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Wilderness plays a crucial role in biodiversity conservation, and its preservation

represents a pivotal objective emphasized in the Post-2020 Global Biodiversity

Framework (GBF). Nonetheless, wilderness frequently faces threats from the

escalating impact of human activities, leading to significant repercussions on

diverse ecological processes. Despite the abundance of previous studies on

wilderness, there has been a limited focus on the temporal dynamics at the local

scale, as well as on identifying the conservation priorities in terms of their

ecosystem services. In this study, taking the Lhasa River Basin in the Qinghai-

Tibet Plateau of China as an example, the spatio-temporal variations of

wilderness were analyzed, and conservation priorities of them were further

identified based on ecosystem services. The results revealed a persistent

decline in the wilderness from 1990 to 2020, particularly in terms of bare land

and grassland. Furthermore, we identified that 33.56% of the remaining

wilderness necessitated special attention. These findings offer valuable insights

into potential future threats to wilderness and hold critical importance for

formulating regional conservation strategies at the local scale.

KEYWORDS
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1 Introduction

The current rates of global biodiversity loss are approximately 100~1000 times greater

than the expected background rate of extinction, and further increases in this biodiversity

loss are anticipated in the future (Pimm et al., 2014). Preserving wilderness areas is the

primary means to address biodiversity loss, and they are the foundation of resiliency for the

changing earth. The term “wilderness” refers to areas predominantly influenced by natural

processes with zero or minimal human interference, characterized by their intrinsic natural

features (Cao and Yang, 2017). In recognition of their importance, the Post-2020 Global

Biodiversity Framework (GBF) identified “retaining existing intact and wilderness areas” as

the principal objective among the 2030 action targets, underscoring the paramount
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significance of wilderness in biodiversity conservation (CBD, 2021).

Moreover, the IUCN Wilderness Protected Areas Management

Guidelines emphasize the intrinsic value of wilderness, which

encompasses a wide range of ecosystem services and fosters

diversity (Casson et al., 2016). Given the vital role that wilderness

plays in addressing the global biodiversity crisis and preserving

ecosystem integrity, the protection and rewilding of wilderness are

imperative for nations committed to genuinely achieving

Sustainable Development Goals (Di Marco et al., 2019).

There is a lack of consensus on how wilderness should be

identified. Pertinent efforts in delineating wilderness primarily

revolve around the notion of a “wilderness continuum,” indicative

of the absence of concrete demarcations, instead proposing more

blurred, indistinct boundaries (Lesslie and Maslen, 1995; Comber

et al., 2010). However, the absence of specific frontiers for wilderness

impedes scientific inquiry andmanagement initiatives related to these

areas. To mitigate the challenges stemming from the indeterminate

boundaries, numerous academic explorations have sought to

establish well-defined peripheries of wilderness. For example, Lin

et al. (2016) employed a cluster analysis encompassing five variables,

categorizing the Three Parallel Rivers region of China into ten

distinct classes, with only level 1 patches exceeding 1.0 km²

qualifying as wilderness. Similarly, Radford et al. (2019) formulated

four distinct criteria to assess wilderness quality on a continuous

scale, applying this methodology to the terrain of Switzerland.

However, the absence of a consistent, universally accepted criterion

for interpreting the wilderness continuum during these analyses

results in substantial discrepancies in wilderness recognition across

varying studies. Addressing this inconsistency, a growing number of

researchers are opting to characterize wilderness by pinpointing

regions minimally impacted by human activities, utilizing the

human footprint index (Di Marco et al., 2019; Sanderson et al.,

2022). Specifically, post the delineation of the regional human

footprint index, regions exhibiting a human footprint of less than 1

are designated as wilderness using the Boolean method, with the

residual regions classified as non-wilderness (Venter et al., 2016; Mu

et al., 2022). This methodology yields a clear-cut cartographic

representation, segregating wilderness and non-wilderness, and

has ascended to mainstream prominence for furnishing

unambiguous demarcations.

