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Optimizing livestock carrying 
capacity for wild ungulate‑livestock 
coexistence in a Qinghai‑Tibet 
Plateau grassland
Yueheng Ren1, Yanpeng Zhu1*, Davide Baldan2, Mengdi Fu1, Bin Wang3, Junsheng Li1* & 
Anping Chen4*

Wild ungulates are an important part of terrestrial ecosystems and play a critical role in maintaining 
ecosystem health and integrity. In many grassland ecosystems that are habituated by wild ungulates, 
the coexistence of domestic ungulates has created a conflict over grazing resources. Solving this 
conflict requires a balanced and sustainable policy that satisfies both the needs of wildlife protection 
and food production. Here, we assess the optimal grassland livestock carrying capacity of an alpine 
grassland on the Qinghai‑Tibet Plateau, given the coexistence of wild populations of kiangs (Equus 
kiang) and Tibetan gazelles (Procapra picticaudata), two key species grazing in this region. We use 
kriging and the MaxEnt method to estimate the population sizes of kiangs and Tibetan gazelles in 
Maduo County, Qinghai Province. We then convert the estimated population size of the two species 
into sheep units and calculate the residual carrying capacity for livestock grazing. We show that 
after accounting for the grazing need for kiangs and Tibetan gazelles, grassland in Maduo is capable 
of supporting 420,641 sheep units, which is slightly more than the current livestock population. 
However, the residual carrying capacity is highly uneven across the region, and overgrazing is found 
in many areas of Maduo, especially in northern Maduo. This research provides a useful framework for 
planning sustainable livestock farming for the Qinghai‑Tibet Plateau and other regions facing wildlife‑
livestock conflict.

Grassland ecosystems cover approximately 26% of the global land area and sustain most of the world’s  livestock1,2. 
These ecosystems also accommodate many wildlife species, including grazing herbivores. Competition between 
livestock and grazing wildlife for food, water, and space is therefore a common issue in grassland ecosystem and 
biodiversity conservation practices  worldwide3–5. For example, competition between livestock and the kiang 
(Equus kiang) threatens the conservation prospects of the kiang in the Ladakh of the Trans-Himalaya  region6, 
while conflict over sheep ranching is considered a primary cause of the population decline of guanacos (Lama 
guanicoe) in southern  Chile7. Due to the increasing demand for beef and lamb, livestock populations have 
steadily grown over the past decades, resulting in overgrazing in many  grasslands8. Livestock overpopulation 
and overgrazing have significantly lessened resource availability for wildlife and, in some cases, have degraded 
grassland quality to the point that desertification has occurred in some arid and semiarid  grasslands9,10. Degraded 
grasslands usually have reduced forage production for both livestock and wildlife, suffer from severe water and 
soil loss and are more vulnerable to environmental  changes11. These changes can further intensify the conflict 
between livestock and wildlife and are largely responsible for the decreasing wildlife population and the endan-
germent of many  species12.

For sustainable animal husbandry and long-term coexistence between wildlife and livestock to occur, live-
stock overpopulation must be minimized; thus, a reasonable carrying capacity for livestock must be  quantified13. 
Quantifying livestock carrying capacity is a key issue, with a wide number of techniques and studies  available14. 
However, most studies focus only on the bottom-up limitations of grassland productivity and water availability 
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on livestock carrying capacity, such as grass yield, livestock feeding intake, grazing utilization rate, key area 
selection, climate influence, and supplementary  feeding15–18. Few of them consider wildlife conservation in 
the quantification of livestock carrying capacity, even in areas with strong wildlife-livestock conflict. However, 
excluding livestock entirely to protect indigenous wildlife may be difficult to implement in areas where indigenous 
people raise animals for  sustenance19. A balance between wildlife conservation and existing animal husbandry 
is, however, possible with careful planning that considers the needs of both.

