Identification of conservation priority areas on the Qinghai-Tibet Plateau considering habitat, biodiversity, ecosystem services, and human well-being
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Abstract
The delineation of conservation priority areas may involve both trade-offs and synergies with sustainable development goals, but region-specific and integrative assessments that simultaneously consider habitat, biodiversity, ecosystem services, and human well-being remain limited in high-altitude regions such as the Qinghai-Tibet Plateau. Taking habitat, biodiversity, ecosystem services and human well-being as management objectives, this paper focuses on the Qinghai-Tibet Plateau (QTP) and develops an indicator system that integrates these considerations. The paper: a) uses the zonation model to identify conservation priority areas under both single-objective and multi-objective conditions, b) evaluates the conservation gaps in existing protected areas and c) assesses the synergies and trade-offs among the different objectives by employing various scenarios. Results reveal a northwest-to-southeast zonal shift in dominant conservation priorities, transitioning from ecosystem services to biodiversity and habitat and returning to ecosystem services. High-threat regions include mining zones, Qinghai-Gansu borders, and central Tibet. Integrated multi-objective analysis shows conservation importance and viability priorities increasing southeastward, with the largest priority area (2.85×10⁵ km², 11% of QTP) concentrated in eastern Tibet and western Sichuan’s alpine valleys. Over 57% of priority zones remain unprotected. Synergies emerge between habitat and biodiversity conservation, while both show significant trade-offs with ecosystem service provision. Threat-focused scenario conflicts sharply with balanced multi-objective scenario, demonstrating irreconcilable divergences in conservation prioritization. Spatial optimization reveals objective-specific priority zones requiring differentiated management. The findings propose differentiated conservation strategies for each eco-geographical region, advocating IUCN Class Ia and Ib for habitat/biodiversity priority zones and IUCN Class II—VI for ecosystem service priority zones.
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1 Introduction
[bookmark: _Hlk192598049]Biodiversity underpins numerous ecosystem services and is essential for sustaining long-term human well-being (Seppelt et al., 2013). However, biodiversity and ecosystem services are increasingly threatened by global warming and intensified human activities worldwide (Arneth et al., 2020; Hisano et al., 2018). To combat these pressures, an effective measure for more than a century has been the establishment of protected areas (Wauchope et al., 2022), which play a vital role in conserving biodiversity and safeguarding ecosystem services (Watson et al., 2014).
By 2020, 17% of the global terrestrial surface and inland waters were theoretically protected to some extent (UNEP, 2021). Despite the increase in protected areas, more than half of threatened species remain inadequately protected, and biodiversity continues to decline (Geldmann, 2023). To address these gaps, the IUCN (CBD, 2022) has set a goals of effectively protecting and managing at least 30% of areas crucial for biodiversity and ecosystem services by 2030. Under limited funding and management conditions, identifying conservation priority areas to preferentially conserve areas of high ecological value is important for enhancing ecological protection networks and the management of protected areas (Liczner et al., 2023; Margules and Pressey, 2000; Schwartz et al., 2018). Approaches to prioritization have been based on the spatial distribution of biodiversity (Fastre et al., 2021; Guo et al., 2022), utilizing computational tools to identify critical ecological areas (Lehtomäki and Moilanen, 2013). The adoption of the sustainable development goals (SDGs) has expanded the scope of protected areas to include human well-being, human values and climate change considerations (Watson et al., 2014; Xu et al., 2017). Currently, scholars worldwide are emphasizing the role of human well-being by integrating ecosystem services (Ramel et al., 2020) or nature's contributions to people (NCP) (O’Connor et al., 2021) with biodiversity goals to delineate ecological conservation priority areas. These areas are then combined with existing natural protected area system to allow conservation efficiency (Shen et al., 2024). However, balancing ecology conservation with economic development needs is one of the greatest challenges of the 21st century. Using ecosystem services or NCP as reflections of human well-being often overlooks a range of human needs and activities undertaken to promote social development, which are essential for sustaining human well-being.
In the context of integrated multi-objective conservation prioritization, the interrelationships between objectives have also received extensive attention. Existing research (Srivathsa et al., 2023; Voskamp et al., 2023) has shown that there is both a reasonable degree of consistency and significant inconsistency between conservation priority areas obtained by assigning higher weights to specific objective and those obtained by considering each objective equally. This suggests that there are trade-offs and synergies between the different objectives (Joshi et al., 2018). In the process of establishing protected areas, different conservation objectives correspond to different measures that are employed (Wang et al., 2017; Wu and Liu, 2017). If different management objectives and management requirements are implemented in the same protected area at the same time, it may directly lead to conflicts (Wu and Liu, 2017).  Synergy and tradeoff analysis is a necessary prerequisite to determine feasible conservation objectives and inform the necessary planning Additionally, the selection of conservation priority areas varies due to differences in study regions and scales. Global studies often face limitations in precision that prevent them from addressing region-specific needs (Srivathsa et al., 2023). 
The Qinghai-Tibet Plateau (QTP) is the world's highest plateau and has important implications for regional sustainable development and ecological conservation both in China and around the globe (Yao et al., 2012; Zhang et al., 2022). The current protected area system on the QTP exhibits structural deficiencies characterized by overlapping conservation objectives, fragmented goal-setting mechanisms, and insufficient systematic top-level planning (Liu and Zhou, 2021). These institutional shortcomings have resulted in functional redundancies and substantive overlaps among various nature reserves, manifesting both in their operational mandates and on-the-ground implementation (Liu and Zhou, 2021; Wu et al., 2011; Xu et al., 2017). Therefore, this study selects the QTP as the focal research region, proposing an integrated systematic planning framework to address these institutional shortcomings through unified top-level governance mechanisms. QTP’s fragile ecosystems, characterized by the high altitude and cold environment, are highly sensitive to the dual pressures of climate change and human activities (Song et al., 2018). Currently, the QTP is experiencing rapid ecosystem degradation, with grassland deterioration, biodiversity loss, and declining ecosystem services, ultimately leading to land degradation and desertification (Higgitt and Basins, 2012; Li et al., 2012; Wang et al., 2016) alongside severe impacts on human well-being and sustainable development in the region.
While existing research primarily focuses on either biodiversity (Huang et al., 2022) or ecosystem services (Wang et al., 2021), or a combination of both (Li et al., 2020; Shen et al., 2024), it often fails to sufficiently address human threats and climate change, as well as the synergies and trade-offs between biodiversity, ecosystem services, and human well-being. To address these gaps, this study develops a comprehensive approach that considers multiple objectives (i.e., habitat, biodiversity, ecosystem services, and human threats), aiming to delineate the conservation priority areas that account for both ecological and socio-economic factors on the QTP. Specifically, the paper seeks to: (i) construct an indicator system for delineating conservation priority zones suitable for the QTP; (ii) analyze conservation gaps in the existing nature reserve system; and (iii) explore the synergies and trade-offs between different conservation objectives. This research addresses systemic deficiencies in the current protected area network by employing a top-down institutional planning framework to delineate conservation priority zones across the QTP. Through spatially explicit objective allocation protocols, the methodology strategically assigns conservation objectives to individual protected areas while balancing ecological imperatives with socio-economic development needs, thereby reconciling anthropogenic pressures with biodiversity preservation goals.
2 Materials and Methods
2.1 Study area
The QTP, situated between 26°00′12″ and 39°46′50″ N and 73°18′52″ and 104°46′59″ E, spans the entire Tibet Autonomous Region, most of Qinghai Province, and parts of the Xinjiang Uygur Autonomous Region, Gansu, Sichuan, and Yunnan Provinces. Covering a total area of 2.56×106 km², the QTP constitutes 26.8% of China's land area. The plateau's diverse topography, with elevations ranging from 80 to 8,535 meters, supports a variety of ecosystems that provide natural habitats for rare wildlife and endemic species (Figure 1) (Liu et al., 2024; SCIO, 2018). Recognized as a biodiversity hotspot (Jenkins et al., 2013), the QTP hosts over 1,500 genera and 12,000 plant species, including 3,673 endemic seed plant species (Brum et al., 2017). The region's rich fauna includes 148 endemic mammal species (Bond and Parr, 2010), 167 endemic bird species (Veach et al., 2017), and numerous endemic species within the subphylum Hexapoda (Potapov et al., 2017; Venter et al., 2014). Alpine meadows, covering more than 60% of the area, dominate the landscape (Dong et al., 2020; Ganjurjav et al., 2016). The QTP is the most densely populated region on the Tibetan Plateau, with surrounding forests and shrubs providing essential ecosystem services to over 10 million people (Dong et al., 2020; Li et al., 2020; Qi et al., 2020). According to the eco-geographical regionalization by (Zheng et al., 2008), the QTP comprises 11 eco-geographical regions (Figure 1 b)). The existing natural protected area system on the QTP includes 15 national parks, 151 nature reserves, and various nature parks, such as 74 forest parks, 65 wetland parks, 12 desert parks, 49 scenic spots, and 28 geoparks (Figure 1 c)).
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Figure 1. Overview of the study area. a): Geographic location of the Qinghai-Tibet Plateau, b): Distribution of topography and eco-geographical regions of the Qinghai-Tibet Plateau, c): Distribution of existing nature reserve systems on the Qinghai-Tibet Plateau.
2.2 Data sources
[bookmark: _Hlk205135290]In delineating conservation priority areas, we identified four themes, each with a specific prioritization criterion. First, the Habitat theme focuses on natural habitats essential for inclusion in the prioritized landscape, particularly those common to Chinese wildlife, such as forests, wetlands, deserts, grasslands, and oceans (Ma et al., 2003). For the QTP, we selected forests, wetlands, deserts, and grasslands as indicators for habitat conservation. Second, the Biodiversity theme encompasses source population of species, biodiversity hotspots, and species diversity, with indicators including Protected Areas, Key Biodiversity Areas, and Threatened Species (Srivathsa et al., 2023). Following practices in large-scale biodiversity assessments (e.g., India (Srivathsa et al., 2023)), protected areas were used as a spatial proxy for biodiversity, based on the assumption that they harbor source populations and key habitats for many species. Third, the Ecosystem Services theme reflects the increasing focus on the interconnections between people and nature, as well as the well-being of both biodiversity and humans. This theme includes indicators such as Habitat Quality, Carbon Sequestration, Soil Retention, and Water Yield (Xu et al., 2020). Lastly, the Threats theme addresses attributes and human activities that adversely affect biodiversity, ecosystem services, and habitats, often complicating conservation efforts. These activities, typically undertaken to promote social development or enhance human well-being, necessitated the inclusion of indicators such as grassland degradation and economic development, replacing agriculture expansion based on the current situation in China and existing research (Hu et al., 2018; Srivathsa et al., 2023; Xu et al., 2020). Grasslands, the predominant vegetation on the QTP, experience significant disturbance due to global climate change and human activities, impacting ecosystems across time and space (Zou et al., 2022). Furthermore, economic development has been shown to effectively enhance human well-being in the QTP (Fan et al., 2024). The variables and data sources for these themes and indicators are detailed in Table 1.

