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 Abstract 
Protected areas (PAs) are essential for biodiversity conservation and for the delivery of ecosystem services (ESs). 
However, little is known about their effectiveness in providing ESs and contribution to species richness, especially in 
arid regions. Effectiveness evaluation is fundamental to understanding the extent of management enhancement 
required to fulfill conservation targets. In this study, we analyzed the supply of six ESs (water yield, nutrient 
retention, soil retention, sand fixation, carbon storage, and biodiversity richness) by landscapes in China’s arid 
region of Xinjiang Uygur Autonomous Region (hereafter Xinjiang). The aim was to identify distribution of ESs 
hotspots and the extent of hotspots located within or outside national PAs. The results showed significant spatial 
heterogeneity and coverage differences in six types of ESs hotspots. Hotspots coverage of six ESs on average 
accounted for 10.45 % of the total area, distributed mainly in mountains and oases covered by vegetation and 
wetlands. Among these ESs hotspots, over 50 % fell within PAs. This suggested that although PAs delivered 
moderately well outcomes in preserving ESs and biodiversity in Xinjiang, conservation gaps needed to be addressed. 
Our study also revealed substantial differences in ESs supplied by different PAs, and serious deficiency existed in 
some PAs in protecting either biodiversity or key ESs outlined in their conservation objectives. Our study illustrated 
the priority areas for future conservation expansion and stressed the urgent shift toward broadening the goals of PAs 
from a dominant focus to ones that encompass multiple ESs for human well-being. 
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1. Introduction

The International Union for Conservation of Nature (IUCN) has defined a protected area (PA) as a geographical space
with a clear boundary that is acknowledged by nations or related organizations (institutions or individuals), restrained by 
the law or other regulatory documents, and has natural, ecological, or cultural values that can be preserved for a long time 
(Dudley, 2008). Well designed and managed PA systems can effectively safeguard rare and endangered species and 
ecosystems, and deliver essential ecosystem services (ESs) to people (Hannah, 2010; Maxwell et al., 2020; Pimm et al., 
2018). According to the Conservation on Biological Diversity (CBD), PAs are expected to occupy 17 % of the Earth’s 
surface by 2020 (CBD, 2010). This has led to the expansion of global PAs from covering 14.1 %–15.3 % of the global 
terrestrial surface between 2010 and 2019 (Geldmann et al., 2019). Such an expansion has also occurred in China (Sun 
et al., 2020). 

PAs are generally established for specific conservation purposes. Area-based conservation encompasses representative 
objects although the overall local ecological specialty is not always considered (Saura et al., 2018). Previous 
effectiveness evaluations on PAs have focused narrowly on species (Rodrigues et al., 2004a, 2004b; Butchart et al., 2015, 
Chape et al., 2005). A more comprehensive evaluation is evolving to incorporate ESs. Over the past decades, ESs have 
received global attention (Daily, 1997; Costanza et al.,1997; MEA, 2005). A growing number of public administrations, 
environmental agencies, and inter- national organizations have adopted the concept of ESs for the sustainable management 
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of natural resources and ecosystems, with the aim of fostering a long-term supply of ESs (Burkhard et al., 2013). 
Recently, ESs and human welfare have been considered in the design and management of PAs (Doak et al., 2015; Xu et al., 
2017). There are wide recognition of the importance of the PAs in ensuring high provision of ESs (Geldmann et al., 
2019). Numerous studies that have assessed PAs using ESs modeling have shown that ESs hotspots are often located 
within the boundaries of PAs (Castro et al., 2015; Ramel et al., 2020; Xiang et al., 2020). However, studies have also 
pointed out that a considerable proportion of global PAs was ineffective at achieving conservation targets, such as 
maximizing biodiversity and maintaining species populations (Rodrigues et al., 2004b). Moreover, a vast majority of ESs 
hotspots are located outside PAs, and are thus prone to damage caused by human exploitation (Spano et al., 2017; Davids 
et al., 2016). Therefore, understanding whether ESs hotspots fall within PA boundaries is vital for ecosystem protection 
and landscape planning, especially for arid areas with ecological resource shortages. 