The Three-River-Source area of the Tibetan Plateau in China is a region where wild ungulate species and 
ungulate-based husbandry coexist. Located at the headwaters of three major river systems—the Yangtze, Yel-
low and Lancang rivers—and lying, for the most part, 4000 m above sea level, the Three-River-Source area is 
dominated by alpine steppes and  meadows20. This region performs vital functions, such as food and fiber supply, 
soil and water conservation, and carbon sequestration, and is an important habitat for a variety of endangered 
wildlife  species21. The region is also listed as one of the “Global 200” priority ecoregions of global significance in 
 conservation22 and is a hotspot for global warming (second only to the Arctic region)23. Nomadic herding and 
animal husbandry are the main industries in the region. In the past, the traditional grazing methods of local 
herders coexisted with herbivorous wildlife. However, since the 1960s, animal husbandry has increased in this 
area, resulting in serious overpopulation and overgrazing. This uncontrolled increase in livestock has nega-
tively affected both the welfare of wildlife and grassland  ecosystems24,25. In 2003, the Three-River-Source area 
was designated as a National Nature Reserve (then later planned as a National Park), and strict protection and 
restoration measures were planned and implemented. Among these protection measures, the reduction or even 
the complete ban of livestock grazing is a top priority. However, preserving the cultural heritage and traditional 
lifestyle of indigenous herders and allowing for sustainable development of the area are also both important 
goals for the Three-River-Source National Park Master  Plan26. Achieving a balanced resolution between these 
conflicting goals requires an improved quantification of the wildlife populations and their foraging demands. 
With this information, we can then estimate the carrying capacity for livestock.

Here, we choose Maduo County, one of the 17 counties in the Three-River-Source area, as the target region 
to conduct population research on wild ungulates to determine the region’s livestock carrying capacity (Fig. 1). 
This is to ensure a sustainable coexistence of both wild ungulates and livestock. Our goal is to then develop an 
applicable strategy that simultaneously considers both the needs of local herders and the protection of wildlife 
populations and grassland ecosystems. While the study uses Maduo County as a specific example, the framework 
we develop here will provide important insights for the entire Qinghai-Tibet Plateau and other regions facing 
similar competing demands for wildlife protection and livestock production.

Figure 1.  The spatial location of the study area, the Three-River-Source National Park and the Three-River-
Source area. The map was generated using ArcGIS 10.2, https ://deskt op.arcgi s.com/en/.

https://desktop.arcgis.com/en/
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Results
Based on field surveys and Maxent model simulations, we estimate that the suitable area for kiangs (Equus kiang) 
is 12,650 km2 in Maduo County, and that of Tibetan gazelles (Procapra picticaudata) is 9897 km2. Overall, we 
estimate the presence of 11,397 kiangs and 1545 Tibetan gazelles in Maduo, equal to 68,834 sheep units. Both spe-
cies are widely distributed across the county (Fig. 2). The population density of kiangs is high in northern Zhal-
ing Lake and Eling Lake and in the central and south-central parts of Maduo County (Fig. 3a). The population 

Figure 2.  The distribution ranges of kiangs (a) and Tibetan gazelles (b) in Maduo County. The map was 
generated using ArcGIS 10.2, https ://deskt op.arcgi s.com/en/.

Figure 3.  The density spatial distribution of kiangs (a) and Tibetan gazelles (b), the actual carrying capacity 
(c) and the ecological carrying capacity (d) of Maduo County. Maps were produced in ArcGIS 10.2 (https ://
deskt op.arcgi s.com/en/) based on shapefiles and data collated for this study, and Adobe Illustrator was used to 
combine them into one figure.

https://desktop.arcgis.com/en/
https://desktop.arcgis.com/en/
https://desktop.arcgis.com/en/
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density of Tibetan gazelles is also high in northern Zhaling Lake and Eling Lake (Fig. 3b), making this region a 
hotspot for both wild ass and gazelle distributions.

