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Analysis of Himalayan marmot 
distribution and plague risk 
in Qinghai province of China using 
the “3S” technology
Hailian Wu 1,2,3,6, Haisheng Wu 1,2,3,6, Yongshun Wang 1, Hongying Li 4, Fuzhang Tian 1,2,3, 
Kuizhang Zhou 1,2, Zhizhen Qi 1,2,3, Yiquan Zhang 1,5, Qingwen Zhang 1,2,3* & 
Xuefei Zhang 1,2,3*

To provide guidance for plague surveillance and a reliable basis for plague prevention and control, 
we analyzed the habitat characteristics of Himalayan marmots, developed Himalayan marmot 
information collection system V3.0 based on global navigation satellite system (GNSS), remote 
sensing, and geographic information system (“3S”) technology, and drew a predictive spatial 
distribution map of Himalayan marmots in Qinghai Province. Field survey data of 352 marmot 
plague sites in Qinghai Province were collected in 2014, and the data from 80 sample sites were 
included. The Himalayan marmot habitat characteristics were analyzed based on “3S” technology 
using five environment variables (elevation, slope, aspect, vegetation cover, and grass type) and the 
geographical coordinates. Himalayan marmot information collection system V3.0, which has been 
approved by the National Copyright Administration of the People’s Republic of China (No.00764743), 
was used to draw a predictive spatial distribution map of Himalayan marmots in Qinghai province. 
Moreover, from 2015 to 2017, positioning data of the plague-foci and plague-free areas in Qinghai 
Province were collected using GNSS receptor for field validations to verify the accuracy of the marmot 
predictive spatial distribution map. Elevation, slope, vegetation cover, and grassland type were 
identified as important environmental factors that determine the spatial distribution of Himalayan 
marmots. The suitable range of environmental features was 3400–4600 m elevation, 5°–20° slope, 
0.60–1.00 vegetation cover, and alpine meadows. The Himalayan marmot predictive spatial 
distribution map in Qinghai Province based on “3S” technology and marmot information collection 
system V3.0 had a spatial resolution of 30 m. Field validation in areas of Qinghai Province revealed 
a prediction accuracy and mean absolute error of 0.8669 and 0.1331, respectively, which indicated 
excellent prediction accuracy. This study greatly improved the work efficiency of plague surveillance 
and effectively reduced the work intensity of researchers. Application of “3S” technology and marmot 
information collection system V3.0 has improved the data collection efficiency, provided new technical 
means for plague investigation and research, and provided a reference for development of plague 
surveillance programs. The research results will play a positive role in promoting the improvement and 
perfection of plague prevention and control strategies in Qinghai province and even in China.

Plague is a typical natural-focal disease and is a virulent infectious disease caused by Yersinia pestis that is char-
acterized by rapid onset, strong infectivity, and high mortality1. Historically, there have been three worldwide 
pandemics of human plague throughout Asia, Europe, America, and most of Africa, which were highly disastrous 
to the global economy and human lives2. Recently, plague epidemics have shown an active trend worldwide, 
and the World Health Organization (WHO) has listed plague as a major resurging infectious disease3. Disease 
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prevention and control in China have been developing, joint prevention and control mechanisms for infectious 
diseases have been improving, and the prevention and control of plague epidemics and emergency response 
capabilities have greatly improved. However, the natural plague foci of China are large, the geographical landscape 
within the natural foci is complex, the hosts are diverse, and population movement is becoming more frequent 
with the development of tourism. Therefore, plague prevention and control work should not be relaxed in China.

The natural Himalayan marmot plague focus on the Qinghai Tibet Plateau (QTP) is the most active and 
widely distributed of the 12 natural plague foci in China. More than 30 plague-stricken counties have been 
found in Qinghai province, with an epidemic area of nearly 200,000 km. These areas have serious animal plague 
epidemics and increased risk of human plague, which seriously endangers local socioeconomic and production 
activities4. The Himalayan marmot, a large terrestrial rodent unique to the QTP, is the most important host 
animal of Himalayan marmot plague in Qinghai province and is the main source of human plague infection, 
accounting for 73.17% of human plague infection5,6.

Within a specific geographic area, the spatial distribution of the host animals is determined by topography, 
elevation, vegetation, and other geographic landscape elements. The distribution of host animals is in turn closely 
related to the activity of the local plague epidemic and has an important influence on the spatiotemporal dynamic 
distribution of plague natural foci7–15. Animal-based plague surveillance is the main plague prevention and 
control measure in China16, and it is the main strategy used in Qinghai province to improve the effectiveness of 
plague surveillance in marmots, detect the marmot plague epidemic in a timely and accurate manner, correctly 
judge the marmot plague epidemic trend, deploy measures to prevent and control plague timely, and strictly 
prevent the plague from spreading to humans. However, given the large geographical coordinates range, diverse 
geographical landscape, and complex ecosystem in Qinghai province, it is time-consuming and inefficient to 
conduct on-site surveys of plague host animals on a large scale.

The “3S” technology, which includes global navigation satellite system (GNSS), remote sensing (RS), and 
geographic information system (GIS), has the advantages of wide coverage (such as high spatial, spectral and 
temporal resolution), high efficiency, time saving, labor saving, and scientific objectivity, and thus is widely 
applied in a wide range of fields including ecological environment data monitoring, air quality detection, moni-
toring of the spatial distribution of species, infectious disease monitoring, and health-related topics research17–23. 
“3S” technology also has been used in plague surveillance, risk assessment, and prevention and control24–27. 
However, due to the particularity of different plague foci, surveillance system based on “3S” technology for one 
focus is not applicable to plague monitoring and control in all other plague foci. In this study, data obtained by 
“3S” technology and survey data of Himalayan marmot activity sample sites were used for preliminary quantita-
tive statistical analysis. These data were then included in marmot information collection system V3.0 to draw 
a predictive spatial distribution map of Himalayan marmot in the natural plague foci in Qinghai province. The 
marmot plague distribution was predicted to provide guidance for plague surveillance in Qinghai province and 
a reliable basis for plague prevention and control.