To meet the global conservation commitment and promote regional ecological conservation, China has prioritized 
various conservation objectives by establishing multiple types of PAs, including natural reserves, key ecological function 

zones, and biodiversity conservation priorities. These PAs cover around 5,366,000 km2, approximately 56 % of China’s 
land surface (Peng et al., 2018). Xinjiang Uygur Autonomous Region (Xinjiang) is one of the world’s largest arid regions 
located in north- western China. Considering its vast territory, Xinjiang has a unique “mountain-basin intersection” 
landscape and a diverse climate. Additionally, it has varied ecosystems and ecological resources provided by mountain 
forests and grasses, drought-enduring plants, and animals that are typical to the desert ecosystem. Furthermore, the 
geographical location has also endowed Xinjiang with a strategic economic and political position in China’s development. 
The PA system in Xinjiang at present contains 27 national PAs in four major categories that are under the jurisdiction of 
four ministerial departments. Some of these PAs designated by different authorities overlap spatially (Wu et al., 2020). 
Although they are aiming to ensure the conservation of key ESs and biodiversity, so far, little is known on the degree to 
which the current national PAs have achieved their objectives. 

In this study, we combined spatial quantification of ESs and PAs to assess PAs’ effectiveness in representing key 
ESs. The objectives were to (i) identify the distribution of individual ES hotspots; (ii) explore the extent to which the ES 
hotspots fall within or outside the national PAs; and (iii) illustrate the conservation gaps for updating or augmenting existing 
PAs. This study provides insights into empirical generalities about PA effectiveness evaluation. Lessons learned can inform 
similar contexts in China and other countries. 

2. Materials and methods 
 

2.1. Study areas 

Xinjiang is located in northwestern China (34◦ 22′ to 49◦ 33′ N; 73◦ 32′ to 96◦ 21′ E). As one of the world’s largest 

drylands, it covers an area of 1.64 million km2, accounting for over 17 % of China’s territory. Geographically, 
Xinjiang is longitudinally divided into two basins by the Tianshan Mountains, namely the Jungar Basin in the north and 
the Tarim Basin in the south. The northernmost and southernmost parts of Xinjiang are the Altai Mountains and the 
Kunlun Mountains, respectively. These form the typical landscape of the intersection of “three mountains and two 
basins”. Xinjiang’s altitude ranges from 156 m below sea level to 8611 m above sea level (Fig. 1a). 

Owing to the unique mountain-basin system, Xinjiang has rich flora and multiple ecosystems, including grass, forest, 
desert, wetland, and oasis agriculture (Fig. 1b). More than half landforms are desert and gobi, including the Gurbantonggut 
Desert in the north and the Taklamakan Desert in the south. Furthermore, most rivers in Xinjiang are endorheic, fed by the 
snow of several mountain ranges. Grasslands are the dominant vegetation land, accounting for around 28 % of the total area 
of Xinjiang. Forests account for around 2 % of Xinjiang’s surface, and are mainly distributed in the Tianshan Mountains, 
Altai Mountains and the banks of the Tarim and Manas Rivers. Xinjiang is also important for biodiversity conservation; for 
example, it is a habitat to 295 endemic plants, 129 key protected plants, 203 ephemeral plants and 320 halo-phytes. The 
western Tianshan Mountains have been identified as a biodiversity hotspot in China for both plants and animals (Li et 
al., 2013). 

The climate of Xinjiang is continental and shows considerable spatial variation. Precipitation is extremely scarce in 
most areas. According to the data analyzed from 56 climate stations in Xinjiang, the mean annual precipitation of the 
entire region in the past 40 years is 188 mm and the mean annual temperature is 10.4 ◦C. The temperature extremes 
range from 51.5 ◦C to 47.6 ◦C (CMDC, 2016). 

In order to protect important ecosystems as well as their relevant services and biodiversity, Xinjiang has established 
national PAs, which include three state key ecological function zones, four state ecosystem service conservation zones, 
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five biodiversity priority areas, and 15 national nature reserves. National PAs amount to 614,192 km2 (excluding the 
overlaps), which is approximately 37 % of Xinjiang’s total area (Table A1). 

