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• Ecosystem multiserviceability of the 

Qingzang Plateau was quantified. 
• Spatial-temporal patterns of ecosys- 
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a b s t r a c t 

Ecosystem multiserviceability (EMS), a comprehensive and significant ecological indicator, reflects the capacity 

of ecosystems to offer multiple services concurrently. Intensified climate change and human activity are continu- 

ously altering ecosystem functions, services, and EMSs. However, numerous studies have only focused on one or 

a few ecosystem services, rarely taking into account spatial-temporal distribution and drivers of EMS on behalf 

of different agencies. We calculated EMS including pastoralist (PA), environmental protection agency (EPA), bio- 

diversity conservation agency (BCA), and climate change mitigation agency (CCMA) using grassland production, 

habitat quality, water conservation, and carbon sequestration. Then, the effects of geographical features, climate 

factors, and human activities on spatial-temporal patterns of EMS were explored. The result indicated that EMS 

showed a decreasing tendency from the southeast to northwest on the Qingzang Plateau (QZP). Meanwhile, there 

were no obvious fluctuations in four simulated scenarios (PA, EPA, BCA and CCMA) among different vegetation 

types during 2000 to 2015. Notably, EMS of all simulated scenarios decreased in the alpine steppe ecosystem, 

but negligible changes were found in other ecosystems from 2015 to 2020. Moreover, the relative importance of 

precipitation in annual mean value (from 2000 to 2020) of PA, EPA, BCA and CCMA were 0.13, 0.11, 0.30 and 

0.19, respectively. Overall, precipitation played the dominant role on the dynamics of EMS, followed by elevation 

and human footprint. Our findings highlighted that understanding the patterns and drivers of EMS could provide 

a reference for the regional management and maintenance of ecosystem stability on QZP. 
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. Introduction 

Ecosystem services contain nature resources, climate regula-

ion, defense against natural disasters, recreation, and inspiration

 Hernández ‐Blanco et al., 2022 ), which also is crucial for supporting

uman well-being since they serve as a link between natural and hu-

an systems ( Hernández-Blanco et al., 2020 ). In recent decades, nu-

erous research focused on calculating value ( Costanza et al., 1997 ;

allai et al., 2009 ; Jiang et al., 2020 ), mapping the supply and de-

and ( van Jaarsveld et al., 2005 ; Deutsch et al., 2007 ; Chen et al.,

021 ), analyzing potential threats ( Tilman et al., 2001 ), understanding

he mechanisms ( Venter et al., 2016 ) and forecasting changes in ecosys-

em services ( Carpenter et al., 2006 ; Hernández ‐Blanco et al., 2022 ).

egrettably, although the ecological processes simultaneously generate

ultiple associated ecosystem services, most studies have centered on

 single or a few ecosystem services ( Peterson et al., 2003 ; Chan et al.,

006 ; Rodriguez et al., 2006 ; Brauman et al., 2007 ). Furthermore, the

equired ecosystem services are diverse according to the different agen-

ies, and the impacts of climate change and human activities on ecosys-

em services are not always homogeneous. Consequently, we ought to

ay more attention to the multiple relationships among ecosystem ser-

ices and the establishment of the concept of ecosystem multiservice-

bility (EMS) ( Turner et al., 2003 ; Kremen, 2005 ; Carpenter et al., 2006 ;

anning et al., 2018 ; Jing and He, 2021 ). 

EMS was defined initially as ecosystem service multifunctionality by

anning et al. (2018) , but other scholars have argued that the abil-

ty of ecosystem to provide multiple ecosystem services simultaneously

as more strictly defined as ecosystem multiserviceability ( Jing and

e, 2021 ). Obviously, the main limitation of the current research on

cosystem services is that there is no systematic indicators to represent

ultiple facets of ecosystem services ( Manning et al., 2018 ). There-

ore, Manning et al. (2018) proposed a quantitative approach which

s divided into consulting stakeholders, quantifying weights, quantify-

ng ecosystem services, standardizing ecosystem services, and finally

eighting calculations. Furthermore, Jing and He (2021) integrated

anning’s method, and then summarized the EMS quantization method

ccording to grassland ecosystem. Generally, it is necessary to integrate

arious services into one index (i.e., EMS) to match the different require-

ents of stakeholders ( Manning et al., 2018 ). In summary, the most core

f the steps of quantifying EMS are determining the ecosystem services

eeded by various stakeholders in different regions, and entitling the

eight of different ecosystem services. 