Materials and methods
The specifications of all the data were list in the Supplementary Table S1.

Data sources.  Marmot information collection system V3.0 was developed by the Qinghai Provincial Basic 
Geographic Information Center.

Marmot plague survey data were provided by the Qinghai Institute for Endemic Diseases Prevention and 
Control. The spatial distribution of marmots in 352 sample sites in Yushu, Guoluo, Ulan, Jianza, Xinghai, and 
Qilian were collected in 2014 by field survey using GNSS (U.S. navigation star global positioning system, USA).

Marmot habitat data were obtained using five environmental variables, including elevation, slope, aspect, 
vegetation cover, and grassland type. Elevation, slope, and aspect were obtained from the Qinghai Provincial 
Geographic Information Center with a resolution of 30 m; vegetation cover data were estimated by the image 
element decomposition model using the RS image data from Landsat Operational Land imager (OLI) of Land-
sat Data Continuity Mission (LandSat8; NASA, USA) of 2014; and grassland type data were determined from 
the second national RS grassland survey of China (the first national grassland survey was carried out during 
1984–1997, the second one was performed during 2017–2018, and the third one was conducted in 2019). The 
longitude and latitude of the sample sites were collected by GNSS receptor.

Field validation verification data were provided by the Qinghai Institute for Endemic Diseases Prevention and 
Control. To further verify the accuracy of the predicted spatial distribution map of marmot, the spatial position-
ing data of plague foci and plague-free areas in Qinghai province were collected using GNSS receptor from 2015 
to 2017. This included 352 sample sites in Xining, Haidong, Haixi, Hainan, and parts of Haibei.

Data processing.  The ArcGIS 10.2 software (Environmental Systems Research Institute, Inc., USA) was 
used to incorporate the marmot activity sample site data into the CGCS2000 (China Geodetic Coordinate Sys-
tem 2000, China) coordinate system based on the geographical coordinates data collected by GNSS receptor. 
Sample sites with a distance of less than 3 km were excluded so that the sample sites could be evenly distributed 
in the areas with marmots. A total of 80 sample sites were obtained after excluding the redundant sample sites 
(Table S2).

Vegetation cover data.  The Optimized Soil-Adjusted Vegetation Index (OSAVI) correlated well with the 
vegetation cover in Qinghai province28–30. OSAVI can reflect the growth of plants, and is calculated as follow-
ing: 1.16 × (Rnir − Rred)/(Rnir + Rred + 1.16). Where Rnir is the reflectance value of remotely sensed image in the near 
infrared band, Rred is the reflectance value of the remotely sensed image in the infra-red band. OSAVI was used 
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to estimate the vegetation cover in August in Qinghai province. The vegetation cover was estimated using the 
following foumula: (OSAVI − OSAVIsoil)/(OSAVIveg − OSAVIsoil)28–30. Where OSAVIsoil is the OSAVI value of the 
fully bare-covered area, OSAVIveg is the OSAVI value of the fully vegetation-covered area. The values of vegeta-
tion cover are between 0 and 1, with 0 representing non-vegetation covered areas such as water bodies, snow and 
ice, values close to 0 representing soil or rocks, and values closer to 1 representing higher vegetation coverage 
and more vegetation.

Grassland type.  Grassland type data was obtained from the second national RS grassland survey of China. 
These data subdivided the grassland types in Qinghai province into 9 major grassland classes, 10 grassland sub-
classes, 28 grassland groups, and 173 grassland types.

Elevation data.  The selection of marmot habitat is largely influenced by geographical factors, and the 
suitable elevation for Himalayan marmots is 2200–5200 m31. The elevation data of the basic sample sites were 
extracted based on the 1: 50,000 digital elevation model (DEM) of Qinghai province (Fig. S1A) and the fre-
quency of the extracted elevation values was analyzed to infer the possible spatial distribution areas of Himala-
yan marmots.

Slope and aspect data.  Both slope and aspect values were calculated from the elevation data. The DEM 
data of the Qinghai province (Fig. S1A) was used to perform slope and aspect analysis in ArcGIS to derive a map 
of slope merging with aspect (Fig. S1B). The frequency of the extracted slope and aspect values was analyzed to 
infer the possible spatial distribution areas of Himalayan marmots.

Reclassification of the data.  The purpose of reclassification was to overcome the limitations of spectral 
information such as ‘different objects with the same spectra characteristics’ and ‘the same objects with different 
spectra characteristics’ in RS images, and to calibrate all data. The rules of data reclassification were different 
based on the data characteristics, the purpose of data use, and the convenience of late calculation. The reclassifi-
cation of the data was specifically operated in the GIS software. Thus, some of the data were specifically reclassi-
fied using the GIS software of geographic information specialty.

Construction of marmot information collection system V3.0.  The main purpose of the fieldwork 
was to monitor the spatial and geographic information of an area. With the main objective of surveillance of 
the actual marmot spatial distribution, natural elements such as vegetation and soil and the presence or absence 
of marmots provide a basis for extrapolating marmot distribution. The workflow for the Himalayan marmot 
surveillance is listed as Fig. 1.