2.2. Data sources and processing 

In this study, land use refers to the purpose for which humans use landscape resources, and land cover refers to both 
natural and artificial components of the landscape (Table A2) (Liu et al., 2014). Geographic information system (GIS) 
data can show the spatial distribution of land use and land cover (LULC) based on remote sensing. LULC GIS data from 
1990 to 2015 (Table A3), Digital Elevation Model (DEM), and Normalized Difference Vegetation Index (NDVI) were 
obtained from online database of Resource and Environment Science and Data Center (RESDC, 2019). The spatial 
resolution of LULC and DEM is 100x 100 m and 30x30 m, respectively. Daily meteorological data (precipitation, 
evapotranspiration, wind speed and solar radiation, etc.) from 56 meteorological stations were obtained from the China 
Meteorological Data Service Center for a period ranging from 1990 to 2015 (CMDC, 2016). Furthermore, inverse 
distance weighting (IDW) in ArcGis toolkits (ESRI, 2016) was used to interpolate scattered meteorological data into 
spatial patterns with a spatial resolution of 1 km. The soil property data were obtained from a land surface modeling 
dataset (Shangguan et al., 2013). 

2.3. Ecosystem services modeling and mapping 

Six key ESs provisions were selected for the study area as indicators for sustainable management of PAs, namely water 
yield (WY), nutrient retention (NR), soil retention (SR), sand fixation (SF), carbon storage (CS), and biodiversity richness 
(BR). Each ES was estimated every five years from 1990 to 2015. An average of these results was adopted for spatial 
distribution and hotspots analysis. The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model was 
used to assess and map WY, NR, SR and CS. SF was modeled by the Revised Wind Erosion Equation (RWEQ) and BR 
was calculated using Biological Richness Index (BRI) method. 

2.3.1. Water yield 
The WY module of InVEST is based on the Budyko theory, which is a unique empirical function that relates the ratio 

of actual evapotranspiration to precipitation with the ratio of potential evapotranspiration to precipitation (Nelson et al., 
2009; Sharp et al., 2014). To observe and represent grid-level changes in the landscape, InVEST explicitly demonstrates 
the spatial variability in precipitation, potential evapotranspiration (PET), soil depth, and biophysical characteristics of 
different LULC, such as root depth and evapotranspiration coefficient. It produces spatially explicit output and shows 
the results of WY under different biophysical processes involved in LULC changes. The annual WY Y(x) for each 
pixel in landscape x is calculated as follows: 

Y(x) = (1 - AET(x) / P(x)) × P(x)    (1) 

where ATE x is the annual actual evapotranspiration for pixel x and P x is the annual precipitation on pixelx. The 
evapotranspiration portion of the water balance. 

AET(x)/P(x) is based on the expression of the Budyko curve: 

AET(x)/P(x) = 1 + PET(x)/P(x) - [1 + (PET(x)/P(x))w ]1/w       (2) 

where PET(x)is the potential evapotranspiration defined by: 
PET(x) = Kc(lx) × ET0(x)                     (3) 

where ET0 x is the reference evapotranspiration for pixel x, which is calculated using modified Hargreaves (Droogers 
and Allen, 2002): 

ET0(x) = 0.0013 × 0.0408 × RA × (Tav + 17) × (TD - 0.0123P)0.76    (4) 
 
where RA is the solar radiation (MJ/m2/d) and Tav is the monthly y mean difference between the highest temperature 
and lowest temperature; P is the monthly average precipitation.  

Kc lx is the evapotranspiration coefficient for pixel x of each LULC type, which was determined following the 
Food and Agriculture Organization of the United Nations (FAO) 56 guidelines (Allen et al., 1998). w is a non-physical 
parameter that characterizes the natural climatic-soil property: 

 
w = Z × AWC(x)/P(x) + 1.25                        ( 5 ) 
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where Z is an empirical constant referred to as which captures the local precipitation pattern and additional hytro- 
geological characteristics. It is positively correlated with the number of rain events per year. The floating-point value ranges 
from 1-30, corresponding to the seasonal distribution of precipitation. 
 
2.3.2. Nutrient retention 

The NR module of InVEST uses a simple mass balance approach, describing the movement of a mass of nutrient through 
space. Initially, it simulates the runoff on each pixel, and then it calculates the NR by different landscapes and nutrient 
exports (Sharp et al., 2014). 

ALVx = HSSx × polx                          (6) 

where ALVx is the adjusted nutrient load value, polx is the export co- efficient on the pixel x, and HSSx is the 
hydrological sensitivity scoring. 

HSSx = λx/λw                             (7) 

where λx is the runoff indicator on the pixel x calculated by the following formula, and λw is the average runoff 
indicator. 

λx = log
(∑

YU
)                    

(8) 
 

YU is the amount of WY on the runoff path of pixel x. Once the nutrient load is fixed, the nutrients that finally reach the water 
body are traced. The primary source of pollutants of the study region is the nitrogen fertilizer (N) used for agricultural 
purposes (Yu et al., 2019). Thus, N was selected for modeling and analysis. The value of N loading and retention 
coefficients for each land use type was obtained from literature g Statistic Yearbook (Salata et al., 2017; Wang and Wang, TJ, 
2016). 
 