Climate change and human activities have produced profound im-

acts on the ecosystem, such as loss of biodiversity ( Butchart et al.,

010 ), melting of glaciers ( Nie et al., 2021 ), greenhouse effect

 Parmesan and Yohe, 2003 ), ecosystem degradation ( Li et al., 2021 )

nd so on. Accurate understanding of the complex impacts of global

hanges on ecosystem services is conducive to ecosystem manage-

ent decision-making ( Jäger et al., 2020 ; Lavorel et al., 2018 ). Cli-

ate change conditions will change the flow of energy and material

n ecosystems, and eventually affect the spatial pattern of ecosystem

ervices ( Cavanagh et al., 2021 ). Besides, human activities would accel-

rate or amplify such effects, leading to changes in ecosystem services

 Nolan et al., 2018 ). Meanwhile, geographical factors also have a cer-

ain impact on ecosystem services, especially in the high-altitude areas,

here elevation plays an important role in the regulation of ecosystem

ervices ( Chen et al., 2021 ). Further, these drivers interact with the dif-

erent ecosystem management practices intensified changes in ecosys-

em services ( Jing and He, 2021 ). Therefore, it is necessary to iden-

ify the relative importance of climate factors, geographical factors and

uman activities on EMS. Apparently, quantification and ascertaining

rivers of EMS have become a hot topic in current studies ( Maes et al.,

012 ; Rodriguez-Loinaz et al., 2015 ). 

The Qingzang Plateau (QZP) is a vital supply area of ecosystem ser-

ices ( Sun et al., 2012 ), providing primary productivity, economic de-

elopment for herdsmen, and culture inheritance ( Wang and Dai, 2020 ;
319 
un et al., 2020 ). It was taken as an important carbon sink and biodi-

ersity conservation area with the increased vegetation coverage and

roductivity in recent decades ( Peng et al., 2009 ; Chen et al., 2014 ).

n addition, the QZP regulates water supply of arid Central Asia and

outheast Asia ( Mu et al., 2020 ; Pfeffer et al., 2014 ). Currently, the QZP

s ongoing the great pressure owing to increased human activities and

he volatile climate, and the degraded habitat quality, melted glacier,

nd extended lake affect the EMSs of QZP ( Xie et al., 2003 ; Xu et al.,

020 ; Sun et al., 2018 ). Furthermore, the changed EMSs have alerted

nd hurt the local different stakeholders’ production and life ( Sun et al.,

022a ). Therefore, it is necessary to clarify the driving mechanism of

ifferent stakeholders and draw a blueprint for the sustainable manage-

ent across the QZP. 

In this study, we calculated EMS by involving the environmental

rotection agency, pastoralist, biodiversity conservation agency, and

limate change mitigation agency on the QZP, using four critical im-

ortant ecosystem services (e.g., grassland productivity, habitat quality,

ater conservation, and carbon sequestration). According to the needs

f different agencies, we assigned weights to each ecosystem service.

he aims of this study were to: (1) quantify the EMS of four important

gencies on the QZP, (2) figure out the spatial-temporal patterns and

rivers of EMS on the QZP, and (3) illustrate how EMS affects ecosys-

em management and ecosystem protection on the QZP. Furthermore,

e provide insights that can guide the future conservation and mainte-

ance of EMS in response to climate change and human pressure in the

lpine region. 

. Materials and methods 

.1. Study area 

The Qingzang Plateau (26°00 ′ N–39°47 ′ N, 73°19 ′ E–104°47 ′ E) is lo-

ated in southwestern China and is characterized by a harsh environ-

ent and fragile ecosystems, with an average elevation of 4,000 m

 Sun et al., 2022b ). It covers an area of more than 2.50 × 10 6 km 

2 , which

ccounts for a quarter of the total land area of China ( Ye et al., 2020 ).

he region includes Xizang, Qinghai, southern Xinjiang, southwestern

ansu, western Sichuan and northwestern Yunnan ( Fig. 1 ). The QZP

upports the development of animal husbandry, maintains the living

tandards of farmers and herdsmen, provides productivity, and serve as

n irreplaceable ecological barrier for water conservation, biodiversity

onservation, carbon storage and other ecological services. In addition,

t provides EMS for China and the surrounding areas, the region is also

ighly sensitive to global climate change and can play a role in balanc-

ng water and heat and regulating climate ( Xie et al., 2003 ; Zhang et al.,

020 ). 