Table 1. Conservation priority indicator system
	[bookmark: OLE_LINK3]Theme
	Layers
	Description
	Type/Resolution
	Year
	Data source
	Weight

	Habitat
	Wetland area
	Based on the 2020 land use data with a resolution of 30 m, the proportion of area of each habitat type in each 1 km × 1 km raster was calculated and four rasters with a resolution of 1 km were generated.
	Raster/30 km
	2020
	Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn)
	1

	
	Grassland area
	
	Raster/30 km
	2020
	
	1

	
	Forest area
	
	Raster/30 km
	2020
	
	1

	
	Desert area
	
	Raster/30 km
	2020
	
	1

	Biodiversity
	Protected area
	Rasterize the vector data into a raster with a resolution of 1 km × 1 km. The raster inside the region is assigned a value of 1, and the raster outside the region is assigned a value of 0.
	Vectorfile
	2021
	Digital Earth Open Platform (https://open.geovisearth.com)
	1

	
	Key biodiversity area
	
	Vectorfile
	2022
	BirdLife International World Database of Key Biodiversity Areas (https://www.keybiodiversityareas.org/)
	1

	
	Threatened species
	Threatened species were identified based on multi-source criteria from www.gisrs.cn, incorporating national red lists and IUCN categories. A total of 361 threatened animal species were analyzed for the QTP.
	Raster/1 km
	2020
	Scientific Data Registry and Publication System of the Geo-Remote Sensing Ecology Network (www.gisrs.cn)
	1

	Ecosystem services
	Habitat quality
	Reference (Xu et al., 2020)
	Raster/1 km
	2015
	Reference (Xu et al., 2020)
	1

	
	Carbon sequestration
	
	Raster/1 km
	2015
	
	1

	
	Soil retention
	
	Raster/1 km
	2015
	
	1

	
	Water yield
	
	Raster/1 km
	2015
	
	1

	
	Human population
	
	Raster/1 km
	2015
	Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn)
	0.0728

	
	Livestock population
	
	Raster/1 km
	2015
	Food and Agriculture Organization of the United Nations (https://www.fao.org/)
	0.0909

	
	Urbanization
	Urbanized floor space in 2020 subtracted from 1980, retaining raster data greater than 0.
	Raster/1 km
	1980—2020
	Database (Pesaresi and Politis, 2023)
	0.0728

	
	[bookmark: _Hlk204776970]Linear infrastructure
	Calculation of line density per 1 km x 1 km raster based on railroad and highway trunk line vector data.
	Vectorfile
	2020
	OpenStreetMap (https://www.openstreetmap.org)
	0.0909

	
	Mines
	Rasterize the vector data into a raster with a resolution of 1 km × 1 km. The raster inside the region is assigned a value of 1, and the raster outside the region is assigned a value of 0.
	Vectorfile
	2020
	Geological Science Data Publishing System (http://dcc.cgs.gov.cn)
	0.0727

	Threat
	River fragmentation
	Reference (Grill et al., 2019)
	Vectorfile
	2019
	Reference (Grill et al., 2019)
	0.0909