Figure 1.   Workflow of Himalayan marmot surveillance.
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Marmot information collection system V3.0 was designed based on the widely used Android 7.0 system 
(Google, USA. Version number: NRD90M.T715CZCS2CTK1) and was established using the development plat-
form described in Data Sources section. The schematic diagram is shown in Fig. 2.

The field validation data from 2015 to 2017 collected by the marmot information collection system were 
validated using the mean absolute error (MAE) model to ensure the accuracy of the predicted spatial distribu-
tion of Himalayan marmots.

MAE =
1
n

∑n
i=1

∣

∣yi − yi
∣

∣,where yi is the predicted value from field validation data, yi is the average of the 
predicted probability of Himalayan marmot distribution from all field validation data, and n is the number of 
sample sites with Himalayan marmot activity or burrow distribution found in the field validation. MAE is the 
average of the absolute errors.

Accuracy of predicted Himalayan marmot spatial distribution = 1 − MAE.

Results
Active marmot sample sites.  As shown in supplementary Fig. S1A, the 80 sample sites were distributed 
in Haidong, Hainan, Guoluo, and Yushu. Of these, 30 were found to be inhabited by Himalayan marmots and 12 
had a historical outbreak of plague among marmots. The other sample sites had marmot burrows, and therefore 
can be considered reliable distribution sites of Himalayan marmots.

Vegetation cover extraction and analysis.  The vegetation cover of the sites extracted from the field 
survey data was shown in Fig. 3A. Analysis of the frequencies of the extracted vegetation cover values revealed 
that the maximum value of vegetation cover at the sample sites was 0.9999, the minimum value was 0.1268, the 
mean value was 0.6507, and the standard deviation was 0.2558. There are 8, 28, and 44 sample sites with vegeta-
tion cover between 0.12 and 0.25, 0.25 and 0.60, and 0.60 and 1.0, respectively, accounting for 10.00%, 35.00%, 
and 55.00% (Table 1). No sample sites were detected with the vegetation cover value lower than 0.12 or higher 
than 1.0.

The active marmot sample sites were mainly distributed in areas with vegetation cover of 0.60–1.00, which 
were classified as one category and assigned a value of 3. Similarly, areas with vegetation cover of 0.25–0.60 

Figure 2.   Schematic diagram of marmot information collection system V3.0 Data verification by field 
validation.
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were assigned a value of 2, areas with vegetation cover of 0.12–0.25 were assigned a value of 1, and the rest were 
assigned a value of 0. Reclassification of vegetation cover is shown in Fig. 3B.

Marmot distribution and grassland types.  Marmots were more active in sunny meadow grassland 
areas with good vegetation, lush growth of grasses, more dominant plants, and abundant food. In contrast, there 
were almost no marmots distributed in the alpine scrub forest, coniferous forest, and alpine snow/ice covered 
areas where vegetation growth was poor, vegetation cover was low, and food was scarce (data not shown). The 

Figure 3.   Vegetation cover in Qinghai Province (A); Reclassification of vegetation cover (B).
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data based on analysis of the second national RS grassland survey revealed that there are 58 alpine meadows, 
18 temperate grasslands, and 4 alpine grasslands, accounting for 72.50%, 22.50%, and 5.00% of the total of 80 
sample sites, respectively (Fig. 4A, Table 2).

The number of Himalayan marmots significantly varied depending on grassland type, with the highest den-
sity of marmot distribution sites in alpine meadows, a few marmot distribution sites in temperate grassland and 
alpine grassland, and almost no marmot distribution sites in other types of grasslands (Table 2). The highest dis-
tribution of marmots was observed in alpine meadows, which were assigned a value of 3, followed by temperate 
grasslands, which were assigned a value of 2, and alpine grasslands, which were assigned a value of 1. The other 
types of grassland had no marmots and were assigned a value of 0. Reclassification of grassland types based on 
marmot distribution is shown in Fig. 4B.

Marmot distribution and elevation.  Frequency statistics of the extracted elevation values for the sample 
sites revealed a maximum elevation of 4650 m, minimum elevation of 2035 m, and mean elevation of 3600 m 
with standard deviation of 643 m. The number and proportion of sample sites in different elevation classifica-
tions are listed in Table 3, showing that a total of 61, 18, and 1 sample sites were located in the elevation of 
3400–4600 m, 2000–3400 m, and 4600–5200 m, respectively, accounting for 76.25%, 22.50%, and 1.25%.

Marmots were mostly distributed between 3400 and 4600 m, which was thus classified as one category and 
assigned a value of 3. Similarly, elevation of 2000–3400 m was assigned a value of 2, elevation of 4600–5200 m 
was assigned a value of 1, and other elevations were assigned a value of 0. The reclassified DEM of the Qinghai 
province using these values is shown in Fig. 5A.

Marmot distribution and slope.  Slope analysis of the sample sites conducted in ArcGIS using the 
1:50,000 DEM of Qinghai province revealed a maximum slope of 30.45°, minimum slope of 0.41°, and mean 
slope of 11.64° with standard deviation of 8.97°. The proportions of the number of sites found in different slope 
classifications are shown in Table 4, showing that there are 43, 25, and 12 sample sites with slopes between 5 and 
20, 0.5 and 5, and 20 and 31, respectively, accounting for 53.75%, 31.25%, and 15.00%.

There were no Himalayan marmot distribution sites in areas with slopes greater than 31°; most marmot 
distribution sites were found in areas with slopes of 5–20°, and a few were found in areas with slopes of 0–5° and 
20–31°. The marmot distribution sites with slopes of 5–20° were classified into one category and assigned a value 
of 3. Similarly, sites with slopes of 20–31° were assigned a value of 2, sites with slopes of 0.4–5° were assigned a 
value of 1, and the rest were classified as one category and assigned a value of 0. The reclassified digital slope and 
aspect of Qinghai province using these values is shown in Fig. 5B.