2.3.3. Soil retention 
InVEST calculates the unit of SR based on the universal soil loss equation (USLE). Input parameters take into account the 
geomorphology, vegetation, climate, and management measures. In each pixel, USLE uses an iterative analysis to 
estimate soil erosion by trapping the downstream vegetation and adopting erosion control practices, by assessing the 
ability of vegetation and soil control practices to capture and retain soil. 
 
SR = R × K × LS × C × P                         ( 9 ) 
 
where SR represents the SR capacity (t ha dimensionless factors for rainfall erosivity, P are ty, slope length factor, vegetation  
cover, and  erosion control practice factors, respectively. 

Soil erodibility (K) reflects the sensitivity of soil particles to erosive forces and is an internal factor affecting soil 
erosion, which is closely related to soil attributes (Wang, 1996). Furthermore, Erosion Impact Calculator (EPIC) is 
employed to calculate K using soil clay, silt, sand, and organic carbon content (Williams et al., 1983). 

 

 
 
 

 
where SAN, SIL, CLA, and C are the soil clay, silt, sand, and organic carbon content (%), respectively. 

Rainfall erosivity reflects the potential of raindrops and runoff to induce soil erosion. In this study, the Daily 
Rainfall Erosivity Model was adopted, for which only the daily precipitation (P) value was needed (Zhang et al., 
2003). 

R = 0.0668P1.6266                         (12) 
 

U 
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Fig. 1. (a) Location of Xinjiang in China, its DEM, and (b) 
distribution of land use and land cover. 

2.3.2. Carbon storage 
InVEST quantifies the CS based on the four main carbon pools of aboveground living plant biomass, belowground 

biomass, soil organic components, and dead organic matter. The CS of different types of ecosystems was calculated using 
the following formula: 

 

 

where CSy is total amount of CS in year y (Mgha-1) and BCDiy is the biomass carbon density of ecosystem i in year y. 
Ecosystems i in Xinjiang include 4 types of forest, grassland, wetland, and arable land. CCi is the carbon content in the 
biomass of ecosystem i (Tang et al., 2018). 

2.3.3. Sand fixation 
The SF was estimated by RWEQ, which is an empirical model used to estimate long-term soil loss due to wind 

erosion (Fryrear et al., 1998, 2000). Sand movement is expressed by a steady-state equation, which assumes the 
presence of the wind transport capacity. RWEQ considers climate, topography, vegetation, soil, and snow cover; it has 
been widely used to quantify wind erosion. The four basic equations involved in the calculation are as follows: 
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ΔQ = Q0 - QV   (14) 

Q(x) = Qmax{1 - exp[-(x/S)2 ]}   (15) 

Qmax = 109.8 × (WF × WF × K × SCF × VC)   (16) 

S = 150.71 × (WF × EF × SCF × K × VC)-0.3711   (17) 

where ΔQ is the amount of SF (t ha-1yr-1), Q0 is the potential sand erosion without vegetation cover (t ha-1yr-1), and 
Qv is the sand erosion under the current land cover and management conditions (t ha-1yr-1). Q x is the amount of sand 
transported by the wind at pointx, Qmaxis the maximum amount of soil that can be transported downwind, and Sis the 
critical field length at which the transported load is 63.2 % of Qmax. WF is the weather factor; EF is the erodible fraction 
(aggregates<0.84 mm); K, SCF, and VC are the soil roughness factor, soil crust factor, and vegetation cover factor, 
respectively. The detailed calculations of the parameters are provided in Appendix B. 

2.3.4. Biodiversity richness 
Biodiversity richness index (BRI) refers to the variations in different ecosystem types in terms of the number of species 

per unit area; it indirectly reflects the degree of BR in an evaluated area (Guo et al., 2017). In this study, BRI calculation is 
based on the standards prescribed in “Technical Specifications for Assessment of the Eco-environmental Conditions (Trial) 
HJ/T192-2006” issued by the former State Environ- mental Protection Administration (SEPA, 2006). 

BRI = Abio × (0.35 × forest + 0.21 × grassland + 0.28 × wetland + 0.11 
× arable land + 0.04 × settlements) / area   (18) 

   Abio = 100/Amax   (19) 

where Abio is the normalized difference index of the BR and Amax is the maximum value of the BRI before the 
normalization process. 

