the west, Saierlong Township to the east, Youganning Town centrally, and Duosong and Kesheng Townships to the south. Color gradients range from blue (high settlement density) to brown (low). Overlay patterns indicate moderate grazing (yellow hatching) and heavy grazing (red hatching). A scale and compass are included.]

Figure 6 | Relationship between grazing intensity and settlement density.



In a study of settled nomadic herding in Mongolia Autonomous County, Henan Province, Ai (2010) reported that summer pastures are generally distributed in alpine meadows at relatively high altitudes. The elevation of Henan County is 3167–4518 m (Figure 7); on the basis of the spatial distribution of elevation and the moderate and heavy grazing intensity ranges, the grazing intensity estimated on the basis of the mobile phone signaling data in this study is mainly concentrated in the elevation gradient of 3600–4100 m, and there is also a certain distribution in the 4100–4518 m range. This finding is basically consistent with the grazing behavior in the summer pastures of Henan County and further proves the rationality of estimating grazing intensity on the basis of mobile phone signaling data.


[image: Map showing elevation and grazing intensity in a region with towns labeled Ningmute, Youganning, Saierlong, Duosong, and Kesheng. Elevation varies from 3,167 to 4,518 meters, with areas of moderate and heavy grazing marked in yellow and red, respectively.]

Figure 7 | Relationships between grazing intensity and elevation.







4 Discussion

Pastoralism is the main daily activity of herders. Scientific grazing intensity is one of the main means used to protect grasslands and utilize them rationally. The traditional estimation of grazing intensity is mostly a macroscopic estimation, which estimates the grazing intensity within an administrative region via statistics of livestock numbers and grassland area data. This method is relatively inflexible and cannot effectively reflect the grazing intensity in different areas of the entire region. It estimates the grazing intensity of the entire region based on a few points. Currently, some researchers have used collars worn by leading sheep to estimate grazing intensity. However, this estimation method is costly and requires a relatively complete livestock management system to collect and obtain data from the positioning collars. It also requires investment to maintain the positioning equipment in case of loss or damage. This method is difficult to promote in regions where the informatization of animal husbandry is relatively slow and is not convenient for large-scale monitoring. Hu et al. (2022) estimated the grazing intensity on the Qinghai-Tibet Plateau using the grazing probability and grazing density. This method requires establishing a functional relationship between livestock behavior and its influencing factors. However, the influencing factors vary by region, so this method needs to be combined with regional characteristics to determine the influencing factors. Xing et al. (2021a) estimated the grazing intensity on the Ruoergai Plateau using above-ground net primary productivity and above-ground biomass. This method requires ground measurement data, meteorological data, and other information. With the development of information technology, mobile phone signaling data have the characteristics of dynamic collection and strong continuity (Li et al., 2021) and can reflect real-time behavior in a timely manner. It has been gradually applied to the analysis of human flow (Hou et al., 2021). The dynamic behavior of the rural population was analyzed via mobile phone signaling data, which is consistent with the research purpose of this paper, which is to reflect human behavior through big data such as mobile phone signaling data. For herders, the movement during the grazing process mainly considers the number of livestock and the movement trajectory of livestock and combines factors such as grassland management and grassland grazing. Therefore, the movement behavior of herders can reflect the activity trajectory and intensity of livestock, thereby reflecting the grazing intensity of the grassland. Therefore, the use of mobile phone signaling data to simulate grazing intensity provides a new method for studying grazing intensity. This method can better manage smart animal husbandry and effectively solve the problems of difficult data acquisition and different regional factor characteristics in the estimation process of grazing intensity. On the basis of mobile phone signaling data, this paper establishes the centrality and connection strength of herders’ movement networks through herders’ grazing behavior and uses the inverse distance weighting interpolation method to build a model for estimating herders’ grazing intensity, thereby more finely presenting the grid-based grazing intensity. Moreover, this paper compares the research results with the traditional statistics of grazing intensity, the spatial distribution of settlement data, and the spatial distribution of elevation. The qualitative results of grazing intensity in Henan County obtained via mobile phone signaling data are basically consistent with the traditional statistics of grazing intensity. The spatial distribution area is also in line with the characteristics of herders’ grazing behavior on the Qinghai-Tibet Plateau and is also consistent with the spatial distribution area of elevation and the grazing behavior of summer pastures on the Qinghai-Tibet Plateau model in summer. This further verifies that mobile phone signaling data can be used to qualitatively estimate herders’ grazing intensity.