.2. Data and preprocessing 

The meteorological database included annual total precipitation

nd annual mean temperature, which were recorded by weather sta-

ion from 2000 to 2020 and collected from the China Meteorologi-

al Administration ( http://cdc.cma.gov.cn ). Here, the spatial interpo-

ation of precipitation and temperature were analyzed using Anusplin

.2 software (Center for Resource and Environmental Studies, Aus-

ralian National University, Canberra). Human footprint data ( Luo et al.,

020 ) was obtained from the Tibetan Plateau Scientific Data Center

 http://data.tpdc.ac.cn/ ). These data are used for the analysis of the

MS driving force. 

Terrestrial vertebrate data is used to validate ecosystem services, in-

luding data on reptiles, birds, amphibians and mammals. For birds,

e used Birdlife’s breeding range data. For mammals and amphibians,

e used the latest Global Mammal and Global Amphibian Assessment

ata published by the International Union for Conservation of Nature

 Jenkins et al., 2013 ). For reptiles, we used data collected and com-

http://cdc.cma.gov.cn
http://data.tpdc.ac.cn/
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Fig. 1. Location of the sampling sites across Qingzang Plateau. 

Table 1 

Data types and sources. 

Data Resolution Data source 

Net primary production (NPP) 500 m MOD17A3H NPP ( https://ladsweb.modaps.eosdis.nasa.gov ) 

Land use 1 km Resource and Environment Science 

and Data Center ( https://www.resdc.cn ) 

Meteorological data 1 km China Meteorological Data Service Center 

( http://data.cma.cn ) 

Soil texture 1 km Resource and Environment Science 

and Data Center ( https://www.resdc.cn ) 

Digital elevation model (DEM) 250 m Resource and Environment Science 

and Data Center ( https://www.resdc.cn ) 

Vegetation distribution map — Resource and Environment Science 

and Data Center ( https://www.resdc.cn ) 

Carbon density — 2010s China Terrestrial ecosystem carbon density dataset 

( https://www.escience.org.cn/ ) 
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iled by the Global Assessment Group on Reptile Distribution ( Roll et al.,

017 ). 

The data preprocessing programs primarily include cropping, splic-

ng, and reprojection. The resolution of the raster data was unified to

 km. 

.3. Quantification of ecosystem services 

In order to further illustrate dynamics and controls of the ecological

ervices of the QZP, we selected four important ecosystem services of

rassland productivity, habitat quality, water conservation, and carbon

torage to calculate EMSs. The four ecosystem services are quantified as

ollows and the required data sources are shown in Table 1 . 

1) Grassland productivity (GP) 

We used the net primary production (NPP) to calculate GP. 

2) Habitat quality (HQ) 

The habitat quality was simulated using the InVEST (Integrated Val-

ation of Ecosystem Services and Trade-offs) model manual and related
320 
esearch. This study determined relevant parameter values combined

ith the actual situation of the research area and designed the input

arameter table of the habitat quality module ( Liu et al., 2021 ) (Tables

1 and S2) calculated using the following formula: 

 𝑥𝑗 = 𝐻 𝑗 

( 

1 − 

( 

𝐷 

𝑧 
𝑥𝑗 

𝐷 

𝑧 
𝑥𝑗 

+ 𝐾 

𝑧 

) ) 

(1)

here Q xj is the habitat quality index of grid x in land use type j , and

ts value ranges between 0 and 1. The higher the value, the better the

abitat quality. H j is the habitat suitability of land use type j , and its

alue ranges from 0 to 1, in which 1 indicates the most suitable. K is a

alf-saturation constant, generally taken as 1/2 of the maximum value of

he habitat degradation degree D xj . The z value is the default parameter

nd is a normalized constant whose value is usually set as 2.5. The total

hreat level D xj of grid cell x in habitat type j can be expressed as: 

 𝑥𝑗 = 

𝑅 ∑
𝑟 =1 

𝑌 𝑟 ∑
𝑦 =1 

( 

𝑤 𝑟 ∑𝑅 

𝑟 =1 𝑤 𝑟 

) 