	
	Grassland degradation
	Comparison of 1980 land use data with 2020, with the rasters where grassland degradation has occurred assigned a value of 1 and the remaining rasters assigned a value of 0.
	Raster/1 km
	1980—2020
	Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn)
	0.0726

	
	Vegetation greening
	Theil-Sen Median slope estimation and Mann-Kendall trend analysis based on 21 years of NDVI data series, with positive slopes for greening and negative slopes for browning.
	Raster/1 km
	1998—2019
	
	0.0909

	
	Vegetation browning
	
	Raster/1 km
	1998—2019
	
	0.0909

	
	Future climate warming
	Climate warming and precipitation anomalies for 2020-2040 under the SSP245 scenario are simulated using the CMIP6 model based on mean annual temperature and precipitation data.
	Raster/1 km
	2020—2040
	“Big Earth Data Science Engineering” data sharing service system (https://data.casearth.cn)
	0.0909

	
	Future rainfall anomaly
	
	Raster/1 km
	2020—2040
	
	0.0909

	
	Economic development
	[bookmark: _Hlk204613038]Regional gross domestic product (RGDP)
	Raster/1 km
	2019
	Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn)
	0.0728




2.3 Methods
An evaluation indicator system was developed to prioritize conservation goals, encompassing habitat, biodiversity, ecosystem services, and human well-being. To determine the weights of these indicators, we utilized entropy weighting methods, which rely on the intrinsic characteristics of the data, thereby minimizing subjective bias often inherent in expert opinions and existing literature. Subsequently, we conducted separate analyses to assess conservation importance and feasibility, delineating priority conservation areas with the aid of Zonation software. Following this, we examined the gaps within the current nature protected area system. Lastly, synergies and trade-offs between the conservation objectives were explored by establishing four distinct scenarios, as illustrated in Figure 2.
[image: ]
Figure 2. Schematic of the study framework. Themes and input layers identified for spatial prioritization: (1) Habitats (wetland, grassland, forest and desert) (2) Biodiversity (protected area, key biodiversity area and threatened species) (3) Ecosystem services (habitat quality, carbon sequestration, soil retention and water yield) (4) Threats (human population, livestock population, urbanization, linear infrastructure, mines, river fragmentation, grassland degradation, vegetation greening, future climate warming, future rainfall anomaly and economic development)
2.3.1 Determining of priority evaluation indicator system
According to Srivathsa et al. (2023), the weights assigned to the variables of Habitat, Biodiversity, and Ecosystem Services were initially determined. However, due to the substantial heterogeneity of human threats to ecosystems across different regions and the diverse complexity of data within each layer, the weights derived from existing literature are insufficient to accurately represent the specific threats faced by the QTP. To address this limitation, we utilized the entropy method to calculate the amount of information each layer provides to decision-makers, thereby determining the weights for the human threats theme. The calculation process is as follows:




For a set of objects with  raster cells and  evaluation indicators, let  be the statistical value of the -th raster cell for the -th indicator. The normalized value  is calculated as follows:

where

(assuming that when , ).
To address regional heterogeneity and evaluate the influence of varying weighting methods, we implemented a regional weighting approach. This involved utilizing the entropy weight method to assign weights to the four themes within each of the 11 ecogeographical regions, as detailed in Table S1, and subsequently calculating a comprehensive conservation priority index. Following this, the top 30% of regions across the Qinghai-Tibet Plateau, based on their protection priority index, were designated as conservation priority areas.
A comparative analysis (Figure S1) revealed that this regional empowerment strategy yielded a more evenly distributed and dispersed pattern of protected areas. This outcome stems from the zonation-based priority index calculation, which assumes equal importance across different ecogeographical regions, with each possessing a priority index distribution ranging from 0 to 1 and uniform entropy. Consequently, 30% of each region is identified as a priority conservation area.
However, the assumption of equal importance across all ecogeographical regions overlooks their intrinsic ecological significance, meaning that areas prioritized within a specific region might not hold significant importance when viewed across the entire Qinghai-Tibet Plateau. The inherent spatial differentiation of the four indicator values used in the comprehensive analysis effectively captures the geographical heterogeneity of these ecological regions, thereby influencing the overall results. Therefore, a holistic analysis across the entire plateau is more effective in reflecting true spatial heterogeneity.
Despite extensive research into conservation priority areas on the Qinghai-Tibet Plateau, a notable gap exists regarding methodologies for weighting protected area determination within this region. The prevalent approach for multiple conservation targets, as seen in studies by Li et al. (2020) and Liu et al. (2023), primarily utilizes the representativeness–vulnerability framework. However, research by Koschke et al. (2012) in Germany indicated that the specific weighting method (e.g., AHP, Likert, Balanced) has minimal impact on overall results. To mitigate the influence of subjective factors like expert scoring or hierarchical analysis in initial weight determination, we opted for an equal weighting approach, drawing inspiration from a study conducted in India by Srivathsa et al. (2023). The decision to employ equal weights simplifies the process and provides an objective benchmark, as highlighted by Koschke et al. (2012). This method also establishes a baseline scenario where the conservation of all four thematic areas is considered to be of equivalent importance.
[bookmark: OLE_LINK1]Hence, we assigned equal positive weights to Habitats, Ecosystem Services and Biodiversity (that is, 1, 1 and 1) and an equal but negative weight to Threats (that is, 1, 1, 1 and −1; see ref. (Koschke et al., 2012) for the justification of using equal weights for input attributes). This study explicitly considers “threats” as a factor that increases conservation costs or safeguards human well-being, assigning a weight of -1, and thus reflects this balancing process in the final prioritization. In total, we carried out a comprehensive conservation importance and feasibility analysis.
2.3.2 Determining spatial priorities and delineating conservation priority areas
Spatial prioritization analyses can be conducted using various approaches, contingent upon the study's objectives, the types of spatial data available, and the optimization functions of interest (Moilanen et al., 2011; Sierra-Altamiranda et al., 2020; Silvestro et al., 2022; Watts et al., 2021; Watts et al., 2009). For this study, Zonation was selected due to its capability to seamlessly integrate binary feature data with quantitative data on ecosystem services over extensive regions at relatively high spatial resolutions (Srivathsa et al., 2023). Zonation's robustness to variations in scale among input layers further enhances its suitability. The algorithm employed by Zonation operates iteratively, sequentially removing cells with the lowest conservation values and recalculating the total conservation value of the remaining cells. Cells with the smallest values are prioritized for removal first, while those with the largest values are preserved until the final stages. This iterative process culminates in an optimized map that ranks pixels according to their relative priority values (Moilanen et al., 2011), facilitating the identification of areas with the highest conservation value across the landscape. In alignment with the 2030 biodiversity conservation target, which aims to place at least 30% of terrestrial land under ecological protection, areas ranking in the top 30% for priority are designated as conservation priority areas. We conducted a total of six analyses, comprising four theme-wise prioritizations and two zone-wise prioritizations. To visually compare the conservation priority across different targets on the same grid, we utilized the four dimensions "rgba" to synthesize this information. The color and transparency of the synthesized data allow for the identification of targets with the highest conservation priority.
2.3.3 Analysis of conservation gaps in existing natural protected areas
Gap analysis offers a comprehensive evaluation of the effectiveness of the existing natural protected area system on the QTP, as outlined by Rodrigues et al. (2004). This method identifies discrepancies between current natural protected areas and target conservation priority areas, highlighting regions not covered by existing protections as gap areas. To achieve this, the spatial distributions of habitat, biodiversity, ecosystem services, and human threats—collectively referred to as ecosystem vulnerability—were compared against the coverage of existing protected areas within each eco-geographical region. The theme with the largest gap in protection was identified as the primary focus for future conservation efforts in each region, ensuring that strategies address the most pressing ecological needs. Furthermore, the study assessed the overall effectiveness of existing natural protected areas in encompassing comprehensive conservation priority areas within these regions. In instances where gaps were identified, the establishment of new protected areas is recommended. Conversely, in regions where protection is deemed adequate, the focus shifts to maintaining and optimizing the management of existing protected areas.
2.3.4 Analysis of Synergies and Trade-offs Between Themes
To examine the emphasis placed on different themes in conservation decision-making, four distinct scenarios were defined (Table 2) as described by  Srivathsa et al. (2023). In each scenario, greater weight was allocated to themes deemed a priority for protection. To investigate the synergies and trade-offs among these themes, a balanced scenario was established, wherein equal importance was assigned to the protection of all four themes. This equilibrium scenario, which aligns with the previously mentioned protection feasibility analysis, assigned a weight of 1 to three themes and -1 to the threat theme. Subsequently, priority indices calculated under each of the four scenarios were compared to those derived from the balanced scenario by subtracting the latter from the former. The resulting positive and negative values were then visualized to elucidate the synergies and trade-offs among the themes.
Table 2. Scenario settings and weights
	Layer
Scenario
	Habitat
	Biodiversity
	Ecosystem services
	Threat