With the help of wilderness boundary, previous efforts have

attempted to discern the spatio-temporal changes of wilderness at

different scales. For instance, at the global scale, researchers have

employed diverse approaches to identify wilderness, such as

analyzing human footprints (Venter et al., 2016; Mu et al., 2022),

delineating roadless areas (Ibisch et al., 2016), or assessing human

modification (Kennedy et al., 2019). At the national scale, several

scholars have identified wilderness in various countries (Cao et al.,

2019; Carver et al., 2023). Additionally, some researchers have

mapped the spatial extent of wilderness at the regional scale (Lin

et al., 2016; Măntoiu et al., 2016). These studies have offered

valuable insights to facilitate the effective conservation of

wilderness. However, current large-scale assessments inadequately

provide practical guidelines for on-ground implementation,

highlighting the critical need to identify wilderness at local scales

as a pivotal undertaking to enhance public awareness of their
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protection (Caro et al., 2012). Regrettably, to the best of our

knowledge, relatively limited studies have investigated wilderness

at the local scale, impeding conservation efforts on the ground

(Watson et al., 2016; Mu et al., 2022). More importantly, current

local scale researches rarely explored the temporal dynamics of

wilderness, resulting in a situation that we still know very little

about the land types where the loss and increase in wilderness is

primarily occurring, which indirectly hinders wilderness

preservation efforts.

Despite the significance of preserving wilderness as a proactive

measure for biodiversity and ecosystem conservation (Watson et al.,

2016; Di Marco et al., 2019), not all wilderness exhibits high

conservation value in conservation practice or in a legal sense

according to current knowledge (Mittermeier et al., 2003; Cao

et al., 2022). Meanwhile, the constraints of conservation

resources, including human and financial capacities, render it

nearly impractical to encompass all wilderness within protected

area networks, which will undoubtedly undermine the global target

of protecting 30% of the planet by 2030 (Wu et al., 2014). Therefore,

substantial efforts are still required to identify priority wilderness to

establish practical conservation guidelines. Consequently, several

studies have investigated the conservation priorities related to

wilderness, mainly by measuring the degree of congruence

between wilderness and protected areas (Watson et al., 2009;

Kuiters et al., 2013). However, these studies lack the appropriate

quantitative assessment of conservation value for wilderness. In

recent years, with diverse models such as InVEST and ARIES,

ecosystem services maps can be generated at various scales. Hence,

it is reasonable to identify priority conservation regions for

wilderness based on their ecosystem services (Cao et al., 2022).

The Lhasa River Basin is the most developed and populated area

in Tibet Autonomous Region of China, and is also an ecological

fragile area (Han et al., 2023). Given the rapid growth experienced

since the 21st century, it is facing a series of ecological and

environmental problems (Shui et al., 2018; Zhang et al., 2021;

Han et al., 2023). Recent pan-China mapping of wilderness

indicates that the Qinghai-Tibet Plateau contain some significant

wilderness areas (Cao et al., 2019). However, due to limitations on

the resolution, the spatio-temporal pattern of wilderness for the

Lhasa River Basin remain poorly understood. Therefore, there is a

distinct need for researches to map and evaluate wilderness of the

Lhasa River Basin, in order to focus conservation efforts in terms of

their ecosystem services. Given these, this study takes the Lhasa

River Basin as a case study to examine the following two questions:

(1) How has wilderness changed over the past three decades?

(2) Which wilderness regions should be designated as

conservation priorities?
2 Methods

2.1 Study areas

Situated in the southern region of the Qinghai-Tibet Plateau,

the Lhasa River basin serves as the economic and demographic

center of Tibet prefecture, encompassing a drainage area of 32,592
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km2 that stretches from 29°20’ to 31°15’ N and 90°05’ to 93°20’ E

(Figure 1). It represents the largest and most significant tributary of

the Yarlung Zangbo River, functioning as the primary water source

for the city of Lhasa. The basin features mountains and deep gorges

that span an elevation range of 3,538 to 7,114 meters, characterized

by a gentle slope from the northeast to the southwest. The basin

exhibits a typical continental plateau semi-arid monsoon climate,

characterized by an average annual temperature of 7.7°C and mean

annual precipitation of approximately 440 mm (Bai et al., 2014).

The basin predominantly encompasses vegetation types such as

alpine shrub-steppe, alpine steppe, alpine meadow, and cushion

vegetation (Yang et al., 2023).
2.2 Data collection and processing

2.2.1 Wilderness areas
In this study, wilderness areas are defined as regions that

maintain their inherent natural characteristics while experiencing

minimal human influence (Casson et al., 2016). Drawing upon

previous research (Venter et al., 2016; Mu et al., 2022), we employed

the Human Footprint index to assess the extent of human activity

disturbance and identify wilderness areas, which is a measurement

of human pressure on the landscape scaled between 0 and 1 (Di

Marco et al., 2019). Specifically, we initially gathered seven variables

encompassing different aspects of human pressures, such as human

population density, cropland extent, built environments, grazing

density, nighttime lights, roads and railways, and hydropower

projects. Subsequently, we produced a time series dataset

depicting the human footprint with a resolution of 100 meters.