𝑟 𝑦 𝑖 𝑟𝑥𝑦 𝛽𝑥 𝑆 𝑗𝑟 (2)

here R is the number of threat factors, w r is the weight of the threat

actor r with a value of 0–1, indicating the relative destructive power

https://ladsweb.modaps.eosdis.nasa.gov
https://www.resdc.cn
http://www.data.cma.cn
https://www.resdc.cn
https://www.resdc.cn
https://www.resdc.cn
https://www.escience.org.cn/
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f the stress factor to all habitats, Y r is the total number of grid cells of

he threat factor r in land use map, r y is the number of stress factors on

ach grid in the land use map, and S jr is the relative sensitivity of land

se type j to threat factor r with a value of 0–1. The calculation formula

f the stress level i rxy of the threat factor r in the grid y to the habitat

rid x is as follows: 

 rxy = 1 − 

(
𝑑 xy ∕ 𝑑 𝑟 max 

)
(3)

 rxy = exp 
(
− 

(
2 . 99∕ 𝑑 𝑟 max 

)
𝑑 xy 

)
(4)

here d xy is the linear distance between grid x and grid y , and d r max is

he maximum impact distance of threat factor r on the habitat. 

3) Water conservation (WC) 

This study is based on InVEST model water yield module to calculate

he WC of the QZP ( Lan et al., 2021 ). 

 xj = 

( 

1 − 

AET xj 

𝑃 𝑥 

) 

× 𝑃 𝑥 (5)

here Y xj is the annual water yield and AET xj the actual evapotranspi-

ation for pixel x on the landscape j. P x is the annual precipitation on

ixel x . 

The relationship between AET xj and P x is based on the methodol-

gy developed by Budyko ( Zhang et al., 2004 ), AET xj /PET xj , and it is

stimated in a spatially explicit way on pixel x : 

AET xj 

𝑃 𝑥 
= 

1 + 𝜔 𝑥 + 𝑅 xj 

1 + 𝜔 𝑥 𝑅 xj + 

(
1∕ 𝑅 xj 

) (6)

here R xj is the dryness index of grid unit x on land use type j , which can

e obtained from the ratio of potential evapotranspiration to rainfall. 

The parameter 𝜔 x is the ratio of modified vegetation annual water

vailability to expected precipitation: 

 𝑥 = 𝑍 ×
PAWC 𝑥 

𝑃 𝑥 
(7)

 xj = 

𝑘 ij × ET 0 
𝑃 𝑥 

(8)

here parameter Z , as a constant, represents the precipitation character-

stics with a value from 1 to 30 and it is larger when the rainfall events

re more frequent. K ij is the planting evapotranspiration coefficient and

s the ratio of crop evapotranspiration (ET) to the reference evapotran-

piration (ET 0 ) in different growth stages. The ET 0 data were calculated

sing the Penman-Monteith model modified by Food and Agriculture

rganization of the United Nations (FAO). 

PAWC is the water content available to plants: 

AWC 𝑥 = 54 . 509 − 0 . 123 sand − 0 . 03 ( sand ) 2 

 . 055 silt − 0 . 006 ( silt ) 2 − 0 . 738 clay + 0 . 007 ( clay ) 2 − 2 . 688 OM + 0 . 501 ( OM ) 2

(9) 

here, “sand ” is the soil sand content (%), “silt ” is the soil silt content

%), “clay ” is the soil clay content (%), and “OM ” is the soil organic

atter content (%). 

According to the water balance equation, the difference between an-

ual water output equal to rainfall and total evapotranspiration can be

alculated by the following formula: 

R xj = 𝑌 xj − Runoff xj (10)

unoff xj = 𝑃 xj × 𝐶 𝑗 (11)

here WR for grid cells on land cover types j × years the amount of WC.

rid cells on “Runoffa ” for land cover types j × years surface runoff. C

or the surface runoff coefficient of land cover types is j . 
321 
4) Carbon storage (CS) 

The CS was simulated using InVEST model, and for the use of equa-

ions in the model parameters refer to ( Li et al., 2021 ). The model pa-

ameters can be seen in Table S3. 