 
2.4. Identification of ecosystem service hotspots 

To identify the relative importance of each grid cell in providing ESs, individual grids were ranked with respect to the 
provision of a single service. For example, to identify critical areas for WY, all the grid cells were classified into one of 
the four levels, namely vital, important, moderate, and general (Ouyang et al., 2016). The classification was carried out 
as follows: first, the WY of each grid cell was calculated. Then, all the grid cells were sorted by WY capacity in 
descending order. Finally, the cumulative proportion of WY was calculated across grid cells. “Vital” was assigned to 
the grid cells that had a cumulative pro- portion between 0 and 50 %; “important”, “moderate”, and “normal” were 
assigned to the grids cells that had cumulative proportions of 50%– 75 %, 75%–90 %, and 90%–100 %, respectively. Grid 
cells of “vital” were defined as ES hotspots. 

Finally, the importance of the six types of ESs was synthesized into the integrated index by using the maximum value 
method: 

 
where IES is the importance index of integrated ESs, fi is the importance index of each ES, and n is the number of ESs. 
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Fig. 2. Spatial distribution of ecosystem service hotspots: (a) water yield, (b) nutrient retention, (c) soil retention, 
(d) sand fixation, (e) carbon storage, (f) biodiversity richness, and (g) integrated ecosystem services. 

 
3. Results 

 
3.1. Spatial pattern of ecosystem service hotspots 

Due to diverse ecological compositions, provisions of single ES and integrated ESs (IES) varied substantially across the 
landscapes, showing significant spatial heterogeneity in Xinjiang (Fig. 2). The IES hotspots accounted for only 35.37 % of 
Xinjiang’s total area (Fig. 2g). This is because approximately 60 % of Xinjiang’s surface is covered by desert. Northern 
Xinjiang consisted of 12.71 % of IES hotspots, of which around 23.21 % were located in the Tianshan Mountains and 13 % 
were at the northern edge of the Altai Mountains. Southern Xinjiang contained 20.63 % of IES hotspots, distributed 
mainly in the western part of the Tarim Basin and the northern part of the Kunlun Mountains. The remaining 0.55 % of the 
IES hotspots were located in the eastern Tianshan Mountains, where were covered by vegetation, thereby enabling a high 
provision of multiple ESs. 

There were also large disparities in the spatial distribution of individual ES hotspots. The WY hotspots covered an area of 

262,716 km2, which were 16 % of Xinjiang’s total area. Among these, 9.77 % were located in the Altai Mountains and 
the northern part of Tianshan Mountains, and 5.29 % were located on the southern side of Tianshan Mountains. The 
altitude of these areas ranges from 2000 to 2500 m, and they are mainly covered by alpine meadows that have high water 
yielding capacities. 

The NR hotspots covered an area of 131,878 km2, accounting for 8.08 % of Xinjiang’s total area. The NR hotspots 
were mainly distributed in the southern edge of the Junggar basin and the Ili valley of western Tianshan Mountains in 
northern Xinjiang, as well as the northern edge of the Tarim Basin in southern Xinjiang, where oasis agriculture is 
prevalent (Wang et al., 2017; Yuan et al., 2015). 

Owing to the vast expanse of desert, the services for SR and SF were fragile. The hotspots of SR only covered 

56,507 km2, accounting for 3.46 % of the total area. They were distributed in the Altai Mountains and the northern region 

of eastern Tianshan mountains. Few SR hotspots were found in southern Xinjiang. The SF hotspots covered 142,749 km2, 
accounting for 8.75 % of the total area. They were mainly distributed in the north of the Altun Mountains. 
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The hotspots of CS covered 282,868 km2, accounting for 17.33 % of Xinjiang’s total area. The hotspots of BR 
covered 139,332 km2, which was 8.48 % of the total area. Both CS and BR hotspots were mainly located in mountainous 
areas with high vegetation cover and good water and heat conditions. 