Consequently, wilderness was defined as regions exhibiting a
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human footprint index value lower than 1. Additional details

pertaining to each indicator can be found in the following section.

2.2.1.1 Population density

Human population density is generally regarded as a key indicator

of resource consumption and has been extensively employed to

evaluate the influence of human activities on natural ecosystems

(Sanderson et al., 2002). The human population density data for the

years 2000, 2010 and 2020 were obtained from Worldpop (https://

hub.worldpop.org/geodata/, accessed on 23rd Feb 2023), while the

data for the years 1990 and 2000 were acquired from the Resource and

Environment Science and Data Center (https://www.resdc.cn/,

accessed on 22nd Feb 2023). Due to the discrepancies observed in

the two datasets, linear regression was employed to correct the 1990

and 2000 population density data downloaded from the Resource and

Environment Science and Data Center, and the population data in

2000 was used for accuracy verification. The results showed that there

is general agreement for the population density in 2000 between the

two datasets, with the Mean Absolute Error (MAE) and Root Mean

Square Error (RMSE) of 0.0002 and 0.038, respectively. Thus, after

data processing, these two population density datasets can be used

together for long time series analysis.

Areas with population densities surpassing 10 persons/hm2

were assigned a pressure score of 10, while areas with densities

below 10 persons/hm2 were assigned scores on a logarithmic scale

ranging from 0 to 10, following a mathematical equation (Zeng

et al., 2022).

HPDscore = Zp � log10(HPD + 1) (1)

where HPD represents human population density unit person/

hm2, HPDscore represents the score of HPD, and Zp is a constant. To
FIGURE 1

Location of the study area in Lhasa River Basin. Based on the boundary data from HydroSHEDS (www.hydrosheds.org), the Lhasa River Basin can be
divided into six sub-regions: 1-upper reach, 2-middle reach, 3-downstream reach, 4-Sang Qu River reaches (SQ), 5-Na Qu River reach (NQ), and 6-
Dui Long Qu River reach (DLQ).
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ensure that when HPD = 10 person/hm2, HPDscore reaches its

maximum value of 10, Zp is set to 9.602525678 in this study.

2.2.1.2 Cropland and built environments

Cropland and built environments, including settlements,

industrial and mining land, and all impervious surfaces, are

human-created zones that serve as the backdrop for human

activity, which may possibly contribute to biodiversity

degradation (Folberth et al., 2020; Hua et al., 2022). The cropland

and built environments data for the Lhasa River Basin were

extracted from the initial Landsat-derived annual China land

cover dataset, spanning the period from 1990 to 2020 (Yang and

Huang, 2021). Accordingly, a pressure score of 7 and 10 was

assigned to cropland and built environments, respectively (Venter

et al., 2016).

2.2.1.3 Grazing density

Grazing represents the predominant human activity on the

Qinghai-Tibet Plateau (Liu et al., 2022). In this study, we used seven

indicators including livestock numbers, human population density,

altitude, slope, temperature, precipitation, river distance, and

human-induced net primary productivity (HNPP) to simulate the

distribution of grazing intensity. Livestock data were obtained from

the Tibet Statistical Yearbook of each year (Statistical Bureau of

Tibet, 2021). Digital Elevation Model (DEM) data were downloaded

from the Geospatial Data Cloud platform (https://www.gscloud.cn/,

accessed 21st Dem 2022). Monthly air temperature and

precipitation were acquired from the National Earth System

Science Data Center of China (http://www.geodata.cn, accessed

on 18th May 2022). HNPP was determined by calculating the

difference between climate-driven potential NPP and actual NPP

(Zhou and Lu, 2022). In addition, we developed a livestock

spatialization model using extra tree algorithms to map the

grazing density pattern (Li et al., 2021). Subsequently, we

assigned values ranging from 0 to 10 to the respective areas using

the following equation as population density do.