	Habitat-focused scenario
	1
	0.5
	0.5
	-1

	Biodiversity-focused scenario
	0.5
	1
	0.5
	-1

	Ecosystem services-focused scenario
	0.5
	0.5
	1
	-1

	Threat-focused scenario
	1
	1
	1
	1


3 Results
3.1 Conservation priority areas based on single objectives
3.1.1 Identification of conservation priority areas based on single objectives
[bookmark: _Hlk204684264]The spatial distribution of conservation priorities for habitats, biodiversity, and ecosystem services was systematically calculated and mapped (Figure 3). High-priority areas for habitat conservation are predominantly concentrated in the southeastern part of the QTP, encompassing regions such as the eastern Himalayas, Hengduan Mountains, Minshan-Qionglai Mountains, Sanjiangyuan, Qinghai Lake, and the Qilian Mountains (Figure 3 a)). Similarly, biodiversity conservation priorities are identified in the eastern Himalayas, Hengduan Mountains, Sanjiangyuan, Minshan-Qionglai Mountains, Qilian Mountains, Qinghai Lake, and the Qiangtang Plateau (Figure 3 b)). Ecosystem service conservation priorities are primarily located in the eastern Himalayas, Hengduan Mountains, Sanjiangyuan, the eastern Nianqingtanggula Mountains, Minshan-Qionglai Mountains, and the Ailashan Mountains (Figure 3 c)). Collectively, conservation priorities for habitat, biodiversity, and ecosystem services exhibit an increasing trend from northwest to southeast. Human threats were also quantified, with significant threats concentrated in regions of mining activity, the border between Qinghai and Gansu provinces, and central Tibet (Figure 3 d)).
[image: ]
Figure 3. Results of single-theme analysis. a): Results of the thematic conservation priority analysis for habitat, b): results of the thematic conservation priority analysis for biodiversity, c): results of the conservation priority analysis for ecosystem services, and d): results of the threat level analysis.
A comprehensive comparison (Figure 4 a)) reveals a zonal shift in the relative importance of conservation priorities from northwest to southeast, following a color pattern of green-red-blue-green. This pattern indicates that the conservation priorities on the Tibetan Plateau transition from ecosystem services to biodiversity, then to habitat, and back to ecosystem services, respectively. When threat factors are considered (Figure 4 b)), it is observed that color transparency remains largely unchanged in some mining areas in the northeast and the Qindong Qilian Mountains, suggesting higher conservation costs and ecological vulnerability in these regions.
[image: ]
Figure 4. Distribution of the relative importance of protection priorities by theme. a) Color and b) transparency indicate the relative importance of the four thematic protection priorities in a given region.
Regions ranking in the top 30% for each theme were designated as priority conservation areas (Figure 5). Habitat conservation priority areas are mainly located in the Qilian Mountains in eastern Qinghai, the lake basins of the Qiangtang Plateau, the alpine deep valleys of Eastern Tibet and Western Sichuan, and the eastern Himalayas (Figure 5 a)). For biodiversity, priority areas include the northern flanks of the Kunlun Mountains, the Kunlun Alpine Plateau, the lake basins of the Qiangtang Plateau, the Qilian Mountains in eastern Qinghai, the hilly plateau of Guoluo and Naqu, the eastern Himalayas, and the alpine deep valleys of Eastern Tibet and Western Sichuan (Figure 5 b)), showing some overlap with habitat priority areas. Ecosystem service priority areas are mainly in the Ali Mountains, the eastern Himalayas, the alpine deep valleys of Eastern Tibet and Western Sichuan, and the hilly plateau of Guoluo and Naqu (Figure 5 c)). Regions facing significant human threats are primarily located in the Tarim Basin and Turpan Basin, the Qilian Mountains in eastern Qinghai, the lake basins of the Qiangtang Plateau, the border area between the southern Tibetan mountains, and the southeastern part of the alpine deep valleys of Eastern Tibet and Western Sichuan (Figure 5 d)). The overlap of priority regions for all three themes covers 1.29×10^5 km², accounting for only 5.0% of the total area of the QTP. From an eco-geographical perspective (Figure 5 e)), the lake basins of the Qiangtang Plateau and the broad valleys of southern Qinghai have the largest areas designated for habitat conservation. The northern flanks of the Kunlun Mountains and the Kunlun Alpine Plateau have the largest areas designated for biodiversity conservation, while the Ali Mountains, the hilly plateau of Guoluo and Naqu, the alpine deep valleys of Eastern Tibet and Western Sichuan, and the eastern Himalayas are prioritized for ecosystem service conservation. The Tarim Basin and Turpan Basin, the Qilian Mountains in eastern Qinghai, and the southern Tibetan mountains are prioritized for vulnerability conservation. The theme with the largest designated priority conservation area within a region represents the region's primary ecological value and guides focused conservation efforts.
[image: ]
Figure 5. Distribution of Thematic Conservation Priority Areas and vacancies for existing natural protected area system. (a)-(d) shows the spatial distribution of thematic conservation priority areas for habitat, biodiversity, ecosystem services and human threats, and their comparison with existing nature reserves, respectively; (e) shows the analysis of protection vacancies of existing nature reserves for each thematic conservation priority area in each eco-geographical region, and the figures on the right side show the area of unprotected priority areas.
3.1.2 Gap analysis of the existing natural protected area system
The analysis of protection gaps involved a comparison between the existing natural protected area system and conservation priority areas for each theme across various eco-geographical regions (Figure 5 e)). This analysis revealed that the alpine deep valleys of Eastern Tibet and Western Sichuan exhibit the largest gap for ecosystem services, covering an area of 2.78×105 km². In contrast, the Kunlun Alpine Plateau has the smallest gap for human threats, with an area of 1.68×104 km². Specifically, for ecosystem services, significant gaps are present in the eastern Himalayas, the alpine deep valleys of Eastern Tibet and Western Sichuan, and the hilly plateau of Guoluo and Naqu. Conversely, human threats are most pronounced in regions such as the northern flanks of the Kunlun Mountains, the Kunlun Alpine Plateau, the Ali Mountains, the Southern Tibetan Mountains, the Tarim Basin and Turpan Basin, and the Qilian Mountains in eastern Qinghai. Notably, the gap analysis for biodiversity indicates no significant gaps. Furthermore, when comparing protection gaps for each theme within eco-geographical regions, it becomes evident that the largest gap for the habitat theme is located in the lake basins of the Qiangtang Plateau and the broad valleys of southern Qinghai. The larger the gap identified, the more crucial it becomes to prioritize that theme in the designation of future protected areas. 
3.2 Conservation priority areas based on multi-objective integration
3.2.1 Identification of conservation priority areas based on multiple objectives