 
3.2. Changes in ecosystem service hotspots 

Based on a multi-year analysis of each ES hotspots in Xinjiang, the percentage of CS hotspots in the total area ranked 
first (17.33 %), followed by hotpots of WY (8.91 %) and NR (8 %). The proportion of hotspots of BR and SF were 
relatively low, 4.69 % and 4.51 %, respectively. SR hotspots accounted for only 1.12 % (Fig. 3a). From 1990 to 2015, 
variations in the areas of ES hotspots showed a different trend (Fig. 3b). Both hotspots of WY and SF showed great annual 
variation. This is because they are largely affected by climatic factors, such as precipitation and wind speed (Li et al., 
2018a, 2018b). During the study period, BR hotspots showed a marginal increase, whereas NR hotspots decreased and 
hotspots of CS and SR remained stable.  

 

 
 

Fig. 3. (a) Comparison of hotspots of six ecosystem services in Xinjiang and (b) changes in ecosystem service 
hotspots during 1990–2015. 

 
3.3. Ecosystem service hotspots in protected areas 

A spatial meta-analysis was conducted for 27 national PAs in four categories (Table A1 and Fig. 4a). They were 
overlaid and categorized into nine national PAs from north to south of Xinjiang, and renamed as the Altai Mountains, 
western Junggar, western Yili-Tianshan, western Tianshan, eastern Tianshan, Tarim River Basin, Kumtag, Altun 
Mountains, and western Tarim Basin (Fig. 4b). 

Fig. 5 illustrates the coverage percentage of each ES hotspots in Xinjiang’s total areas, as well as the extent to which 
ES hotspots fall within or outside PAs. The percentage of ES hotspots located within the PAs were as follows: 58.86 % 
of WY, 53.93 % of NR, 70.34 % of SR, 47.61 % of SF, 55.11 % of CS, and 60.85 % of BR (Fig. 5a). This indicated 
that PAs provided higher ESs than non-PAs, which is in line with the results of previous studies (Geldmann et al., 2013; 
Gonzalez-Maya et al., 2015). 
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The nine PAs consisted of different ES hotspots (Fig. 5b and Table 1). The PA of Altai Mountains is designated for 
water retention and biodiversity. Here, most hotspots were for WY (15.6 %), followed by BR hotspots (8.71 %). In 
addition, the percentage of SR hotspots was also high in Altai Mountains (12.99 %). Although western Junggar is a PA 
targeted for major species protection, it contained only 5.41 % of BR hotspots. In contrast, it had a relatively large 
proportion of hotspots of WY (9.87 %), CS (7.16 %), and NR (7.14 %). Similar outcomes were observed in the PA of 
western Yili-Tianshan that was set for biodiversity conservation. It contained fewer hotspots of BR (6.86 %) than those 
of SR (12.42 %), WY (9.37 %), and CS (8.98 %). The PA of western Tian- shan was set for water retention, with 13.94 % 
of WY hotspots within the region. Additionally, western Tianshan provided 25.71 % of SR hot- spots, 10.25 % of BR 
hotspots, and 9.62 % of CS hotspots. Unlike western Tianshan, every single ES hotpots accounted for 4 %–5 % of the PA 
of eastern Tianshan. The objective of the PA of the Tarim River Basin is sand fixation; however, the coverage percentage 
of SF hotspots was almost negligible. Sparse distribution of hotspots of NR (4.79 %), CS (4.27 %), and BR (3.72 %) 
were found in this region. The PA of Kumtage is a nature reserve for key species; it covered 0.45 % of BR hotspots. The 
PA of Altun Mountains is a national functional zone for SF. It had 35.55 % of SF hotspots, followed by hotspots of BR 
(8.75 %), NR (7.2 %), and CS (4.96 %). Located at the southern edge of the vast Taklamakan Desert, the PA of western 
Tarim Basin was set for SF, but its SF hotspots accounted for only 3.08 %. This region included large coverage of hot- 
spots of CS (16.76 %), NR (16.06 %), and BR (12.42 %). The composition of ESs hotspots in western Tarim Basin mainly 
results from the extensive distribution of forests, grasslands, and wetlands in the southeastern part of the region, which 
is close to the Kunlun Mountains. 

 

 

Fig. 4. (a) Original national protected areas and (b) nine categorized national protected areas by this study. 
 