GDscore = Zg � log10(GD + 1) (2)

where GD represents grazing density, unit sheep/hm2 and G

Dscore represents the score of GD, respectively. Zg is a constant, to

ensure that when GD = 10 sheep/hm2, GDscore reaches its maximum

value of 10, Zg is set to 9.602525678.
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2.2.1.4 Nighttime lights

Nighttime lights data exhibits a robust correlation with electricity

consumption and serves as a reliable proxy for measuring human

development. In this study, we downloaded the DMSP-OLS dataset

and the SNPP-VIIRS dataset from the National Earth System Science

Data Center of China (http://www.geodata.cn, accessed on 19th May

2022). Subsequently, according to previous study (Venter et al.,

2016), the nighttime lights data were then divided into 11

categories from 0–10 by using an equal quintile approach.

2.2.1.5 Roads and railways

Roads and railways exert a significant influence on natural land

by causing fragmentation, connecting human settlements, and

providing land access (Trombulak and Frissell, 2000). The road

and railway data were acquired from the National Earth System

Science Data Center of China (www.geodata.cn, accessed on 2nd

February 2023). Considering the greater impact of higher-level

roads compared to lower-level roads (Li S. et al., 2018), we

assigned distinct scores based on five road types and their

proximity to map both direct and indirect influences (refer to

Table 1). Moreover, a value of 8 was assigned to regions located

within a 500 m distance from the railways (Venter et al., 2016).

2.2.1.6 Hydropower projects

Hydropower projects are prevalent human activities in the

Qinghai-Tibet Plateau, serving as a significant energy source.

However, they also have unavoidable adverse impacts on the

ecosystem (Li et al., 2015). The hydropower dams on the Tibet

Plateau were obtained from the Large Dam Safety Supervision

Centre, National Energy Administration of China (https://

dam.nea.gov.cn). We assigned varied scores to the dams based on

their power generation capacity and proximity (refer to Table 2)

(Venter et al., 2016).

2.2.2 Land use and land cover
The land use and land cover data were acquired from the Land-

sat-derived annual China land cover dataset at a resolution of 30 m

(Yang and Huang, 2021). The datasets contain nine land use types

in the Lhasa River basin, including cropland, forest, shrub,

grassland, water, snow/ice, barren land, impervious surfaces, and

wetland. Subsequently, we applied the nearest neighbor

interpolation method to resample the land use and land cover
TABLE 1 Human footprint scores for different road types.

Road type 0–1 km 1–5 km 5–7 km 7–10 km

Expressway 10 8 7 5

National-level highway 10 8 4 2

Provincial-level highway 8 6 2 0

County-level highway 6 4 1 0

Other roads 4 2 0 0
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data to a spatial resolution of 100 m, ensuring consistency across

all datasets.

2.2.3 Ecosystem service
The dataset for ecosystem services was obtained from the

National Tibetan Plateau Data Center (http://data.tpdc.ac.cn/,

accessed on January 12th, 2023). It includes five ecosystem

services, including soil retention, water yield, carbon fixation,

biodiversity, and climate regulation. We then calculated the total

values of ecosystem services per hectare and classified the patches

into five levels using the natural breaks method, including.

2.2.4 Vector data
The boundary of Lhasa River Basin and its sub-regions were

downloaded from HydroSHEDS (www.hydrosheds.org). The

boundary of nature reserves were obtained from National

Forestry and Grassland Data Center (http://www.forestdata.cn).
2.3 Trends analysis of Wilderness

In this study, we selected the index of status, direction and trend

(Ps), net change (Nc), total change (Tc) to characterize the dynamic

changes in wilderness areas from 1990 to 2020 (Luo et al., 2008).

The net change (Nc) and total change (Tc) are defined as:

Nc =
Ub − Ua

Ua
=
DUin − DUout

Ua
(3)

Tc =
DUin + DUout

Ua
(4)

where Ua and Ub represent the area of wilderness at the initial

and last stages, respectively. DUin and DUout represents the gain and

loss of wilderness areas over the period, respectively.

Based on Equal (3) and (4), Ps is defined as follows:

Ps =
Nc

Tc
=
DUin − DUout

DUin + DUout
 and 

− 1 ≤ Ps ≤ 1, DUin + DUout ≠ 0

(5)

when DUin + DUout = 0, indicates that wilderness areas have

remained unchanged. If 0 < Ps ≤ 1, the index indicates wilderness

is expanding with an increasing trend. When −1 ≤ Ps < 0, the

index indicates wilderness is shrinking with a decreasing trend.

Additionally, the value of Ps is further divided into the following

four types.
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(1) 0 ≤ ∣ Ps ∣ ≤ 0:25: wilderness change is interpreted to reach a

balance, and wilderness gained equal to or slightly differ from

the lost.