[bookmark: _Hlk204722687]The overall conservation priority, which integrates habitat, biodiversity, and ecosystem services, exhibits an increasing trend from the northwest to the southeast (Figure 6). Notably, significant conservation value is also identified in the lake basins of the Qiangtang Plateau and the Kunlun Alpine Plateau. By incorporating human threats into the analysis, we conduct a feasibility assessment that highlights areas with high ecological protection value and minimal interference with economic development (Figure 6). The feasibility of conservation efforts similarly increases from the northwest to the southeast. There is strong consistency between the results of the conservation importance and feasibility analyses (Figure 6 a) and b)), with high-priority areas concentrated in regions such as the Qilian Mountains, Qinghai Lake, Minshan, Sanjiangyuan, Daxueshan-Saluli Mountains, Nu Mountains, Gaoligong Mountains, the central and southern segments of the Hengduan Mountains, the middle reaches of the Yarlung Zangbo River valley, and the eastern Himalayas. Areas experiencing significant human threats show a marked decrease in the prioritization index, whereas regions with lower human threats are recommended for priority conservation.
[image: ]
Figure 6. Spatial distribution of conservation priorities on the Qinghai-Tibet Plateau. (a): result of the conservation significance analysis, (b): result of the conservation feasibility analysis.
Regions ranking in the top 30% for feasibility are primarily located in the southeastern part of the Qinghai-Tibet Plateau, including the Qilian Mountains, Qinghai Lake, Minshan, Sanjiangyuan, Daxueshan-Saluli Mountains, Nu Mountains, Gaoligong Mountains, the central and southern segments of the Hengduan Mountains, the middle reaches of the Yarlung Zangbo River valley, and the eastern Himalayas (Figure 7 a)). These areas overlap with priority regions for habitat, biodiversity, and ecosystem services conservation. Grasslands dominate these feasible areas, accounting for 38.67%, followed by forest ecosystems, which constitute 31.41%.
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Figure 7. Distribution of Integrated Conservation Priority Areas and protection vacancies in existing nature reserves. (a): Spatial distribution of conservation priority zones delineated by integrating the objectives (feasibility analysis), (b): Comparison of conservation priority zones with existing nature reserves, (c): Analysis of protection vacancies in existing nature reserves within each eco-geographical zone for the integrated conservation priority zones, with the figures on the right side representing the area of unprotected priority zones.
From an eco-geographical perspective, the largest comprehensive conservation priority area is located in the alpine deep valleys of Eastern Tibet and Western Sichuan, covering 2.85×10⁵ km². This is followed by the hilly plateau of Guoluo and Naqu, and the lake basins of the Qiangtang Plateau, with areas of 1.16×10⁵ km² and 6.97×10⁴ km², respectively. The smallest conservation priority area is found in the Ali Mountains region, encompassing 1.20×10⁴ km².
3.2.2 Protection gap analysis of the existing natural protected area system
A comparative analysis of the top 30% feasibility areas with existing natural protected areas on the Qinghai-Tibet Plateau (QTP) reveals that 43.85% of these areas currently fall within the boundaries of natural protected areas, leaving over half still unprotected. Specifically, within the top 10% feasibility areas, 1.39×10^5 km² (49.47%) remain unprotected, as illustrated in Figure 7 b) and c). The current system of natural protected areas predominantly focuses on the northwestern plateau, encompassing regions such as the northern flanks of the Kunlun Mountains, the Kunlun Alpine Plateau, and the northern lake basins of the Qiangtang Plateau. This concentration contrasts with the southeastern distribution of designated conservation priority areas.
Protection gaps exist across all eco-geographical regions, necessitating future expansion of protected areas based on the size of these gaps and local conditions. While the existing natural protected area systems provide extensive coverage in regions such as the alpine deep valleys of Eastern Tibet and Western Sichuan, the lake basins of the Qiangtang Plateau, the hilly plateau of Guoluo and Naqu, and the Kunlun Alpine Plateau, significant gaps persist (Figure 7 b)). The largest protection gap is found in the alpine deep valleys of Eastern Tibet and Western Sichuan, amounting to an area of 1.64×10^5 km², followed by a gap in the eastern Himalayas measuring 5.98×10^4 km². Smaller gaps exist in the Kunlun Alpine Plateau (224 km²), the northern flanks of the Kunlun Mountains (3061 km²), and the Ali Mountains (3542 km²), suggesting that these regions are relatively well-established, as depicted in Figure 7 c).
3.3 Synergies and trade-offs among objectives
Figure 8 illustrates the synergies and trade-offs between conservation themes across various regions of the Qinghai-Tibet Plateau (QTP). White areas in the figure indicate regions where the prioritization index difference between theme-specific scenarios and the balanced scenario is zero, suggesting synergies between themes. In contrast, pink and blue areas denote positive and negative differences, respectively, indicating trade-offs. Generally, there is a reasonable consistency between the balanced scenario, which assigns equal weights to all themes, and the theme-specific scenarios. However, significant mismatches in certain locations reveal the presence of trade-offs (Figure 8). For instance, when habitat and biodiversity conservation are prioritized, the northwestern QTP shows a higher conservation priority than the balanced scenario, while the southeastern plateau exhibits a lower priority. Conversely, emphasizing ecosystem services results in a lower conservation priority in the northwestern plateau and a higher priority in the southeastern region compared to the balanced scenario (Figure 8 a), c), and e)). This pattern indicates strong synergies between habitat and biodiversity conservation but a trade-off between these objectives and ecosystem service protection. Furthermore, the trade-off between scenarios focusing on human threats and the balanced scenario is more pronounced than in scenarios emphasizing other themes (Figure 8 g) an h)). Regions where the prioritization index is higher in the human threats-focused scenario compared to the balanced scenario are primarily those with high levels of human threats and vulnerability.
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Figure 8. Synergy and trade-off analysis. (a), (c), (e) and (g) are the spatial distribution of the difference between the priority index of each thematic bias scenario and the priority index of the balanced scenario in each eco-geographical region, with the white color if the difference is 0, the pink color if the difference is positive, and the blue color if the difference is negative. (b), (d), (f) and (h) are scatter plots of the raster values of 2000 points randomly selected from the results of the analysis of each thematic bias scenario and the balanced scenario, respectively.
From an eco-geographical perspective, areas where the habitat-focused scenario exhibits higher priority than the balanced scenario are predominantly located in the northern flanks of the Kunlun Mountains, the Kunlun Alpine Plateau, the Ali Mountains, the lake basins of the Qiangtang Plateau, the southern Tibetan mountains, the Tarim Basin and Turpan Basin, and the broad valleys of southern Qinghai. Notable priority differences are particularly evident in the Tarim Basin and Turpan Basin, the broad valleys of southern Qinghai, and the lake basins of the Qiangtang Plateau. In the biodiversity-focused scenario, the most significant priority differences occur in the Kunlun Alpine Plateau and the lake basins of the Qiangtang Plateau. In the ecosystem services-focused scenario, the Ali Mountains, the Tarim Basin and Turpan Basin, and the hilly plateau of Guoluo and Naqu display the most substantial differences compared to the balanced scenario. Lastly, in the human threats-focused scenario, the largest priority differences are observed in the Tarim Basin and Turpan Basin, the Qilian Mountains in eastern Qinghai, and the southern Tibetan mountains.