Mapping the spatial distribution of Himalayan marmots in Qinghai province.  As shown in 
Fig. 6A, the probability of marmot distribution in the < 40% area was the smallest, with an area of approximately 
198,581.34 km2, and was mainly distributed in the desert and mountainous areas in the western part of Qinghai 
province. The area with 40–60% probability of marmot distribution was approximately 199,695.86  km2, and 
was mainly distributed in the intersection of desert and grassland. The area with 60–80% probability of marmot 
distribution was approximately 119,676.47  km2, and was mainly distributed in the temperate grassland. The 
area with 80–100% probability of marmot distribution was approximately 174,654.97  km2 and accounted for 
approximately 25% of the total area of Qinghai province; this area was mainly located in the southeastern part of 
Qinghai province with gentle terrain, abundant water and grass, and sufficient sunshine.

Himalayan marmots in Qinghai were mainly distributed in the eastern and southern parts of Qinghai and 
the northern parts of Qilian, Gangcha, and Tianjun, which mainly have the alpine meadow grassland type and a 
vegetation cover range of 0.60–1.00 (Fig. 6B). The central and northwestern parts of Qinghai had fewer marmot 
distribution sites or were not suitable for marmots. The density of marmot distribution in Qinghai province 
showed a gradual decrease from southeast to northwest.

Main functions of marmot information collection system V3.0.  We developed an application, 
namely marmot information collection system V3.0, which has been approved by the National Copyright 
Administration of the People’s Republic of China (No.00764743), to collect marmot information. The basic func-
tions of the software mainly include map control (zooming and roaming), layer control, overlay of raster and 
vector layers, distance measurement, data spatial visualization, information query, spatial analysis and statistics, 
and thematic map output. By including information related to the Himalayan marmot habitat of the natural 
plague foci in Qinghai province, this system can be used for management and analysis of plague surveillance and 

Table 1.   Analysis of marmot sample sites under different vegetation cover classifications.

Type Vegetation cover classification Number of sample sites Proportion (%)

0  < 0.12 0 0.00

1 0.12–0.25 8 10.00

2 0.25–0.60 28 35.00

3 0.60–1.00 44 55.00

4  > 1.0 0 0.00
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survey data; storage of spatial data, attribute data, and their associated image data using files in the application 
database and exported according to different task layers and different storage methods; historical epidemic data 
importation, route planning, real-time positioning navigation, and playback function tracking.

Data verification by field validation.  Results of field validations in the plague-infected and plague-free 
counties of Haiyan, Tongde, Xunhua, Huzhu, Huanzhong, Ledu, Datong, and Qilian from 2015 to 2017 are 
shown in Fig. 6B. Among the 352 spatially independent sites surveyed in 2016–2017, 68 were determined to have 

Figure 4.   Province-wide grassland types (A); Reclassification of grassland types (B).
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Himalayan marmots or active burrows. The prediction accuracy results based on the error function revealed a 
prediction accuracy and mean absolute error of 0.8669 and 0.1331.

Discussion
Himalayan marmot habitat analysis.  The environmental factors including temperature, vegetation and 
elevation are the key drivers for the wildlife in alpine ecosystems32. Specific landform attributes such as slope and 
elevation and vegetation cover affect the population and burrowing of rodents33. For example, rodent burrows 
in the Western Usambara Mountains in Tanzania were only found at an elevation of above 1600 m33. However, 
the Himalayan marmot seems to prefer to inhabit areas with low elevation and high land surface temperature34. 
In this study, the data showed that 76.25% of the Himalayan marmots were found in areas with elevation values 
of 3400–4600 m. The majority of marmots were found in areas with slopes of 5–20° and vegetation cover higher 
than 60%. Most marmots were found in alpine meadows, a few were found in temperate grasslands and alpine 
grasslands, and none were found in other grassland types.

Preliminary statistical analysis of vegetation cover, grass type, vegetation type, and Himalayan marmot distri-
bution sample sites obtained using spatial geographic information technology revealed that the meadow grassland 
areas with lush grass growth, more dominant plants, and abundant food had more marmots. When the vegetation 
cover reached 0.60–1.00, the number of marmot distribution sample sites was the highest. Dense grass is an ideal 
habitat and provides concealment for Himalayan marmots, and the abundant plant types provide sufficient food 
for marmots. In contrast, no marmots were distributed in the alpine scrub, coniferous forest, and alpine snow/
ice covered areas where vegetation growth was poor, vegetation cover was low, and food was relatively scarce. 
Moreover, 70.24% of Himalayan marmots were found in alpine meadows with a wide variety of plant species, 
including Poaceae, Cyperaceae, and grasses. This finding indicated that alpine meadows are more suitable for 
Himalayan marmots and have more advantageous habitat conditions compared with other grassland types. The 
elevation of alpine meadows is 3236–5126 m, and the vegetation is mainly meadows with simple vegetation struc-
ture, substantial vegetation cover and dense vegetation growth, and a wide variety of plants, rich food, soft grass, 
and good palatability. Therefore, alpine meadows provide good natural habitats and foraging sites for marmots.