(2) 0:25 ∣ Ps ≤ 0:5: wilderness change is in quasi-balanced

status, and the gained area is prominently larger or less than the lost

(3) 0:5 ∣ Ps ≤ 0:75: wilderness change is characterized by an

unbalanced status, and the gained area is much greater or much less

than the lost.

(4) 0:75 ∣ Ps ≤ 1: wilderness change is in extremely unbalanced

status. Wilderness keeps increasing without or with little loss, or

keeps decreasing without or with little increase.
2.4 Identifying conservation priorities
of wilderness

Wilderness patches exhibiting higher ecosystem service values

were ascertained to possess elevated conservation priority. The per-

hectare total ecosystem service value, denoted as Ej, for each

wilderness patch was computed. This metric incorporates five

distinct ecosystem services: soil retention, water yield, carbon

fixation, biodiversity, and climate regulation. The formulation is

delineated as follows:

Ej =
ESVsum

S
(6)

where ESVsum represents the sum value offive ecosystem service

provided by wilderness patch, unit yuan, S represents the area of

the patch.

Based on the Ej value of each patch, the wilderness patches were

categorized into five levels from 0–5 using the natural break

method. A higher Ej value corresponds to a higher level,

signifying an increased conservation priority for the patch.
3 Results

3.1 Contemporary pattern of wilderness

The wilderness covered a total area of 4,393 km2 in 2020,

representing 13.5% of the Lhasa River Basin (Figure 2). It consisted

of 16,805 patches ranging in size from 0.01 km2 to 995 km2. Despite

only 1.6% of these patches were larger than 1 km2, they constituted

83.9% of the total wilderness areas. Spatially, the wilderness had a

predominant distribution in the upper reach, accounting for 26% of

the total wilderness area. It was followed by the DLQ reach (19.4%),
TABLE 2 Human footprint scores for hydropower projects.

Type Dam Region 0.5–1 km 1–1.5 km 1.5–2.5 km 2.5–5 km

Large hydropower
(≥100 MW/h)

10 8 4 2 1

Small and medium hydropower
(<100 MW/h)

10 2 1 0 0
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downstream reach (18.3%), middle reach (15.6%), NQ reach

(12.2%), and SQ reach (8.6%). Notably, there were extensive

wilderness patches in the NQ reach and DLQ reach, primarily

situated in the northwest of the study area. Furthermore, there was

limited wilderness along the rivers, as the majority of the large

patches were observed in mountainous areas. Regarding the ratio of

the wilderness area to the total land area in each reach, the middle

reach had the highest ratio (22.2%), followed by the DLQ reach

(18.9%), SQ reach (18.5%), upper reach (17%), NQ reach (14.6%),

and downstream reach (5.7%).

Barren was the dominant component of the wilderness,

covering an area of 2,242 km2 (51%), followed by grassland

(1,190 km2, 27%), snow/ice (782 km2, 17.8%), water (131 km2,

3%), and forest (48 km2, 1.1%). Nearly all snow/ice areas within the

Lhasa River Basin were classified as wilderness (98.2%), followed by

water (82.6%) and barren (69.9%). In contrast, forest, shrub, and

grassland accounted for a small proportion of the wilderness,

accounting for 11.2%, 4.9% and 4.3%, respectively. Importantly,

despite only 4.3% of the grassland being identified as wilderness, it

constituted more than 85% of the total basin area, establishing

grassland as the primary component of the wilderness.
3.2 Spatio-temporal changes from
1990 to 2020

3.2.1 Spatial changes
Figure 3 illustrates the spatial distribution changes of wilderness

from 1990 to 2020. The wilderness accounted for 21.4% in 1990,

17.3% in 2000, 16.6% in 2010, and 13.5% in 2020, respectively.

Furthermore, the wilderness was predominantly concentrated in

the mountainous regions of the upper and middle reaches of the

Lhasa River, characterized by less human inhabitation. In addition,
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the wilderness was also observed in the western study area,

primarily in the NQ reach and the DLQ reach.

In terms of the spatial dynamics between 1990 and 2000, the

wilderness experienced a loss of 1,459 km2, while 136 km2 of land

underwent transformation into wilderness. The most significant

changes in the wilderness took place in the grassland, accounting for

79.2% of the loss and 82.7% of the gain. During the period from 2000 to

2010, the wilderness experiencedminor changes, with a loss of 681 km2

and a gain of 447 km2. Likewise, the loss of wilderness primarily

occurred in the grassland, accounting for 72.70%, whereas the gain was

predominantly observed in both the grassland (44.3%) and barren

(43.2%). Nevertheless, there was a significant intensification of

wilderness loss during the 2010–2020 period, which predominantly

occurred in the relatively flat areas on both sides of the river due to the

higher intensity of human activities in those regions. Specifically, there

was a total area of 1,445 km2 of wilderness loss and a gain of 437 km2.