3.4. Conservation gaps in preserving key ecosystem services 

The IES hotspots covered an area of 575,347 km2, accounting for 35.37 % of Xinjiang’s total area. 53.09 % of IES 
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hotspots lay within the PAs while 46.91 % fell outside. There were large mismatched areas between IES hotspots and PAs, 
which were identified as conservation gaps (Fig. 6a). Combining the analysis of existing PAs and conservation gaps, this 
study identified four priority areas with total area of 132,330 km2 that could be ideal for incorporating essential ESs in future 
PA planning (Fig. 6b). From north to south, these include the northeastern parts of western Tianshan for preserving water 
and nutrients (Fig. 2a and Fig. 2b), the northern part of eastern Tianshan for SF (Fig. 2d), the region between western Yili-
Tianshan and Tarim River Basin for CS (Fig. 2e), and the region between Kunlun mountains and Altun Mountains for SF 
(Fig. 2d). 

4. Discussion 

4.1. Different effectiveness of protected areas and conservation gaps 

Although there is a consensus that PAs provide higher ESs than non- PAs, it is unclear whether individual PA 
successfully contribute to the provision of essential ESs (Egoh et al., 2008; Eastwood et al., 2016; Gray et al., 2016; 
Palomo et al., 2014). By analyzing the overall performance of PAs and the features of each PA in providing ESs, the 
results of this study showed that PAs contained larger areas of ESs hotspots than non-PAs: 53.09 % of the IES 
hotspots occurred within PAs, 46.91 % lay in non-PAs. Gap analysis revealed that targeting a higher provision of 
multiple services would require an increase in the PA coverage by an additional 132,330 km2 (23 % of the total IES 
hotspots). With this increase, 76 % of the total IES hotspots would be within PAs. This will require both national and 
local authorities to embrace transparent planning frameworks to incorporate gap areas into conservation, which involve 
rigorous stakeholder consultation, innovative application of a range of management approaches, and transparency in 
monitoring schemes (Spano et al., 2017). A key element involved would be an integrated ecological-economic design, 
such as ESs valuation and payment for ecosystem mechanisms to compensate the economic benefits derived from 
previous land use types such as crop production (Castro et al., 2015; Chan et al., 2006; Guo et al., 2021). 

Our results showed that for individual ES, more than half of the hotspots were located within PAs (Table 1). However, 
large areas of ES hotspots were still located outside PAs. Spatial heterogeneity was found across landscapes, indicating 
that focused management of the spatial distribution of ESs is necessary (Tallis et al., 2008; Turner et al., 2013). Promising 
finding of this study was that some PAs provided certain other ESs that were even higher than the ESs that they aimed to 
conserve. For example, western Junggar is targeted to protect key species, even though it had 5.41 % of BR hotspots. 
The areas of WY and CS hotspots were also significantly high, accounting for 9.87 % and 7.16 %, respectively. This 
indicates that the objective design for a national PA has always focused on primarily one dimension, but lacked adequate 
attention to entire local resources and interaction with human well-being (Ehrlich et al., 2012). An important 
aspect is the criteria for PAs designing, including local resourcing, endemic species and typical ecosystems. Some PAs 
are designed using multiple criteria, which may explain why these PAs strongly preserve additional ESs. For example, 
natural reserves for threatened species are also used for WY, CS, or climate mitigation (Soares-Filho et al., 2010; Li et al., 
2013). There is a need to broaden the goals of PAs from a dominant focus to ones that also encompass the provision of 
multiple ESs for human well-being (Xu et al., 2016; Lecina-Diaz et al., 2019). Differentiated effectiveness was also 
found among PAs, which means that the representativeness of existing PAs should be evaluated periodically; moreover, 
they should be equitably invested and managed to enhance their performance (Sun et al., 2020). 

 

 

Fig. 5. (a) Coverage of each ecosystem service hotspots in Xinjiang, inside, and outside protected areas, and (b) bar 
charts of ecosystem service hotspots in each of protected areas. 
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Table 1 Details of protected areas and ecosystem service hotspots within them. 

No.     PAs              Key protected objectives          ES hotspots coverage in PAs (%) 

 WR NR SR SF CS BR  

1     Altai Mountains water retention and biodiversity 15.60 5.17 12.99 1.14 2.98 8.71  

2     Western Junggar biodiversity and key species 9.87 7.14 1.91 1.64 7.16 5.41  

3     Western Yili-Tianshan biodiversity and key species 9.37 5.18 12.42 0.77 8.98 6.86  

4     Western Tianshan water retention 13.94 3.10 25.71 1.67 9.62 10.25  

5     Eastern Tianshan water retention 5.19 4.29 5.52 3.77 0.38 4.27  

6     Tarim River Basin biodiversity and sandstorm fixation 0.00 4.79 0.00 0.00 4.27 3.72  

7     Kumtag biodiversity 0.00 1.01 0.00 0.00 0.00 0.45  

8     Altun Mountains sandstorm fixation 4.18 7.20 2.40 35.55 4.96 8.75  

9      Western Tarim Basin sandstorm fixation 1.73 16.06 9.38 3.08 16.76 12.42  

ES hotspots inside PAs  59.86 53.93 70.34 47.61 55.11 60.85  

ES hotspots outside PAs  40.14 46.07 29.66 52.39 44.89 39.15  

 