Habitat selection of large rodents is influenced by a combination of vegetation cover availability, food availabil-
ity, and population density35. Vegetation cover is an important parameter that describes vegetation communities 
and ecosystems and is closely related to vegetation quantity and productivity. The quality of habitat vegetation 
is an important factor that affects the spatial distribution of plateau rodents. Both feeding and concealment 
depend on vegetation, and the height and cover of edible plants and vegetation suitable for concealment deter-
mine the choice of vegetation type by marmots. Thus, vegetation cover becomes an important factor for habitat 
selection by marmots. Different grassland types determine different plant conditions, and selection of different 
vegetation conditions can increase the chances of survival and improve the reproductive success of marmots; 
therefore, grassland type is an important ecological factor in habitat selection by marmots. A study showed that 
the ecological factors affecting habitat selection of Himalayan marmots are mainly topography, anthropogenic 
disturbance, and vegetation8. Another study concluded that habitat selection by Himalayan marmots is closely 
related to elements such as topography, landform, temperature, precipitation, and vegetation24.

The functions of burrows’ physical parameters is to protect the Himalayan marmots from natural enemies 
and bad weather36. There is clearly influence of slope on habitat selection by marmots. When the slope is large, 

Table 2.   Statistics on the number of marmot distribution sites in different grassland types.

Type Grassland type Number of sample sites Proportion (%)

1 Lowland meadow 0 0.00

2 Montane meadow 0 0.00

3 Temperate grassland 18 22.50

4 Temperate desert steppe 0 0.00

5 Alpine grassland 4 5.00

6 Alpine meadow 58 72.50

7 Alpine meadow grassland 0 0.00

8 Non-grassland 0 0.00

Table 3.   Statistics on the number of sample sites classified by different elevations.

Type Elevation classification Number of sample sites Proportion (%)

0  < 2000 0 0.00

1 2000–3400 18 22.50

2 3400–4600 61 76.25

3 4600–5200 1 1.25

4  > 5200 0 0.00
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wind is strong, and burrows are not well hidden; this makes them difficult to defend against enemies, unsafe for 
survival, and not conducive to hibernation during winter. In addition, Himalayan marmots prefer to burrow on 
sunny aspect, because the temperature is suitable and the vegetation is lush, which is suitable for marmots to 
breed. Therefore, the number of marmot burrows gradually decreases with increasing slope and ubac. Although 
flat and low-lying areas with small slopes are good for marmots to create dens, rainwater will easily flow into the 
dens during summer rainfall, which will kill marmots. Therefore, a suitable slope and sunny aspect are also very 
important for habitat selection by marmots.

Figure 5.   Reclassification based on elevation (A); Reclassification based on slope and aspect (B).
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Application of the predictive spatial distribution map of Himalayan marmots in Qinghai prov-
ince.  Plague surveillance is the main measure used for plague prevention and control in China. Although 
we have made many improvements in plague surveillance, the traditional method of dragnet surveillance still 
consumes a lot of human and material resources, is inefficient. The pasture area of Qinghai province is approxi-
mately 380,000 km2, and the identified natural plague focus is approximately 180,000 km2; therefore, there is 
still 200,000 km2 of pasture where the distribution of Himalayan marmots and plague have not been identified. 
Currently, RS technology is widely used in the fields of mapping and ecological surveillance18,19,21,22,37.

Applications of RS technology in areas such as malaria, dengue, schistosomiasis and plague have been previ-
ously reported27,37. Using GIS combined with remotely sensed data, Proches Hieronimo et al. found that the 
presence of small mammals was positively influenced by elevation, whereas the presence of fleas was clearly 
influenced by land management features, and thus these observations have positive implications for plague 
surveillance27. In this study, RS technology combined with field validations were used to determine the dis-
tribution and areas of different types of grasslands in Qinghai province, and the average density of Himalayan 
marmot distribution in different types of grasslands. The high-, low-, and very low-density areas of Himalayan 
marmot distribution were identified. The soil map, vegetation map, administrative map, and marmot density 
statistics were merged to form the spatial data and attribute data basis for the information system to map the 
distribution of Himalayan marmot and determine the area of Himalayan marmot distribution. Generally speak-
ing, the occurrence of human plague epidemic is closely related to the local animal plague epidemic2. However, 
a large part of the high-density distribution of Himalayan marmots is located in uninhabited areas and the areas 
are generally sparsely populated, which also indicates that we should reasonably allocate plague prevention 
and control resources to areas where human plague is most likely to occur to prevent the occurrence of human 
plague epidemics.

Field validation for verification.  Through field validation and information from local farmers and herds-
men, we confirmed that Himalayan marmots inhabited 68 sample sites in Tongde, Zeku, Guinan, Xunhua, Hai-
yan, Ulan, Qilian, Hualong, and Huzhu counties. Among them, Tongde, Zeku, Guinan, Xunhua, Haiyan, Ulan, 
and Qilian counties have all historically experienced marmot plague outbreaks and can be considered as reliable 
natural plague foci38. The data from this field validation are consistent with the previous survey data and the 
epidemic history of the counties in Qinghai province39.

MAE can better reflect the actual number of errors in prediction values; the smaller the MAE value, the 
higher the prediction accuracy. The MAE derived from the field validation data was 0.1331 and the prediction 
accuracy was 0.8669. The accuracy of the predicted Himalayan marmot spatial distribution reached 87%, which 
indicated that the predicted probability map of the Himalayan marmot spatial distribution can better predict 
the potential marmot distribution.

The predicted spatial distribution map of Himalayan marmot in Qinghai province was then compared with 
environmental information such as elevation, vegetation, grass type, slope, and aspect of 352 field survey sites. 
The obtained RS data showed that the prediction results were excellent, and the predicted spatial distribution map 
of Himalayan marmot in Qinghai province was drawn with high accuracy. The prediction map visually reflects 
the different density distribution of Himalayan marmots; this allows us to optimize the settings and reasonable 
spatial layout of animal plague surveillance sites and improve surveillance efficiency.