4 Discussion
4.1 Priority objectives for each eco-geographical region
The regions prioritized by the Ecosystem Services Protection Prioritization Index include the Hilly Plateau of Guoluo and Naqu, the Alpine Deep Valleys of Eastern Tibet and Western Sichuan, the Ali Mountains, and the Eastern Himalayas. These areas exhibit a higher priority index for ecosystem service protection compared to other objectives (Figure 4). Research by Chen et al. (2023) highlights that these regions have experienced varying degrees of ecological restoration from 2000 to 2019, emphasizing the necessity of focusing on the restoration and protection of ecosystem services. A quantile approach was used to visualize four ecosystem services on the QTP (Figure S2.). The Hilly Plateau of Guoluo and Naqu should prioritize water yield. In the Alpine Deep Valleys of Eastern Tibet and Western Sichuan, emphasis should be placed on net primary productivity (NPP) in the east, water yield in the west, and soil retention in the south. The southern part of the Ali Mountains exhibits very high NPP. In the Eastern Himalayas, all four ecosystem services are crucial.
The primary aim of both habitat and biodiversity conservation is to maintain biodiversity. Areas predominantly governed by the conservation priority index for these objectives are mainly located in the central and northern parts of the QTP. These include the Lake Basin of the Qiangtang Plateau, the Southern Tibetan Mountains, the Kunlun Alpine Plateau, the Tarim and Turpan Basins, the Broad Valleys of Southern Qinghai, and the Northern Flanks of the Kunlun Mountains. The Qiangtang Plateau, which spans the Kunlun Alpine Plateau, the Lake Basins of the Qiangtang Plateau, and the Southern Tibetan Mountains, serves as a critical wildlife habitat, home to over ten national first-class protected species, such as the Tibetan antelope (Li et al., 2017; Wei and Xu, 2020). Conservation strategies should prioritize the protection of wildlife habitats in these regions. Sanjiangyuan National Park, located mainly in the Broad Valleys of Southern Qinghai, is rich in key protected and rare species endemic to the QTP, earning the title “Alpine Biological Germplasm Resource Bank.” Wildlife on the QTP is integral to the ecosystem, serving as an essential indicator of ecosystem health and playing an irreplaceable role in maintaining the diversity and stability of the entire QTP ecosystem (Zhang et al., 2023). Enhancing the protection and management of wildlife in the Broad Valleys of Southern Qinghai is vital for the high-quality development of Sanjiangyuan National Park and is foundational for maintaining the fragile ecosystem of the Qinghai-Tibetan Plateau.
Regions facing high ecological vulnerability and conservation costs include the Northern Flanks of the Kunlun Mountains, the Kunlun Alpine Plateau, the Ali Mountains, the Southern Tibetan Mountains, the Tarim and Turpan Basins, and the Qilian Mountains in eastern Qinghai. The northeastern part of the QTP contains numerous large mineral deposits, contributing to significant environmental pressures. The Qilian Mountains, in particular, have faced challenges such as glacier retreat (Zhang et al., 2014), reduced water retention capacity, vegetation degradation, and increased soil erosion due to climate change, warming (Shen et al., 2022), drought (Wang et al., 2017), overgrazing, and human activities (Wang et al., 2017). These issues amplify the ecological vulnerability of the Qilian Mountains region, complicating ecological protection efforts. Despite the construction of the Qilian Mountains protected area, socio-economic development and ecological protection conflicts remain unresolved (Wang et al., 2017). Development activities in the Qilian Mountains have persisted for nearly 40 years (Wang et al., 2017), leading to enduring ecological challenges. Addressing these problems requires a regional perspective, prioritizing areas facing fewer threats and temporarily relaxing management restrictions in areas with severe, intractable issues to optimize overall ecological protection. The Southern Tibetan Mountains, located in a fragile semi-arid monsoon climate zone, are increasingly affected by desertification due to climate warming, drying, and human development (Dong, 1999). Spatial distribution analysis of data related to human threats reveals that the Northern Flanks of the Kunlun Mountains and Kunlun Alpine Plateau face challenges such as abnormal precipitation (Figure S3) and vegetation browning (Figure S4), while the Ali Mountains experience grassland degradation (Figure S5).
[bookmark: OLE_LINK8]Under the theme of human threats, future climate warming and precipitation variability indicators are simulated based on the Shared Socioeconomic Pathway (SSP) 245 scenario. To comprehensively address future changes and enhance the adaptive capacity of decision-makers, we also incorporated climate warming and precipitation variability indicators (Figure S6) under the SSP585 scenario. This approach accounts for the reality of global temperature increases, with a 1.5°C rise observed by 2024 (WMO, 2025), making the SSP126 scenario highly improbable. Using Zonation, we calculated the spatial distribution of the human threat index under the SSP585 scenario (Figure S7). A comparative analysis reveals a shift in regions experiencing more pronounced climate warming from the southwestern QTP to the northeastern part, attributed to increased carbon emissions. Similarly, areas with greater precipitation variability have transitioned from the northwestern QTP to the northeastern part and the lake basins of the Qiangtang Plateau. Consequently, under the combined influence of these two indicators, the regions facing heightened threats in the SSP585 scenario are primarily concentrated in the northeastern QTP and the lake basins of the Qiangtang Plateau. The threat index in the northeast is notably higher than that observed in the SSP245 scenario. Previous research (Wang et al., 2022) identifies these regions as high-risk areas for seasonal and regional meteorological droughts, underscoring the critical need to monitor and predict drought conditions in these climate-vulnerable areas, especially in the context of excessive future carbon emissions.
4.2 Delineation of conservation priority areas on Qinghai-Tibet Plateau
Identifying conservation priority areas is a pivotal step in systematic conservation planning, as it facilitates the rational allocation of limited resources and optimizes the layout of protected area systems (Yang et al., 2013). In this study, the conservation priority areas are primarily located in the southeastern Tibet region, encompassing the Himalayas, the middle reaches of the Yarlung Zangbo River, the Hengduan Mountains, the mountain ranges of northwestern Sichuan, Sanjiangyuan, the Qiangtang Plateau, and notable water bodies such as Qinghai Lake, Nam Co, and Siling Co.
[bookmark: _Hlk205991292]Previous research on the QTP has predominantly focused on biodiversity and ecosystem services. For instance, Huang et al. (2022) emphasized the protection of rare mammals, identifying priority areas mainly in the eastern Himalayas, northwestern Qiangtang Plateau, northwestern Sanjiangyuan, the southern Hengduan Mountains, and the mountain ranges of northwestern Sichuan. Similarly, Wang et al. (2021) highlighted conservation areas for ecosystem services—such as carbon sequestration, water yield, soil retention, and cultural services—concentrated in the southeastern and eastern parts of the QTP. When considering both biodiversity and ecosystem services, Li et al. (2020) and Shen et al. (2024) found that priority areas are chiefly concentrated in the southeastern QTP, with some scattered distributions in its eastern part and areas of Qinghai Province. Our study corroborates these findings, particularly regarding the southeastern QTP, including the eastern Himalayas, the Hengduan Mountains, the mountain ranges of northwestern Sichuan, Sanjiangyuan, and the Qiangtang Plateau. However, our research uniquely considers the impact of human activity threats, revealing that regions in the northern QTP, such as large mining areas and northwestern regions with significant human activity, face substantial challenges or incur high costs for effective protection. Furthermore, previous studies have underestimated the significance of aquatic habitats, such as Qinghai Lake, Nam Co, and Siling Co.