4.2 Practical applications and future research prospects 

This work emphasizes that the assessment and mapping of multiple ESs hotspots can be a practical tool to understand the 
effectiveness of PAs and identify the gaps in conservation. One of the main advantages of the methodology proposed in this 
study is the flexibility in ES selection criteria and data processing, which allows it to be replicated at different locations and 
spatial scales. The work can be applied to pollution prevention, resource recovery and natural capital accounting for bio-
economy etc. For example, both pollution prevention and resource recovery practices require regular evaluation on water 
conservation and purification, soil maintenance, biodiversity protection, and ensuring the good conditions of the 
ecological environment (Huang et al., 2018). Thus, this study provides supports to the decision-making process to explore 
scenarios and policy alternatives and reveals synergies between ESs provision and sustainable management (Watson et 
al., 2014; Wu et al., 2020). 

Among the original 27 national PAs analyzed in this study, 20 PAs overlap spatially and institutionally (Table A1 and 
Fig. 4). Overlapping designations often compromise conservation outcomes by institutional conflicts, contradictory 
laws/regulations, and the inefficient use of in- vestments (Wu et al., 2011; Xu et al., 2020). This may partly explain why 
differentiated effectiveness was found among PAs. In 2019, China’s government has issued a new “PA System with 
National Parks as Its Mainstay”, aiming to remove spatial overlaps and integrate the formerly fragmented governance of 
PAs (Xinhua, 2019). For the national PAs  with the highest value of conservation and ecological functions, various types 
of PAs can be grouped and set as national parks according to the top-level design. This study has attempted to categorize the 
original overlapped PAs into integrated ones, and provided spatially explicit information on the importance of ESs with a 
modeling approach. The innovative methods and management regimes that optimize the spatial layout and governance 
policies of PAs based on national parks need further exploration. 

The main problems limiting the quantification of ESs include the lack of reliable data and accurate verification of the 
results (Redhead et al., 2016). Despite using the best available data on Xinjiang’s landscapes and biophysical 
features, most of them were obtained from remote sensing, whereas some were from long-term monitoring data. As 
a result, data quality and precision were uneven across regions in Xinjiang. This study used the multi-years’ average 
trend rather than a single-year value to obtain relatively reliable results. High-precision datasets by long-term field 
observation and investigation should be enhanced in the future. 

The coverage percentage of key ESs hotspots is only one aspect of the effectiveness of PA performance. For 
comprehensive performance evaluation, more metrics in the future practices should be considered regarding species 
diversity, genetic diversity, and connectivity (Watson et al., 2014). Most importantly, with the integration of ecology and 
economics increasingly endorsed in the policy arena worldwide, the monetary evaluation of ESs should be followed in the 
subsequent study to show the benefits of PAs (Hummel et al., 2018; Li et al., 2018a, 2018b; Sannigrahi et al., 2019; Hu et 
al., 2020). 
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Fig. 6. (a) Overlay of integrated ecosystem services hotspots and protected areas and (b) conservation priorities for 
preserving ecosystem services occurring outside protected areas. 

 
5. Conclusions 

Global conservation policies have expressed a clear need to integrate ESs in the design of PA networks, which 
requires mapping ESs at a landscape scale. According to the assessment of ESs hotspots, on average, only 10.46 
% of Xinjiang’s area provided ESs hotspots, mainly distributed in the mountainous and oasis areas that were covered 
by grasslands, forests and wetlands. Over 50 % of ESs hotspots fell within PAs. This means that while PAs deliver 
positive outcomes in preserving ESs and biodiversity in China’s arid areas, there remains conservation gaps. An 
additional 132,330 km2 was needed to enhance ESs protection. This study also showed that some PAs were unable to 
provide the core ESs outlined in their conservation objectives. Therefore, a comprehensive evaluation should be given to 
the representativeness of objectives designated to PAs, conservation complementation among different PA categories, 
effectiveness and enforcement in delivering planned outcomes. 
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