Application of marmot information collection system V3.0.  Marmot information collection sys-
tem V3.0 was developed based on the “3S” technology standardizing the collection of surveillance data, and 
makes the management and analysis of information more convenient and faster. This study revolutionized the 
traditional method of considering plague-stricken counties as the plague foci, and effectively reduces the work 
intensity of operators and improves the data collection efficiency. In 2016 and 2017, we applied this system to 
the animal plague surveillance tasks in the plague-stricken counties of Haidong, Hainan, and Haibei in Qinghai 
province, and standardized the collection of provincial geographic location data of animal plague surveillance 
(data not shown). In 2018, we also applied this system in Wulan County, which frequently experiences plague, 
and achieved a good application effect (data not shown).

In the next step, we will expand the pilot areas (mainly national and provincial plague surveillance sites), 
collect surveillance data from each surveillance site, continuously optimize and update the system, improve the 
efficiency of data analysis and utilization, detect the plague epidemic in marmot in a timely and accurate man-
ner, correctly determine the epidemic trend of plague in marmots, and attempt to strictly prevent the plague 
from spreading to humans. We plan to use a new model of drone surveillance to create a multidimensional, 
three-dimensional, real-time big data plague surveillance information reporting system to enhance early plague 

Table 4.   Statistics on the number of marmot distribution sites classified by different slopes.

Type Slope classification Number of sample sites Proportion (%)

0  < 0.4 0 0.00

1 0.4–5 25 31.25

2 5–20 43 53.75

3 20–31 12 15.00

4  > 31 0 0.00
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warnings and prediction in Qinghai province and even in the country, which will be of positive practical sig-
nificance to serve and guarantee the Belt and Road Initiative. These approaches are expected to provide new 
technical means for plague investigation and research, and to provide references for setting up plague surveillance 
programs and prediction for the natural Himalayan marmot plague focus in Qinghai province and the QTP.

Figure 6.   Predicted Himalayan marmot spatial distribution in Qinghai Province (A); Spatial distribution map 
of field visit survey sites in Qinghai Province from 2015 to 2017 to verify the prediction results (B).
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Conclusions
In this study, the ‘3S’ technology combined with the marmot information collection system V3.0 were used to 
analyze the habitat characteristics of Himalayan marmot, calculate the potential distribution of marmot, and 
predict the plague risk in the Himalayan marmot plague focus of Qinghai province. This study greatly improved 
the work efficiency of plague surveillance and effectively reduced the work intensity of researchers. Application 
of “3S” technology and marmot information collection system V3.0 has improved the data collection efficiency, 
provided new technical means for plague investigation and research, and provided a reference for development 
of plague surveillance programs. These results will play a positive role in promoting the improvement and perfec-
tion of plague prevention and control strategies in Qinghai province and even in China.

Data availability
The original data presented in the study are included in the article/supplementary materials, further inquiries 
can be directed to the corresponding authors.

Received: 13 September 2022; Accepted: 18 January 2023

References
	 1.	 Stenseth, N. C. et al. Plague: Past, present, and future. PLoS Med. 5, e3. https://​doi.​org/​10.​1371/​journ​al.​pmed.​00500​03 (2008).
	 2.	 Perry, R. D. & Fetherston, J. D. Yersinia pestis–etiologic agent of plague. Clin. Microbiol. Rev. 10, 35–66. https://​doi.​org/​10.​1128/​

CMR.​10.1.​35 (1997).
	 3.	 Organisation, W. H. Plague around the world, 2010–2015. Wkly Epidemiol. Rec. 91, 89–93 (2016).
	 4.	 Wang, Z. & Wang, Z. Analysis of human plague frequency factors in Qinghai-tibet plateau and discussion on prevention and 

control measures. Bull. Dis. Control Prev. (China) 26, 44–46 (2011).
	 5.	 Yang, L. Analysis on the present situation and countermeasures of plague control in Qinghai province. Chin. J. Endemiol. 26, 464 

(2007).
	 6.	 Yu, D. Gurrent status and development trend of plague surveillance in China. Dis. Surveill. 22, 433–435 (2007).
	 7.	 Neerinckx, S. B., Peterson, A. T., Gulinck, H., Deckers, J. & Leirs, H. Geographic distribution and ecological niche of plague in 

sub-Saharan Africa. Int. J. Health Geogr. 7, 54. https://​doi.​org/​10.​1186/​1476-​072X-7-​54 (2008).
	 8.	 Gao, M. et al. Analysis of appropriate ecological environment of Himalayan marmot based on remote sensing and geographic 

information system in Qinghai province. Chin. J. Endemiol. 31, 495–498 (2012).
	 9.	 Holt, A. C., Salkeld, D. J., Fritz, C. L., Tucker, J. R. & Gong, P. Spatial analysis of plague in California: Niche modeling predictions 

of the current distribution and potential response to climate change. Int. J. Health Geogr. 8, 38. https://​doi.​org/​10.​1186/​1476-​072X-
8-​38 (2009).

	10.	 Adjemian, J. C., Girvetz, E. H., Beckett, L. & Foley, J. E. Analysis of genetic algorithm for rule-set production (GARP) modeling 
approach for predicting distributions of fleas implicated as vectors of plague, Yersinia pestis in California. J. Med. Entomol. 43, 
93–103. https://​doi.​org/​10.​1093/​jmede​nt/​43.1.​93 (2006).

	11.	 Eisen, R. J. et al. Residence-linked human plague in New Mexico: A habitat-suitability model. Am. J. Trop. Med. Hyg. 77, 121–125 
(2007).