.4. Quantifying ecosystem multiserviceability 

We calculate the EMSs according to four different agencies. Firstly,

our stakeholder groups were identified, which include environmen-

al protection agency (EPA), pastoralist (PA), biodiversity conservation

gency (BCA) and climate change mitigation agency (CCMA). Next, the

cosystem services required by each agency and their weights are de-

ermined, and then the identified ecosystem services are standardized.

he standardized ecosystem services are multiplied by the weights of

takeholders and added to obtain the index of EMS ( Jing and He, 2021 )

 Fig. 2 ). The specific formula is as follows: 

PA = 

1 
3 
HQ + 

1 
3 
WR + 

1 
3 
CS (12)

A = 0 . 7 GP + 0 . 1 HQ + 0 . 1 WR + 0 . 1 CS (13)

CA = 0 . 1 GP + 0 . 7 HQ + 0 . 1 WR + 0 . 1 CS (14)

CMA = 0 . 1 GP + 0 . 1 HQ + 0 . 1 WR + 0 . 7 CS (15)

.5. Validation and sensitivity test 

1) Verification of EMS 

In order to test the feasibility of EMS, we selected the ecosystem

ultifunctionality (EMF), which is closely related to EMS, to test the

imulated products. We collected plant and soil samples from 115 study

ites in 2015 (July to August) on the QZP ( Fig. 1 ). Quantitative EMF

pecific index selection and calculation methods refer to ( Wang et al.,

021 ). The EMF was calculated using study sites to extract the values of

PA, PA, BCA and CCMA, and analyze the correlation between EMF and

ach EMSs. Statistical significance was considered at a P < 0.05 level. 

2) Sensitivity test of weight 

We tested the weight-sensitivity of EMS, and then increased weight

f maximum of the ecosystem service by 10% or decreased it by 10%.

ncreasing the weight by 10% means multiplying the original weight of

cosystem service by 1.1, while decreasing the weight by 10% means

ultiplying that by 0.9 ( Hua et al., 2022a ). We calculated the four new

MS based on the adjusted weights, and compared the new EMSs with

he original EMS. According to the correlation of the original and new

MS, we judge the robustness of the evaluation. 

3) Validation of individual ecosystem services 

We used the database of above-ground biomass, terrestrial verte-

rate diversity, water conservation ( Lan et al., 2021 ) and carbon storage

 Li et al., 2021 ) to verify GP, HQ, WC and CS, respectively. 

.6. Data analysis 

The software SPSS24 (SPSS Inc., Chicago, IL., USA) and Origin 2018

Origin Lab, Northampton, Massachusetts, USA) was used to analyze

he data, and draw the graph, respectively. And the relative importance

nalysis was performed using the generic gradient regression model of

he “gbm ” package in R 4.0.4 software ( R Core Team, 2013 ), where

gbm ” calculated Friedman’s H-statistic to evaluate the relative strength

f interaction effects in the nonlinear model. ArcGIS10.6 (ESRI, Inc.,

edlands, CA, USA) was applied to map spatial patterns of EMSs, ex-

racted the climatic data, and geographic information, and human foot-

rint, and standardized ecosystem services via fuzzy membership tool. 

The detailed research framework is shown in Fig. 3 . 
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Fig. 2. Quantization method of ecosystem multiserviceability. We show four ecosystem services including vegetation productivity, habitat quality, water conservation 

and carbon storage (referenced from Jing and He (2021) ). Then ecosystem service multifunctionality is calculated based on different weighting scenarios of stakeholder 

groups. 

Fig. 3. Flowchart of this study. Note : EMS, ecosystem multiserviceability; Lon, longitude; Lat, latitude; Ele, elevation; AMP, annual mean precipitation; AMT, annual 

mean temperature; HF, human footprint; NPP, net primary production; DEM, digital elevation model. 
322 
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Note : EMS, ecosystem multiserviceability; EMF, ecosystem multifunctionality; 

EPA, environmental protection agency; PA, pastoralist; BCA, biodiversity con- 

servation agency; CCMA, climate change mitigation agency. 

F

h

. Results 

.1. Model validation and sensitivity test 

There were remarkably positive linear correlations of EMSs with

MF ( P < 0.05). Specifically, R 

2 of PA and EMF was 0.4, while the EPA,

CA and CCMA explained the variation of EMF by 25%, 5% and 29%

t 0.05 significant level. Apparently, CCMA is more sensitive to EMF,

hereas BCA is relatively lower ( Fig. 4 , Table S1). Besides, the results

f weight test are shown in Fig. S1. The correlation coefficient between

he original EMS and the adjusted EMS were all above 0.9 ( P < 0.05).

urthermore, R 

2 was 0.37 between the reference value and the esti-

ated value of WC (Fig. S2(a)). For GP, R 

2 was 0.51 between the actual

alue and the estimated value ( P < 0.05, Fig. S2(b)). While HQ showed

 remarkable exponential growth trend ( R 

2 = 0.54) at 0.05 significant

evel (Fig. S2(c)). All results demonstrated that model is reliable. 