A household livestock survey provided by the Three-River-Source National Park Administration indicates 
that there were 338,159 sheep units (73% cattle, 24% sheep, 3% horses) in Maduo County in 2015. The distribu-
tion of livestock density is uneven, with the highest population density found south of Lake Donggeicuona (land 
parcel #6), followed by northeastern Maduo (Fig. 3c). The satellite-derived total annual grass yield in Maduo 
County is estimated to be approximately 1,293,500 tons. This grass yield quantity is estimated to support 489,474 
sheep units (theoretical total carrying capacity). Factoring in wildlife, the ecological livestock carrying capacity 
of Maduo County’s grassland would be 420,641 sheep units. The spatial distribution of ecological livestock car-
rying capacity (Fig. 3d) shows a high carrying capacity in the northeastern part of the region but a low carrying 
capacity in the southwestern part of the region. In particular, the lowest ecological livestock carrying capacity is 
found at land parcel #26 (Fig. 3d), where a high population density of kiangs is observed (Fig. 3a).

By subtracting the actual carrying capacity of each land parcel from the ecological livestock carrying capacity, 
we obtain the residual carrying capacity (RCC) for each parcel, which is a total of 82,482 sheep units (Fig. 4). 
The RCC is positive in the southwestern part of Maduo County, indicating that the area is capable of feeding 
more livestock without threatening the existing ungulate wildlife. In contrast, northeastern Maduo County has 
negative RCC values and an overloaded livestock population. Among the land parcels, land parcel #6 is most 
overloaded with livestock. Supplementary Table S1 provides summary statistics on wild ungulates and livestock 
carrying capacity for each land parcel.

Discussion
The Three-River-Source National Park (TNP) is China’s first national park and represents an experiment to 
induce a major shift in Chinese conservation efforts. When planning conservation efforts in the TNP to protect 
the broad alpine grassland socioecosystem, both the needs of wildlife habitats and the nomadic lifestyle of the 
indigenous people must be  considered27. Here, we present an analysis of how wildlife and livestock can share 
grass yields in Maduo, a key region within the TNP. Our analysis shows that the current livestock population in 
Maduo is below the carrying capacity of the region after considering the foraging needs of the two main native 
herbivores: the kiang and the Tibetan gazelle. However, the spatial distribution of the residual carrying capacity 
is highly uneven, and some areas have negative RCC values (indicating overloading). Thus, our results indicate 
that, at least for Maduo, it is possible to reach sustainable coexistence between livestock and key wildlife species 
given appropriate planning.

The mapping of the grassland carrying capacity also provides a useful tool for guiding husbandry planning 
within the TNP (Fig. 4). Specifically, for overloaded land parcels, the priority should be to sustain or even increase 
the wildlife population in accordance with the TNP master  plan26. Furthermore, the livestock density should be 
kept below the ecological carrying capacity. Different livestock reduction goals, timelines, and measures should 

Figure 4.  Residual carrying capacity in Maduo (with two wild ungulate species). The map was generated using 
ArcGIS 10.2 (https ://deskt op.arcgi s.com/en/) based on shapefiles and data collated for this study.

https://desktop.arcgis.com/en/
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be established in accordance with the requirements of the functional zoning of the national park. For other 
overloaded sites outside of the national park, the priority should be to ensure the sustainability of grassland 
productivity. Accordingly, different management tools need to be adopted to ensure that the livestock density 
is below the ecological carrying capacity. Specific measures that should be taken in land parcels #1, #2, #3, #6, 
#8, #9 and #10 include (1) livestock reduction and ecological compensation. Setting a limit on livestock popu-
lations based on the ecological carrying capacity and reducing livestock populations accordingly. Afterwards, 
ecological compensation is used. These measures are suitable for land parcels #6 and #9, which have relatively 
serious overgrazing problems. (2) Developing alternative industries for grazing. Ecological tourism, traditional 
handicraft and the ethnic culture industry could be developed to maintain residents’ income, especially in land 
parcels #3, #6, #8 and #10, which are partially located in the TNP. (3) Optimizing grazing patterns. Establishing 
an ecological animal husbandry cooperative could break the original boundary of land parcels. Then, implement-
ing rotational grazing and seasonal rest grazing in a larger area can restore grassland productivity. In addition, 
the removal of boundary fences and avoidance of areas where ungulates gather for rotational grazing can help 
protect wild  ungulates28.