	12.	 Eisen, R. J. et al. A spatial model of shared risk for plague and hantavirus pulmonary syndrome in the southwestern United States. 
Am. J. Trop. Med. Hyg. 77, 999–1004 (2007).

	13.	 Winters, A. M. et al. Spatial risk models for human plague in the West Nile region of Uganda. Am. J. Trop. Med. Hyg. 80, 1014–1022 
(2009).

	14.	 Stenseth, N. C. et al. Plague dynamics are driven by climate variation. Proc. Natl. Acad. Sci. U. S. A. 103, 13110–13115. https://​doi.​
org/​10.​1073/​pnas.​06024​47103 (2006).

	15.	 Giles, J., Peterson, A. T. & Almeida, A. Ecology and geography of plague transmission areas in northeastern Brazil. PLoS Negl. 
Trop. Dis. 5, e925. https://​doi.​org/​10.​1371/​journ​al.​pntd.​00009​25 (2011).

	16.	 Lowell, J. L. et al. Colorado animal-based plague surveillance systems: Relationships between targeted animal species and predic-
tion efficacy of areas at risk for humans. J. Vector Ecol. 34, 22–31. https://​doi.​org/​10.​1111/j.​1948-​7134.​2009.​00004.x (2009).

	17.	 Jia, P. et al. Spatial technologies in obesity research: Current applications and future promise. Trends Endocrinol. Metab. 30, 211–223. 
https://​doi.​org/​10.​1016/j.​tem.​2018.​12.​003 (2019).

	18.	 Cheng, Q. & Dang, C. N. Using GIS remote sensing image data for wetland monitoring and environmental simulation. Comput. 
Intell. Neurosci. 2022, 7886358. https://​doi.​org/​10.​1155/​2022/​78863​58 (2022).

	19.	 Shan, Z., Li, H., Pan, H., Yuan, M. & Xu, S. Spatial equity of PM2.5 pollution exposures in high-density metropolitan areas based 
on remote sensing, LBS and GIS data: A case study in Wuhan, China. Int. J. Environ. Res. Public Health https://​doi.​org/​10.​3390/​
ijerp​h1919​12671 (2022).

	20.	 Liang, L. et al. Habitat selection and prediction of the spatial distribution of the Chinese horseshoe bat (R. sinicus) in the Wuling 
mountains. Environ. Monit. Assess. 191, 4. https://​doi.​org/​10.​1007/​s10661-​018-​7130-4 (2018).

	21.	 Sekarrini, C. E., Sumarmi Bachri, S., Taryana, D. & Giofandi, E. A. The application of geographic information system for dengue 
epidemic in Southeast Asia: A review on trends and opportunity. J. Public Health Res. 11, 22799036221104170. https://​doi.​org/​10.​
1177/​22799​03622​11041​70 (2022).

	22.	 Zewude, A., Govindu, V., Shibru, S. & Woldu, Z. Assessment of spatiotemporal dynamics of land and vegetation cover change 
detection in Maze National Park, Southwest Ethiopia. Environ. Monit. Assess. 194, 460. https://​doi.​org/​10.​1007/​s10661-​022-​10039-2 
(2022).

	23.	 Teodoro, A. et al. An integrated multi-approach to environmental monitoring of a self-burning coal waste pile: The São Pedro da 
cova mine (Porto, Portugal) study case. Environments 8, 48 (2021).

	24.	 Yue, Y., Lu, L., Wu, H., Wang, J. & Liu, Q. Analysis of ecological environment factors of Himalayan marmot based on global 
positioning system, remote sensing and geographical information system in Yushu City, Qinghai Province. Chin. J. Endemiol. 35, 
329–332 (2016).

	25.	 Gao, M., Wang, J., Cao, C., Li, Q. & Li, Y. Prediction of spatial distribution of Himalayan marmot based on geographic information 
system and ecological niche model in Qinghai Province. Chin. J. Endemiol. 34, 318–321 (2015).

	26.	 Zhao, J., Chen, H., Zhou, B., Wang, Z. & Li, Q. Comprehensive risk assessment on natural foci of plague basing on spatial informa-
tion technology. Chin. J. Infect. Control 30, 10–12 (2015).

	27.	 Hieronimo, P. et al. Integrating land cover and terrain characteristics to explain plague risks in Western Usambara Mountains, 
Tanzania: A geospatial approach. Tanzan J. Health Res. 16, 207–218. https://​doi.​org/​10.​4314/​thrb.​v16i3.7 (2014).

	28.	 Zhao, J. & Peng, J. Spatiotemporal variation of the vegetation coverage in Qinghai Plateau based on MODIS NDVI data. J. Arid 
Land Resour. Environ. 30, 67–73 (2016).

https://doi.org/10.1371/journal.pmed.0050003
https://doi.org/10.1128/CMR.10.1.35
https://doi.org/10.1128/CMR.10.1.35
https://doi.org/10.1186/1476-072X-7-54
https://doi.org/10.1186/1476-072X-8-38
https://doi.org/10.1186/1476-072X-8-38
https://doi.org/10.1093/jmedent/43.1.93
https://doi.org/10.1073/pnas.0602447103
https://doi.org/10.1073/pnas.0602447103
https://doi.org/10.1371/journal.pntd.0000925
https://doi.org/10.1111/j.1948-7134.2009.00004.x
https://doi.org/10.1016/j.tem.2018.12.003
https://doi.org/10.1155/2022/7886358
https://doi.org/10.3390/ijerph191912671
https://doi.org/10.3390/ijerph191912671
https://doi.org/10.1007/s10661-018-7130-4
https://doi.org/10.1177/22799036221104170
https://doi.org/10.1177/22799036221104170
https://doi.org/10.1007/s10661-022-10039-2
https://doi.org/10.4314/thrb.v16i3.7


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:1924  | https://doi.org/10.1038/s41598-023-28414-5

www.nature.com/scientificreports/

	29.	 Liu, X., Gao, X. & Ma, Y. Spatio-temporal evolution of vegetation coverage in Qinghai Province, China during the periods from 
2002 to 2015. Arid Zone Res. 34, 1345–1352 (2017).