To enhance our comprehension of spatial heterogeneity in ecosystem processes, we integrated ecological stoichiometry indicators, specifically C/N (Figure S8) and C/P (Figure S9) ratios, into our spatial analysis. These ratios are crucial for understanding nutrient cycling balance and are intrinsically linked to microbial activity, litter decomposition, and primary productivity across the diverse regions of the Qinghai-Tibet Plateau (QTP). Our analysis unveiled distinct spatial gradients for both C/N and C/P ratios, with elevated values predominantly observed in the southeastern QTP. This concentration was particularly evident in the Hengduan Mountains and certain parts of southeastern Tibet. These areas, characterized by higher C/N and C/P ratios, correspond to regions exhibiting increased vegetation productivity and organic matter accumulation, which aligns consistently with our identified conservation priority areas.4.3 Conservation gap analysis
[bookmark: _Hlk205991866][bookmark: _Hlk204958896]The current system of natural protected areas in China is predominantly concentrated in the northwestern plateau, contrasting with the southeastern distribution of designated conservation priority areas. China's Protected Area (PA) system, initiated in the 1950s, initially prioritized the conservation of rare wildlife and forest ecosystems, as noted by Zhang et al. (2017). Over the subsequent years, the PA system underwent significant expansion. It began to incorporate additional classifications such as "scenic spots," "forest parks," "geoparks," and "wetland parks." This evolution reflects a broadening scope beyond strict conservation, encompassing the preservation of areas valued for their aesthetic appeal and recreational opportunities (Xu et al., 2019; Zhang et al., 2017). The system comprises nature reserves and nature parks, with nature reserves being established to achieve three primary conservation objectives: preserving natural ecosystems, wildlife, and natural monuments (Xu et al., 2019; Zhang et al., 2017). On the QTP, five main types of natural parks exist, each created for specific conservation goals (Ouyang et al., 2020; Xu et al., 2019). However, the division of protected areas into single-objective categories has resulted in a lack of comprehensive top-level design, leading to overlaps and crossovers in the objectives and substance of various protected areas (Liu and Zhou, 2021; Wu et al., 2011; Xu et al., 2017). To address these issues, China is developing a natural protected area system centered on national parks. The conservation gap analysis presented in this study offers a theoretical basis for identifying candidate areas for national parks on the QTP.
The existing protected areas primarily aim to conserve natural ecosystems, monuments, landscapes, and wildlife (Xu et al., 2019; Zhang et al., 2017). The southeastern region's higher conservation priority in this study is attributed to its significant role in supporting habitat and ecosystem services (Figure 3). Unlike traditional delineation criteria, which often focus on specific ecosystem types or wildlife species, this study employs a combination of indicators to determine priorities. It considers the interconnections between ecosystems and human populations, as well as the integrated conservation of critical wildlife habitats, offering a more holistic approach.
4.4 Synergies and trade-offs among objectives
The findings of this study reveal a synergy between habitat protection and biodiversity conservation, primarily because prioritized habitats are crucial for wildlife. This overlap arises from the shared foundational goal of both strategies: safeguarding the natural environments essential for wildlife survival. However, the study's focus on biodiversity conservation extends to endangered species, indicating that while related, the two themes are not identical. A trade-off exists between habitat and biodiversity conservation and the protection of ecosystem services. Notably, these trade-offs are pronounced in specific regions, such as the Hilly Plateau of Guoluo and Naqu, the Alpine Deep Valleys of Eastern Tibet and Western Sichuan, and the Lake Basins of the Qiangtang Plateau, where compromises between habitat quality and protection are evident (Figure 8, Figure S10). In the Alpine Deep Valleys of Eastern Tibet and Western Sichuan, Kunlun Alpine Plateau, Lake Basins of the Qiangtang Plateau, Southern Tibetan Mountains, Ali Mountains, and Eastern Himalayas, the trade-offs between ecosystem services and biodiversity conservation manifest in various ecological service compromises (Figure 8, Figure S10).
These regional trade-offs highlight unique challenges, such as biodiversity conservation potentially restricting provisioning services like non-timber forest product harvesting or livestock grazing, while certain habitat management practices may adversely affect hydrological services (Joshi et al., 2018). It is crucial to note that these trade-offs do not undermine the ecological importance of conserving ecosystem services. Although motivated by human needs, the conservation of ecosystem services fundamentally aims to preserve ecosystem integrity and functionality. This ecological significance is demonstrated through maintaining ecosystem balance (Chapin et al., 2009), enhancing biodiversity (Cardinale et al., 2012), strengthening ecological resilience (Walker et al., 2004), safeguarding ecological processes (IPBES, 2019), and promoting natural succession (Fernández-Giménez et al., 2012). Compared to habitat and biodiversity conservation, ecosystem services emphasize the interconnectedness of humans and nature, requiring regulated access to natural systems alongside conservation efforts.
The trade-off between scenarios focused on human threats and a balanced approach is particularly significant. This trade-off suggests that areas prioritized for their vulnerability to human threats are less feasible for protection due to potential costs and impacts on social development. Nonetheless, these areas are ecologically vulnerable and critical for conservation. Management strategies in such high-vulnerability areas must carefully balance the benefits and drawbacks of conservation versus restoration (Mu et al., 2022).
Our results underscore the necessity for distinct management objectives, as different goals may necessitate varying management strategies. Implementing multiple objectives within a single protected area can lead to conflicts in management and construction (Wu and Liu, 2017). The balanced scenario can mitigate such conflicts. However, a current challenge in China's natural protected area system is the homogenization of management objectives, leading to unclear goal boundaries. For instance, many parks share similar objectives, complicating targeted conservation efforts.