The protection of wildlife and ecological integrity often requires native residents to relocate or to change their 
field of work. It is therefore useful to provide financial compensation to incentivize cooperation from the local 
 people29. However, determining appropriate compensation standards in the pursuit of protecting wildlife has 
always been  challenging30,31. Our work on the ecological carrying capacity provides a useful framework in this 
direction. In particular, the GIS-based carrying capacity estimation makes the compensation implementable at 
the land parcel level. This method is also applicable to other grassland and meadow ecosystems where livestock 
and wild ungulates coexist, as in many other regions of the Qinghai-Tibet  Plateau32, East  Africa33, and Patago-
nia in South  America7. With the aim of protecting wild ungulates, our study provides a reference for reducing 
the costs of protecting the environment, achieving a balance between wildlife and livestock, and formulating 
programs to financially compensate locals for livestock reduction. Furthermore, our framework can also be 
extended to other ecosystem types that face similar resource competition between the livelihood of locals and 
wildlife protection, such as  forest34,  coastal35 and  oceanic36 ecosystems.

It is important to note that our method might be subject to some limitations. First, estimating carrying 
capacity based on the current grazing utilization rate (65%)37 may overestimate the actual capacity of livestock 
and wild ungulates. Previous studies have suggested that the current grassland grazing rate in many areas of 
the Qinghai-Tibet Plateau, including Maduo, is not sustainable and has caused grassland  degradation25,38. To 
reverse this grassland degradation, it would be necessary to further reduce the number of livestock. Second, we 
considered only kiangs and Tibetan gazelles, the two dominant wild ungulate species in this study. Although 
rare and not major competitors with livestock, other grazing species, such as Tibetan antelope and wild yak, are 
found in the region. Future research with more extensive field surveys may include the protection of those rare 
grazing species as well. Third, our NDVI-based forage production estimation neglects the potential difference 
in edible forages of different plant communities or grasslands with different health conditions. This fixed aver-
age forage ratio has been widely used in previous  studies39,40 but could still be problematic, especially when the 
plant community shifts under climate change, e.g., from  C4-dominant grasslands to  C3-dominant grasslands with 
extreme  drought41. Extensive field surveys of grazing preferences and edible proportions of different grassland 
plant communities, together with high-resolution remote sensing that can distinguish these different plant 
communities, are needed to improve our forage production estimation. Fourth, while the MaxEnt model driven 
by projected climate scenarios can also be used to predict future wild ungulate  distributions42, current wildlife 
surveys are still insufficient to build such dynamic population models that are needed for a better understanding 
of long-term population dynamics. In particular, it is important to note that the distribution of wild ungulates 
in Maduo is also determined by anthropogenic factors that are difficult to factor into the model. Long-term 
repeated and standardized wildlife population surveys and monitoring are thus needed to provide standard 
basic data to include population growth goals in the estimation of ecological carrying capacity and to support 
wildlife conservation planning.

Methods
Study area. Maduo County is located in the eastern part of the Three-River-Source area (Fig. 1), at approxi-
mately 34° 0′ ~ 35° 40′ N and 96° 50′ ~ 99° 20′ E, with an area of ~ 25,300 km2. The topography of the county is 
relatively flat, and the elevation lies mostly between 4200 and 4800 m above sea level. The region has a typical 
highland continental climate with strong solar radiation and large daily temperature differences. The average 
annual temperature is − 3.8  °C, and the average annual precipitation is approximately 304 mm43. Vegetation 
types in Maduo include alpine steppe ecosystems, alpine meadow ecosystems, wetland ecosystems, and alpine 
desert ecosystems. The county lies in the source area of the Yellow River and has important water conservation 
functions. The county is divided into 27 land parcels according to the boundaries of traditional grazing manage-
ment.

Data sources. Two national protected species of China, both wild ungulates that prevail in the grasslands of 
Maduo, are considered in the study: the kiang, a protected species also listed in the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES), and the Tibetan gazelle. The distribution and 
abundance data of these two species were obtained from surveys organized by the Three-River-Source National 
Park Administration in 2015 and 2016. These surveys recorded wild animals observed while traversing sample 
lines, including their species names, abundances, traces, and geographic location information. In total, they 
recorded 2900 kiangs with an average discovery rate of 1.33 kiangs per km per season and 1067 Tibetan gazelles 
with an average discovery rate of 0.49 Tibetan gazelles per km per season.
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The climate data required to simulate the distribution of kiangs and Tibetan gazelles were downloaded from 
Worldclim (http://world clim.org), and the topography data were obtained from the Geospatial Data Cloud 
(http://www.gsclo ud.cn). The spatial resolution of all the data is uniform at 30 arcseconds (approximately 1 km).