	30.	 Chen, J., Jia, W., Zhao, Z., Zhang, Y. & Liu, Y. Research on temporal and spatial variation characteristics of vegetation Cover of 
Qilian mountains from 1982 to 2006. Adv. Earth Sci. 30, 834–845 (2015).

	31.	 Wang, L., Wu, X., Fu, H., Gan, H. & Yang, Y. Characteristics of choice of habitats for rodents in different plant vegetation in Alashan. 
Chin. J. Grassl. 34, 37–42 (2012).

	32.	 Li, Z. et al. Habitat use and activity patterns of mammals and birds in relation to temperature and vegetation cover in the alpine 
ecosystem of Southwestern China with camera-trapping monitoring. Animals (Basel) https://​doi.​org/​10.​3390/​ani11​123377 (2021).

	33.	 Meliyo, J. L. et al. Landform and surface attributes for prediction of rodent burrows in the Western Usambara mountains, Tanzania. 
Tanzan J Health Res 16, 182–193. https://​doi.​org/​10.​4314/​thrb.​v16i3.5 (2014).

	34.	 Lu, L. et al. Niche modeling predictions of the potential distribution of Marmota himalayana, the host animal of plague in Yushu 
County of Qinghai. BMC Public Health 16, 183. https://​doi.​org/​10.​1186/​s12889-​016-​2697-6 (2016).

	35.	 Collinge, S. et al. Landscape structure and plague occurrence in black-tailed prairie dogs on grasslands of the western USA. Landsc. 
Ecol. 20, 941–955 (2005).

	36.	 Wang, S. L. & Hou, F. J. Burrow characteristics and ecological significance of Marmota himalayana in the northeastern Qinghai-
Tibetan Plateau. Ecol. Evol. 11, 9100–9109. https://​doi.​org/​10.​1002/​ece3.​7754 (2021).

	37.	 Bergquist, N. R. Vector-borne parasitic diseases: New trends in data collection and risk assessment. Acta Trop 79, 13–20. https://​
doi.​org/​10.​1016/​s0001-​706x(01)​00099-7 (2001).

	38.	 Tong, X. Spatial distribution characteristics of plague-stricken county based on GIS in Qinghai Province. Chin. Qinghai J. Anim. 
Vet. Sci. 46, 17–18 (2016).

	39.	 Wang, Z. & Li, C. Plague Prevention and Control in Qinghai (People’s Medical Publishing House, 2016).

Acknowledgements
We are grateful for all the hard work contributed to the sampling by Key Laboratory for Plague Prevention and 
Control of Qinghai Province. We are grateful to Qinghai Basic Geographic Information Center for obtaining data 
by GNSS, RS and GIS technology and drawing the predictive spatial distribution map of Himalayan marmot in 
the natural plague foci in Qinghai Province by combining with the marmot information collection system V3.0. 
We would like to thank Dr. Mallory Eckstut from Liwen Bianji (Edanz) (www.​liwen​bianji.​cn/) for editing the 
English grammar of this manuscript.

Author contributions
H.W. and F.T. collected field data of basic sample sites. H.W., Y.W., and Z.Q. analyzed and interpreted the survey 
data regarding the habitat characteristics of Himalayan marmot. H.L. and K.Z. designed and developed the 
Himalayan marmot information collection system V3.0. H.L., H.W. and H.W. draw the predictive spatial distri-
bution map of the Himalayan marmot in Q.P. H.W., H.W., and Y.Z. were the major contributors in writing the 
manuscript. X.Z. and Q.Z. supervised the experiments.

Funding
This work was supported by Science and Technology Project of Qinghai Province, China (2021-SF-169) and 
National Natural Science Foundation of China (81360450). The funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​28414-5.

Correspondence and requests for materials should be addressed to Q.Z. or X.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.3390/ani11123377
https://doi.org/10.4314/thrb.v16i3.5
https://doi.org/10.1186/s12889-016-2697-6
https://doi.org/10.1002/ece3.7754
https://doi.org/10.1016/s0001-706x(01)00099-7
https://doi.org/10.1016/s0001-706x(01)00099-7
http://www.liwenbianji.cn/
https://doi.org/10.1038/s41598-023-28414-5
https://doi.org/10.1038/s41598-023-28414-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Analysis of Himalayan marmot distribution and plague risk in Qinghai province of China using the “3S” technology
	Materials and methods
	Data sources. 
	Data processing. 
	Vegetation cover data. 
	Grassland type. 
	Elevation data. 
	Slope and aspect data. 
	Reclassification of the data. 
	Construction of marmot information collection system V3.0. 

	Results
	Active marmot sample sites. 
	Vegetation cover extraction and analysis. 
	Marmot distribution and grassland types. 
	Marmot distribution and elevation. 
	Marmot distribution and slope. 
	Mapping the spatial distribution of Himalayan marmots in Qinghai province. 
	Main functions of marmot information collection system V3.0. 
	Data verification by field validation. 

	Discussion
	Himalayan marmot habitat analysis. 
	Application of the predictive spatial distribution map of Himalayan marmots in Qinghai province. 
	Field validation for verification. 
	Application of marmot information collection system V3.0. 

	Conclusions
	References
	Acknowledgements