[bookmark: _Hlk204845622]Future designations of natural protected areas must clearly define primary conservation objectives, while also considering secondary goals and differentiating protection measures accordingly. According to Wu and Liu (2017), for objectives like endangered species protection and wilderness preservation (aligned with habitat and biodiversity goals in this study), absolute protection with strict human activity limits should be pursued. For ecosystem service objectives (e.g., ecosystem integrity, cultural education, ecological recreation), limited use under strict protection is advisable. In areas facing significant human threats, such as population growth and environmental degradation, a comprehensive approach incorporating conservation, restoration (Wang et al., 2017), or both, should be employed, evaluated from economic and ecological perspectives (Mu et al., 2022). Literature suggests that preventing degradation is more cost-effective than reversing or restoring degraded systems (Wiens and Hobbs, 2015; Young, 2000).
China's current nature reserve classification system, which is inconsistent with IUCN standards, categorizes two protected areas as IUCN Class IV, 668 as Class V, and ten as Class VI, with 19 uncategorized (Wang et al., 2011). This unbalanced classification framework inadequately represents China's natural protected areas, resulting in a simplistic spatial configuration. We propose aligning our management system with IUCN standards to facilitate international collaboration and enhance global recognition of China's natural protected areas, supporting their integration into global biodiversity conservation efforts (Wang et al., 2011). The "absolute protection" classification aligns with IUCN Categories Ia and Ib, while "strict protection" corresponds to Categories II through VI, establishing a systematic equivalence between China's hierarchical protection framework and the globally recognized IUCN system.
4.5 Proposals for the establishment of future protected areas
By synthesizing the conservation gap study presented in this paper and the analysis of synergies and trade-offs among various themes (Text S1), we have identified the distribution of new protected areas, conservation objectives, and corresponding conservation measures proposed for each eco-geographic region in the future (Figure S11). Specifically, the Tarim Basin, Turpan Basin, northern flanks of the Kunlun Mountains, Ali Mountains, Hilly Plateau of Guoluo and Naqu, alpine deep valleys of eastern Tibet and Western Sichuan, and the Eastern Himalayas should prioritize the protection of ecosystem services, necessitating strict protection measures (IUCN Classes II, III, IV, V, and VI). Conversely, the Kunlun Alpine Plateau should focus on biodiversity conservation, requiring absolute protection measures (IUCN Classes Ia and Ib). Similarly, the Lake Basin of the Qiangtang Plateau and the broad valleys of Southern Qinghai should concentrate on the protection of biological habitats, also necessitating absolute protection (IUCN Classes Ia and Ib). The newly designated protected areas in the Qilian Mountains of Eastern Qinghai, which encompass most of the Haibei Tibetan Autonomous Prefecture, present a unique challenge due to their rich mineral resources and significant economic potential. Therefore, it is not advisable to implement absolute protection strategies in this region. Instead, a combination of strict protection (IUCN Classes II, III, IV, V, and VI) and restorative measures should be considered, balancing economic development with ecological functions (Mu et al., 2022; Wiens and Hobbs, 2015; Young, 2000).
4.6 Limitations and future directions
[bookmark: _Hlk205991734][bookmark: _Hlk204870487]In this study, protected areas (PAs) served as a spatial representation for biodiversity distribution. This methodology aligns with previous national-scale evaluations in data-deficient areas, such as India, although we recognize its constraints, particularly within the QTP, given the potentially large size, ecological diversity, and varied management of PAs. The application of PAs might not fully encompass the local variations in species richness, endemism, or habitat quality, and could potentially miss substantial biodiversity situated beyond established borders. Subsequent research endeavors would greatly benefit from integrating direct biodiversity indicators, including species occurrence records, richness gradients, or functional traits, once such data become accessible at suitable spatial resolutions. It is important to acknowledge that synergies and trade-offs in conservation efforts are not confined to specific spatial locations, as demonstrated in this study, but can also evolve over time, even in the absence of direct conservation interventions. This temporal change can alter the distribution of "winners" and "losers" within ecosystems. Additionally, the current study does not sufficiently consider the connectivity between protected areas, wildlife migration patterns and ecological corridors/traffic restrictions along linear infrastructure in the planning of new conservation zones. To address this limitation, future research should enhance the existing framework by strategically establishing ecological corridors and traffic restrictions in/between priority conservation zones, thereby facilitating more comprehensive protection of ecosystem functionality. Moreover, the development of evidence-based conservation management strategies for these connectivity areas is crucial. These strategies should encompass habitat restoration protocols, regulation of human activities, and cross-jurisdictional collaborative governance mechanisms to ensure both ecological integrity and operational feasibility.
5 Conclusions
This study developed an indicator system for delineating conservation priority areas suitable on the QTP, integrating habitat, biodiversity, ecosystem services, and human well-being. This study uses a conservation gap analysis to determine where new protected areas should be added in the future, and a synergy and trade-off analysis on the QTP to determine the objectives and management criteria that should be emphasized future in each eco-geographic region. The findings reveal that conservation priorities for habitat, biodiversity, and ecosystem services increase from northwest to southeast, with an overlap of 1.29×105 km² (5.0% of the total area) among the three themes. The relative conservation priorities of the three objectives shows a zonal change (ecosystem services-biodiversity-habitat-ecosystem services) from northwest to southeast. Regions under significant threat include major mining areas, the border between Qinghai and Gansu provinces, and central Tibet. After integrating all themes, both conservation importance priority and conservation viability priority show an increasing trend from northwest to southeast. The priority area within the alpine deep valleys of Eastern Tibet and Western Sichuan (2.85×105 km²) is largest, while that within the Ali Mountains (1.20×104 km²) is smallest. More than 57% of the priority area is still not effectively protected. The study also highlights a notable synergy between habitat protection and biodiversity conservation, while a trade-off exists between these and ecosystem service protection. Furthermore, the trade-off between human threat-focused scenarios and the balanced scenarios underscores the need for targeted conservation interventions in regions facing human pressures. This means that it is not possible to balance all objectives in the designation of protected areas, but rather to focus on the protection of objectives corresponding to scenarios with a higher priority index in the region. The findings provide a scientific basis and theoretical foundation for optimizing the natural protected area system on the QTP, especially for future expansions centered around national parks.
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