The livestock data of Maduo County, which were acquired through a household survey, were also provided 
by the Three-River-Source National Park Administration. All environmental and livestock data were for 2015.

Species data processing. Ordinary kriging is used to extrapolate the distribution and abundance data of 
wild ungulates obtained from field surveys to the regional scale at a resolution of 5 × 5 km. Kriging interpolation 
is applicable to grassland and forest ecosystems with relatively continuous  habitats44,45. In this study, based on the 
characteristics of the survey route settings, the species abundance density (SAD) was estimated for each survey 
line. The estimated SAD was then translated to the species abundance of each season at each 5 × 5 km grid using 
ArcGIS 10.2 and ordinary  kriging44.

The species distribution model  Maxent46 was used to simulate the potential distribution range of kiangs and 
Tibetan gazelles based on (1) the distribution of points of these two species and (2) environmental information 
such as elevation, slope, slope aspect, and climate variables. The potential distribution range is combined with the 
previously interpolated density distribution map and matched with the administrative land boundary of Maduo 
County to obtain simulated abundances of the two species distributed in each land parcel.

Grass production data processing. Remote sensing has been widely used to estimate ecosystem 
 production47–49. Here, we used MODIS MOD13Q1 data (https ://lpdaa c.usgs.gov/produ cts/mod13 q1v00 6/) to 
estimate the NDVI (normalized difference vegetation index) values of Maduo County from July to August 2015 
(Supplementary Fig. S1). For each grid, we use the maximal value composite method to represent its NDVI and 
then use the equation derived from Lü et al. to calculate grass yield from  NDVI40:

where Y is the amount of grass production and X is the NDVI value.

Theoretical livestock carrying capacity calculation. According to the standard Calculation of range-
land carrying capacity (NY/T635-2015) published by the Ministry of Agriculture and Rural Affairs of the People’s 
Republic of  China50, theoretical carrying capacity refers to the maximum number of livestock that can be sup-
ported by an area of grassland over a certain period while sustaining grass production. Based on Xin et al., we 
adopt the following formula to calculate the theoretical carrying capacity without considering grass use by wild 
animals for grassland  use37:

where Ctp is the theoretical carrying capacity per unit area, Y is the grass yield per unit area, E is the edible 
forage ratio, U is the grazing utilization rate, I is the daily intake of livestock, and T is the number of grazing 
days. According to Zhao et al., the edible forage ratio in Maduo County is 85%51. Xin et al. estimated that for 
alpine steppes and alpine meadows, the two dominant vegetation types in Maduo, the grazing utilization rate is 
65% ~ 70%37. Here we assume it to be 65%. The daily intake per sheep unit is 4.0 kg, and the number of grazing 
days is 365  days37.

The grass consumption by wild ungulates can be calculated as:

where Cw is the total number of wild ungulates in sheep units in each land parcel and Di, Si and Ki represent the 
density, distribution area of each land parcel, and the rate that converts species i to standard sheep units. Accord-
ing to Lu et al., a kiang equals 6 sheep units, and a Tibetan gazelle equals 0.3 sheep units based on the weight 
ratio between its average weight (approximately 14 kg) and that of a standard sheep  unit32,52.

After considering the grass consumption by wild ungulates, the carrying capacity (Ct) of each land parcel is 
estimated as:

where Ct is the ecological carrying capacity of a land parcel, and S is the land parcel area.

Bioethics statement. The study does not involve any animal experiments or operations.

Data availability
The MODIS MOD13Q1 data is available at https ://lpdaa c.usgs.gov/produ cts/mod13 q1v00 6/. Other data/code 
that support the findings of this study can be obtained from the authors upon reasonable request.