The results of this study provide support for real-time monitoring of herders’ grazing intensity. It can quickly achieve timely, convenient, and large-scale estimations of grazing intensity by obtaining mobile phone signaling data. By obtaining mobile phone signaling data from herders in the study area, the grazing intensity in the area can be captured in real time, and monthly and annual estimations can be made. Moreover, this method realizes a grid-based fine evaluation, which can be combined with spatial distribution to rationally allocate resources and protect grassland resources. According to the research results and spatial distribution, in Yoganing Town, grazing in the northwestern and southern regions needs to be reasonably optimized on the basis of the distribution of cattle and sheep in each village and cooperative to ensure a reasonable carrying capacity of the grassland, a balance between grass and livestock, and a moderate grazing intensity. The grazing intensity in Keseng Township also needs to be further adjusted based on the distribution of cattle and sheep in Keseng Township to allocate resources rationally. The situation in Duosong Township is similar to that in Yoganing Town. To ensure the rational use of resources, it is also necessary to rationally allocate resources in moderately grazed areas.

In addition, the research in this paper has certain limitations. Given that Henan County is a purely pastoral county, all the mobile phone signaling data obtained for Henan County are assumed to be from herders in this paper. However, there are still nonherders moving in pastoral areas, and this part of the data will also lead to certain differences in the estimation of grazing intensity. In the future, as mobile phone signaling data gradually improve, herders and non-herders can be identified in the data preprocessing process to further improve the accuracy of the estimation. Henan County is located on the Qinghai-Tibet Plateau, and there are areas within the county where mobile phone signaling data signals are lost; that is, some areas have missing mobile phone signaling data. In this paper, during the data preprocessing process, the missing data in the lost signal areas were supplemented on the basis of the surrounding mobile phone signaling data. In the research process of estimating grazing intensity, the inverse distance weighting method was used to obtain the grazing intensity situation of Henan County. Although the missing data were supplemented, some differences in the estimation of grazing intensity still occurred. In the future, with the gradual development of information technology and the increase in mobile phone base stations in pastoral areas, the situation of signal loss will be gradually solved, and the analysis of mobile phone signaling data can be better carried out. In this work, the estimation of grazing intensity is only qualitatively described, but in the future, the number of livestock in the study area can be spatially processed and converted into standard units, combined with the grazing intensity of herders, to more specifically reflect the grazing intensity of grasslands in terms of quantity.




5 Conclusion

This study utilized mobile phone signaling data from Henan County to develop an estimation method for grazing intensity, effectively illustrating the spatial distribution characteristics of grazing intensity in the region. This research provides a big data-based spatial estimation method for grazing intensity, which can also facilitate efficient and convenient management of grassland resources.

	With a comprehensive understanding of the current state of big data mobile phone signaling, it is argued that the grazing intensity of herders can be quantitatively estimated via these data. Accordingly, an estimation method for herders’ grazing intensity was constructed on the basis of the spatial mobility of herders. By using the inverse distance weighting method, two indicators, namely, the centrality of the herders’ mobility network and the intensity of mobility connections, were established. Finally, the grazing intensity of herders was comprehensively estimated. The feasibility of this method was validated through empirical analysis in Henan County.

	Examining spatial characteristics, the centrality of the herdsmen’s mobile network is concentrated in a point-like pattern, primarily centered around Duosong Township and Youganning Township, with decreasing outward diffusion. The overall linkage degree of the herders’ network exhibits a circular distribution, with low connection intensity predominating. The mobility intensity between herders and towns is minimal, with high mobility intensity occurring only at the junctions of each township. This further indicates that herders’ grazing behavior in Henan County is relatively static. Therefore, the grazing intensity of herders in Henan County primarily reflects light grazing activities.

	When the spatial distributions of grazing intensity, residential density, and elevation distributions obtained from some statistical data of Henan County are combined, the spatial distribution of grazing intensity is roughly consistent with the grazing intensity obtained from the statistical data, there are differences in departmental areas, and the area accounts for a small proportion.
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