.2. The spatial-temporal pattern of the ecosystem multiserviceability 

The spatial-temporal heterogeneity of four EMSs were revealed in

ig. 5 . Overall, all of EMSs gradually were weakening from southeast to

orthwest across the QZP, and a strengthening trend was observed in

he northwestern margin. From 2000 to 2020, with the exception of PA,

he high value of the other three EMSs were mainly distributed in the

ower reaches of Yarlung Zangbo River, northern Yunnan and western

ichuan forest ecosystems in the southeast of QZP. The high values of PA
ig. 5. Spatio-temporal pattern of ecosystem multiserviceability. The colors depict the value of the EMS, with low values in the EMS being shown in light color and 

igh values in dark color. 

323 
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Fig. 6. ( a)-(f) Relationships of geographical, climate and human footprint factors with EMS; (g) relative importance of geographical factors, climate factors and 

human footprint to EMS. Note : EMS, ecosystem multiserviceability; EPA, environmental protection agency; PA, pastoralist; BCA, biodiversity conservation agency; 

CCMA, climate change mitigation agency; Lon, longitude; Lat, latitude; Ele, elevation; AMP, annual mean precipitation; AMT, annual mean temperature; HF, human 

footprint. 
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ere distributed in the meadow ecosystem in the southeast of Qinghai,

hile the low values were distributed in the desert ecosystem in the

orth of the QZP. Notably, we compared EMS in 2020 with that in four

eriods (2000, 2005, 2010, and 2015), and found that four EMSs showed

eclining trends in the grassland ecosystem of Xizang. 

.3. Drivers of ecosystem multiserviceability 

According to Fig. 6 , we found that EMSs of EPA, BCA and CCMA

ere significantly negatively correlated with latitude (Lat) ( P < 0.05),

hile PA was not significantly correlated with it ( R 

2 = 0.03, P = 0.08)

 Fig. 6(b) ). Nonetheless, when analyzing the correlation between el-

vation (Ele) and EMS, only BCA showed an insignificant situation

 R 

2 = 0.04, P = 0.05), and CCMA, EPA and PA were significant ( P < 0.05)

 Fig. 6(c) ). Additionally, the four EMSs increased significantly with the

ncrease in the annual mean precipitation (AMP) ( P < 0.05) ( Fig. 6(d) ).

t is worth noting that compared with other EMS, AMP has the highest

nterpretation of PA ( R 

2 = 0.50) while annual mean temperature (AMT)

s not significantly correlated with PA ( P = 0.10, Fig. 6(e) ). Furthermore,

he relationships between human activities and EMS were explored in

ig. 6(f) , which shows that CCMA is not significantly correlated with

uman footprint (HF) ( R 

2 = 0.03, P = 0.10), but HF affects EMSs of PA,

PA and BCA remarkably ( P < 0.05). The relative importance contribu-

ion of AMP to EMS was higher (important values are 0.13, 0.11, 0.19

nd 0.30) ( Fig. 6(g) ). 

. Discussion 

.1. Ecosystem multiserviceability of the QZP 

In general, the main findings showed that there has been consider-

ble spatial heterogeneity of EMSs on the QZP ecosystem, and all of PA,

CA, CCMA and EPA decreased from southeast to northwest ( Fig. 5 ).
324 
he decrease of PA is mainly caused by the spatial patterns of precipita-

ion and temperature across QZP, which regulating the dynamics of NPP

 Piao and Fang, 2002 ). Specifically, the precipitation is much higher in

he southeast than northwest of QZP according to the influence of the

arm and humid air current of Pacific and Indian monsoon ( Yang et al.,

015 ). Consequently, mesic coniferous forests and broad-leaved forests

ith high coverage and biomass are the dominant vegetation types

n the southeast of QZP ( Mao et al., 2015 ). Most areas of the north-

rn QZP with low rainfall, high elevation, and low temperatures, are

haracterized by sparse shrub, low-cover grassland, and alpine meadow

 Zheng and Zhao, 2017 ), which are associated with low PA. Moreover,

he lowest PA in the Ali region is due to the low temperature and pre-

ipitation, as well as the serious desertification ( Chen et al., 2020 ). It is

orth noting that our study area has abundant nature reserves, which

re highly productive but cannot be used by PA ( Hua et al., 2022b ). 