Received: 10 June 2020; Accepted: 1 February 2021

(1)Y = −47.021+ 440.21X,

(2)Ctp = (Y × E × U)/(I × T)

(3)Cw =

n∑

i=1

(Di × Si × Ki)

(4)Ct = Ctp × S − Cw

http://worldclim.org
http://www.gscloud.cn
https://lpdaac.usgs.gov/products/mod13q1v006/
https://lpdaac.usgs.gov/products/mod13q1v006/


7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3635  | https://doi.org/10.1038/s41598-021-83207-y

www.nature.com/scientificreports/

References
 1. Chapin, F. S., Folke, C. & Kofinas, G. P. A framework for understanding change. In Principles of Ecosystem Stewardship (eds Folke, 

C. et al.) (Springer, Berlin, 2009).
 2. Ellis, E. C. & Ramankutty, N. Putting people in the map: Anthropogenic biomes of the world. Front. Ecol. Environ. 6, 439–447 

(2008).
 3. Conover, M. R. Resolving Human–Wildlife Conflicts: The Science of Wildlife Damage Management (Lewis Publishers CRC Press, 

Boca Raton, 2002).
 4. Madhusudan, M. D. Living amidst large wildlife: Livestock and crop depredation by large mammals in the interior villages of 

Bhadra Tiger Reserve, South India. Environ. Manag. 31, 0466–0475 (2003).
 5. Aryal, A., Brunton, D. H., Ji, W., Barraclough, R. K. & Raubenheimer, D. Human–carnivore conflict: Ecological and economical 

sustainability of predation on livestock by snow leopard and other carnivores in the Himalaya. Sustain. Sci. 9, 321–329 (2014).
 6. Bhatnagar, Y. V., Wangchuk, R., Prins, H. H., Van Wieren, S. E. & Mishra, C. Perceived conflicts between pastoralism and conserva-

tion of the kiang Equus kiang in the Ladakh trans-Himalaya, India. Environ. Manag. 38, 934–941 (2006).
 7. Hernández, F., Corcoran, D., Graells, G., Roos, C. & Downey, M. C. Rancher perspectives of a livestock-wildlife conflict in Southern 

Chile. Rangelands 39, 56–63 (2017).
 8. Michalk, D. L. et al. Sustainability and future food security—A global perspective for livestock production. Land Degrad. Dev. 30, 

561–573 (2019).
 9. Hilker, T., Natsagdorj, E., Waring, R. H., Lyapustin, A. & Wang, Y. Satellite observed widespread decline in Mongolian grasslands 

largely due to overgrazing. Glob. Change Biol. 20, 418–428 (2014).
 10. Zheng, Z., Feng, C., Ye, S., Diao, Z. & Lü, S. Ecological pressures on grassland ecosystems and their conservation strategies in 

Northern China. Chin. J. Popul. Resourc. Environ. 13, 87–91 (2015).
 11. Wen, L. et al. Effect of degradation intensity on grassland ecosystem services in the alpine region of Qinghai-Tibetan Plateau, 

China. PLoS ONE 8, e58432 (2013).
 12. Krausman, P. R. et al. Livestock grazing, wildlife habitat, and rangeland values. Rangelands 31, 15–19 (2009).
 13. Bestelmeyer, B. T., Estell, R. E. & Havstad, K. M. Big questions emerging from a century of rangeland science and management. 

Rangel. Ecol. Manag. 65, 543–544 (2012).
 14. Galt, D., Molinar, F., Navarro, J., Joseph, J. & Holechek, J. L. Grazing capacity and stocking rate. Rangel. Arch. 22, 7–11 (2000).
 15. Hobbs, N. T. & Swift, D. M. Estimates of habitat carrying capacity incorporating explicit nutritional constraints. J. Wildl. Manag. 

49, 814–822 (1985).
 16. Vallentine, J. F. Grazing Management 2nd edn. (Academic Press, New York, 2001).
 17. Mckeon, G. M. et al. Climate change impacts on northern Australian rangeland livestock carrying capacity: A review of issues. 

Rangel. J. 31, 1–29 (2009).
 18. Yu, L., Zhou, L., Liu, W. & Zhou, H. Using remote sensing and GIS technologies to estimate grass yield and livestock carrying 

capacity of alpine grasslands in Golog Prefecture, China. Pedosphere 20, 342–351 (2010).
 19. Chen, J. Review of canceling herds and returning to grassland policy in Sanjiangyuan Region in Qinghai Province: Based on survey 

of Maduo County. Natl. Res. Qinghai 19, 110–115 (2008).
 20. Qin, D. Ecological Protection and Sustainable Development of Three-River-Source Area (Science Press, London, 2014).
 21. Zhao, L., Li, Q. & Zhao, X. Multi-functionality and management of grassland in the Sanjiangyuan region. Resour. Sci. 42, 78–86 

(2020).
 22. Olson, D. M. & Dinerstein, E. The Global 200: A representation approach to conserving the Earth’s most biologically valuable 

ecoregions. Conserv. Biol. 12, 502–515 (1998).
 23. Li, J. et al. Global priority conservation areas in the face of 21st century climate change. PLoS ONE 8, 54839 (2013).
 24. Zhou, H., Zhou, L., Liu, W., Zhao, X. & Lai, D. Causes of grassland degradation and sustainable development of animal husbandry 

in Maduo County, Qinghai Province. Grassl. China 25, 63–67 (2003).
 25. Xu, J., Chen, J., Hu, Y. & Zhao, Z. Research on the status and the dynamic of grassland degradation in Maduo County Qinghai 

Province. Pratacult. Sci. 28, 359–364 (2011).
 26. NDRCC. Three-River-Source National Park Master Plan. https ://www.ndrc.gov.cn/xxgk/zcfb/ghwb/20180 1/t2018 0117_96224 

5.html. (National Development and Reform Commission of China, 2018).
 27. Fu, M. et al. Functional zoning and space management of three-river-source national park. J. Geog. Sci. 29, 2069–2084 (2019).
 28. Sun, J. et al. Reconsidering the efficiency of grazing exclusion using fences on the Tibetan Plateau. Sci. Bull. 65, 1405–1414 (2020).
 29. Tuanmu, M. et al. Effects of payments for ecosystem services on wildlife habitat recovery. Conserv. Biol. 30, 827–835 (2016).
 30. Watzold, F. & Drechsler, M. Spatially uniform versus spatially heterogeneous compensation payments for biodiversity-enhancing 

land-use measures. Environ. Resour. Econ. 31, 73–93 (2005).
 31. Hu, Z., Kong, D. & Jin, L. Grassland eco-compensation: Rate differentiations of “reward for balanced grazing” and its reasons. 

China Popul. Resour. Environ. 25, 152–159 (2015).
 32. Lu, C., Xie, G. & Xiao, Y. Ecological Compensation and the cost of wildlife conservation: Chang Tang Grasslands, Tibet. J. Resour. 

Ecol. 3, 20–25 (2012).
 33. Sitters, J. et al. Herded cattle and wild grazers partition water but share forage resources during dry years in East African savannas. 

Biol. Cons. 142, 738–750 (2009).
 34. Stokely, T. D. & Betts, M. G. Deer-mediated ecosystem service versus disservice depends on forest management intensity. J. Appl. 

Ecol. 57, 31–42 (2019).
 35. Östman, Ö. et al. Estimating competition between wildlife and humans—a case of cormorants and coastal fisheries in the Baltic 

Sea. PLoS ONE 8, e83763 (2013).
 36. Guerra, A. S. Wolves of the Sea: Managing human-wildlife conflict in an increasingly tense ocean. Marine Policy 99, 369–373 