The biodiversity rich areas of the QZP are mainly distributed in the

outheast, but the natural protected areas are mainly distributed in the

entral and western parts of the plateau. The highest BCA was observed

n the protected areas. Meanwhile, the Qiangtang and Kekexili national

eserves have played an important role in the conservation of endan-

ered species on the QZP ( Fu et al., 2021 ). In contrast, BCA is low in

he dry climate of the Tsaidam Basin where there is an enclosed basin

urrounded by the Kunlun and Qilian Mountains ( Xin et al., 2021 ). 

CCMA is higher in the mountainous area located in the southeast of

ZP comparing to other regions. The mountainous area is characterized

y abundant plants, rapid decomposition rate of litter, and continuous

ncrease in soil organic matter ( Wang et al., 2017 ; Wang et al., 2019 ).

imilarly, higher carbon storage and water conservation was observed in

he mountainous area of southeast Xizang, northwest Sichuan, and the

eadwaters of the Sanjiang Nature Reserve, probably due to the higher

egetation cover and rainfall interception, and lower transpiration and

unoff ( Qian et al., 2018 ; Zhang et al., 2016 ). Furthermore, these areas

re covered by forest or grassland ecosystems which have relative great

ater-heat equilibrium conditions ( Wu and Meng, 2022 ). 
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Fig. 7. Approaches for managing ecosystem multiserviceability. 
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Generally, the southeast part of QZP is the hotspot of EMS. It is be-

ieved that strengthening the management and protection of this area is

eneficial to improve the EMSs capability of QZP. 

.2. Precipitation and human activities dominate EMS 

The spatial heterogeneity of EMS is driven by climate, topography,

nd human activities ( Fig. 6 ). Currently, climate change and human ac-

ivities are reshaping ecosystem services at an alarming rate ( Shaw et al.,

011 ). Our findings also presented that EMS were significantly posi-

ively regulated via AMP ( Fig. 6(d) ), indicating that precipitation was

he main factor controlling EMS across the QZP. As previously reported,

oil organic carbon and plant productivity in alpine grassland is mainly

ontrolled by water availability ( Fang et al., 2010 ), so PA and CCMA in-

reased with increasing AMP. Additionally, BCA showed the same ten-

ency in the alpine grasslands of QZP, which also is associated with pre-

ipitation given its great effect on species richness ( Yang et al., 2004 ).

ence, changes in precipitation patterns related to the climate change

ill likely have important effects on ecological processes and ecosystem

ervices ( Bai et al., 2019 ). 

Human activity is another important factor in the regulation of EMS.

efore 2000, QZP was rarely affected by human activities ( Li et al.,

018 ), and the urbanization slowed down ( Cui et al., 2017 ). After 2000,

 series of major ecological projects (e.g., fencing, aerial seeding af-

orestation and rodent control) have been implemented on the QZP

 Zhang et al., 2017 ; Gao et al., 2022 ; Zhang and Jin, 2021 ; Li et al.,

011 ), which have remarkably improved vegetation productivity, opti-

ized habitat quality, increased carbon storage, and played a positive

ole in EMSs of PA, EPA, CCMA and BCA. Previous study also demon-

trated that the ecological state on the QZP continues to improve due

o the implemented ecological projects ( Bardgett et al., 2021 ). Besides,

razing is one of the main human activities on QTP, which affect ma-

erials and energy cycling of ecosystem, alert ecological functioning,

nd regulate ecosystem services. Consequently, rational livestock man-
325 
gement and conservation projects would increase the EMS ( Sun et al.,

020 ). For example, well-managed grazing can minimize greenhouse

as emissions, maintain a balance between livestock and wildlife, en-

ance biodiversity ( Peyraud, 2011 ; Bellarby et al., 2013 ), and thus bring

igh returns to herders. 

.3. Implications for management 

Given the important role of the QZP in animal husbandry production,

iodiversity conservation and global climate change, we evaluated the

MSs according to four stakeholder groups which involves PA, BCA,

PA, and CCMA, and designed the management framework for guiding

he sustainable development of the QZP ( Fig. 7 ). 

Grasslands provide a series of ecosystem functions and services on

he QZP. Scientific management of grassland can strengthen ecosystem

tability and improve local herdsmen’ livelihoods and further promote

egional economic development. Therefore, it is crucial to achieve a sus-

ainable grassland ecosystem across the QZP ( Ren et al., 2015 ; Sun et al.,

020 ). Specifically, future management measures can concentrate on

he following aspects: firstly, grassland use practices should be planned

ccording to grassland health status and socioeconomic characteristics.

rassland ecosystem can be divided into grazing area, tourism and

eisure area, cultural functional area, which provides different ecosys-

em service functions ( Kemp et al., 2013 ). Secondly, optimizing grazing

anagement to achieve the balance between grass production and num-

er of livestock. Thus, PA need to determine the reasonable stocking rate

ased on the grassland productivity and distribution with scientific man-

gement methods such as fencing, zonal rotation grazing, and seasonal

razing ( Xu et al., 2020 ; Bennett and Gosnell, 2015 ; Ostrom, 2007a ,

007b ). Third, the government, scientists and local herders should work

ogether to actualize grassland sustainable management, including im-

rove the grassland eco-compensation policy and supervision capac-

ty, strength research on grassland management, and improve grassland

onstruction and production ( Kemp et al., 2018 ; Wang et al., 2017 ). 
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5027–5040 . 
It is essential to protect biodiversity on the QZP since it is a global

iodiversity hotspot. However, in the latest IUCN (International Union

or Conservation of Nature), many species on the QZP are listed as

hreatened. To protect the threatened wild animals and plants effec-

ively, abundant nature reserve was established ( Xu et al., 2017 ). Nev-

rtheless, existing protected areas may have spatial overlaps ( Fu et al.,

021 ). Hence, the nature protected areas should be re-evaluated and

nalyzed to further adjust and optimize the protected scope ( Li et al.,

020 ). Furthermore, it is necessary to enhance people’s awareness of

iodiversity protection through relevant publicity and education, and

ncrease local participation in biodiversity conservation. Simultane-

usly, rational policies and strategies are also needed to maintain local

iodiversity ( Zhang et al., 2018 ). 

QZP is more sensitive to global climate change owning to its unique

eographical environment. Evidence demonstrated climate crisis has in-

reased surface evaporation, accelerated large-scale glaciers and frozen

oil melting across QZP, which resulted in vegetation and soil degrada-

ion ( Kuang and Jiao, 2016 ). Therefore, clarifying the evolution process

f glaciers and permafrost as well as their internal carbon cycle patterns

re crucial to addressing climate change and has attracted massive at-

ention from CCMA ( Wang et al., 2019 ; Yao et al., 2012 ). In addition,

he QZP has implemented corresponding carbon sequestration projects

o cope with climate crisis, such as the natural forest protection project,

eturning grazing land to grassland project, and wind prevention and

and control project. Meanwhile, China has also implemented climate

ctions like carbon emissions peak and carbon neutrality, which is sig-

ificant to mitigate climate change ( Mallapaty, 2020 ). 

For the ecologically fragile region, we suggested that EPA should

enter on ecology protection across the QZP, strictly maintain the eco-

ogical protection red line, and develop demonstration areas for promot-

ng ecological civilization ( Chen et al., 2021 ). In addition, air/water pol-

ution should be controlled to reduce the negative impact of human ac-

ivities on the environment ( Xu et al., 2017 ). Furthermore, clean energy

ike photovoltaic energy, wind energy, and hydroenergy are conducive

o the sustainable development of the QZP. All in all, objectives of EPA

re to build an ecological security barrier across the QZP ( Tang et al.,

023 ). 

. Conclusions 

Quantifying EMSs and exploring their patterns and drivers have

ecome a hot topic in ecological or sustainable management fields.

ur findings demonstrated EMSs of all agencies showed a decreasing

rend from southeast to northwest over QZP, and the dynamics of EMSs

ere governed via both precipitation and human activities. Further-

ore, we highlighted the scientific workflow for sustainable develop-

ent which contains optimizing grassland practices, enlarging nature

eserves, strengthening environmental management, and promoting car-

on sink for corresponding PA, BCA, CCMA, and EPA, respectively.

evertheless, sampling sites were relatively sparse in some ecosystems,

hich introduces uncertainty into mapping EMSs of the QZP. Hence, we

ill supplement observation sites in the future work to reduce the un-

ertainty, and add more service indicators to quantify EMS scientifically

nd comprehensively. 
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