(2018).
 37. Xin, Y. et al. The evaluation of carrying capacity of grassland in Qinghai. Qinghai Pratacult. 20, 13–22 (2011).
 38. Du, J., Wang, G. & Li, Y. Rate and causes of degradation of alpine grassland in the source regions of the Yangtze and Yellow River 

during the last 45 years. Acta Pratacult. Sin. 24, 5–15 (2015).
 39. Yu, L. et al. Using remote sensing and GIS technologies to estimate grass yield and livestock carrying capacity of alpine grasslands 

in Golog Prefecture, China. Pedosphere 20, 342–351 (2010).
 40. Lü, X. et al. Spatio-temporal changes of grassland production based on MODIS NPP in the Three-River Source Region from 2006 

to 2015. J. Nat. Resour. 32, 1857–1868 (2017).
 41. Knapp, A. K. et al. Resolving the Dust Bowl paradox of grassland responses to extreme drought. Proc. Natl. Acad. Sci. 117, 

22249–22255 (2020).
 42. Wu, X. et al. Predicting the shift of threatened ungulates’ habitats with climate change in Altun Mountain National Nature Reserve 

of the Northwestern Qinghai-Tibetan Plateau. Clim. Change 142, 331–344 (2017).
 43. Maduo County Local Records Compilation Committee. Maduo County Local Record (Qinghai Ethnic Publishing House, Qinghai, 

2011).
 44. Kondoh, H., Koizumi, T. & Ikeda, K. A geostatistical approach to spatial density distributions of sika deer (Cervus nippon). J. For. 

Res. 18, 93–100 (2013).

https://www.ndrc.gov.cn/xxgk/zcfb/ghwb/201801/t20180117_962245.html
https://www.ndrc.gov.cn/xxgk/zcfb/ghwb/201801/t20180117_962245.html


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3635  | https://doi.org/10.1038/s41598-021-83207-y

www.nature.com/scientificreports/

 45. Norris, D. et al. How to not inflate population estimates? Spatial density distribution of white-lipped peccaries in a continuous 
Atlantic forest. Anim. Conserv. 14, 492–501 (2011).

 46. Phillips, S. J., Anderson, R. P. & Schapire, R. E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 190, 
231–259 (2006).

 47. Field, C. B., Randerson, J. T. & Malmström, C. M. Global net primary production: Combining ecology and remote sensing. Remote 
Sens. Environ. 51, 74–88 (1995).

 48. Ali, I., Cawkwell, F., Dwyer, E., Barrett, B. & Green, S. Satellite remote sensing of grasslands: From observation to management. J. 
Plant Ecol. 9, 649–671 (2016).

 49. Chen, A. et al. Moisture availability mediates the relationship between terrestrial gross primary production and solar-induced 
chlorophyll fluorescence: Insights from global-scale variations. Glob. Change Biol. 2, 15373 (2020).

 50. Department of Animal Husbandry. Calculation of reasonable rangeland carrying capacity of natural grassland (NY/T635–2015). 
(Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2015).

 51. Zhao, F., Lin, G. & Zhao, Z. The analysis of relationship between grassland and livestock based on MODIS vegetation index in 
Madoi in Qinghai. Heilongjiang Anim. Sci. Vet. Med. 1, 75–77 (2012).

 52. Yang, L. et al. Tick-defense grooming patterns of two sympatric Tibetan ungulates. J. Zool. 307, 242–248 (2019).

Acknowledgements
We thank the Three-River-Source National Park Administration for providing wild ungulate and livestock data. 
The study was supported by the Second Tibetan Plateau Scientific Expedition and Research Program (STEP) 
(Grant No. 2019QZKK0402).

Author contributions
Y.Z., J.L., Y.R. and A.C. designed the study. Y.R. and M.F. analyzed the data and produced the figures. Y.R., Y.Z. 
and A.C. wrote the manuscript. All authors contributed substantially to the interpretation of the results and to 
the revision 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/s4159 8-021-83207 -y.

Correspondence and requests for materials should be addressed to Y.Z., J.L. or A.C.

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) 2021

https://doi.org/10.1038/s41598-021-83207-y
https://doi.org/10.1038/s41598-021-83207-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimizing livestock carrying capacity for wild ungulate-livestock coexistence in a Qinghai-Tibet Plateau grassland
	Results
	Discussion
	Methods
	Study area. 
	Data sources. 
	Species data processing. 
	Grass production data processing. 
	Theoretical livestock carrying capacity calculation. 
	Bioethics statement. 

	References
	Acknowledgements