The wilderness changes were mainly observed in grassland and barren,

with 66.1% of the loss occurring in grassland and 23.1% in barren, and

35.5% of the gain occurred in grassland and 52.8% in barren. It is worth

noting that the wilderness in the SQ reach, NQ reach, and DLQ reach

remained stable due to minimal human activities in the alpine regions

characterized by perennial snow.

3.2.2 Temporal changes
Figure 4A illustrates the changes in wilderness areas between

1990 and 2020. It can be seen that the total area of wilderness has

decreased from 6,957 km2 in 1990 to 4,393 km2 in 2020, indicating

an average reduction rate of 85 km2 per year. Notably, the most

substantial decline in wilderness occurred from 1990 to 2000, with a

reduction rate of 132 km2/a. The loss rate of wilderness decreased to

23 km2/a from 2000 to 2010. However, the development of

infrastructure for economic purposes has resulted in an increased

loss of wilderness areas during the period from 2010 to 2020, with a
FIGURE 2

The wilderness map for the year 2020. The pie charts represent the proportion of each land use composition of wilderness.
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reduction rate of 100.73 km2/a. Regarding each sub-reach, the

upper reach of the Lhasa River experienced the highest loss

rate of wilderness at 26.74 km2/a, followed by the middle reach

(16 km2/a), upper reach (23.31 km2/a), NQ reach (7 km2/a), DLQ

(6.8 km2/a), and SQ reach (5.2 km2/a).
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The dynamic changes of wilderness were characterized by

calculating the indices of status, direction, and trend (Ps), net

change (Nc), and total change (Tc) (Table 3 and Figure 4B). It can

be seen that throughout the entire period, Nc remained below zero,

indicating a persistent loss of wilderness. In the period from 1990 to
B

C D

E F

A

FIGURE 3

Spatial distribution of wilderness in Lhasa River Basin during 1990–2020 (A–D), overall change of wilderness during 1990–2020 (E), and the dynamic
changes for the proportion of wilderness (F). ①-upper reach, ②-middle reach, ③-downstream reach, ④-SQ reach, ⑤-NQ reach, ⑥-DLQ reach.
BA

FIGURE 4

Changes in (A) areas and (B) trends of wilderness in the Lhasa River Basin from 1990 to 2020. Ps represents the index of status, direction and trend.
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2000, Ps was –0.83, indicating a highly unbalanced one-way

transition where wilderness areas consistently declined with

minimal gains. Conversely, from 2000 to 2010, Ps decreased to

–0.21, indicating a balanced two-way transition with a slight

wilderness loss exceeding the gain. However, in the period from

2010 to 2020, Ps was –0.54, indicating an imbalanced status where

the loss of wilderness surpassed the gain. Notably, Tc reached its

maximum value of 0.35 in the 2010–2020 period, reflecting the

most substantial changes in wilderness areas. Specifically, a total of

1,444.7 km2 of wilderness was lost, whereas 437.44 km2 of land

underwent transition to wilderness. Among the sub-reaches, the
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downstream reach experienced the most notable change, with an

average Nc of –0.22 and T_c of 0.39. Furthermore, apart from the

upper reach, the Ps in other reaches represented an unbalanced

status (−0:75 < Ps ≤ −0:5), suggesting that the loss of wilderness

was much greater than the gain.
3.3 Conservation priorities of wilderness

The conservation priority regions of wilderness in the Lhasa

River Basin were mapped, taking into account the combined value
TABLE 3 Changes in wilderness areas in the Lhasa River Basin from 1990 to 2020.

Regions
1990–2000 2000–2010 2010–2020

Nc Tc Nc Tc Nc Tc

Upper reach –0.27 0.36 –0.06 0.29 –0.07 0.34

Middle reach –0.16 0.17 –0.05 0.20 –0.31 0.49

Downstream reach –0.29 0.32 –0.02 0.26 –0.35 0.58

SQ reach –0.15 0.19 –0.08 0.22 –0.07 0.20

NQ reach –0.09 0.10 –0.07 0.15 –0.14 0.22

DLQ reach –0.04 0.05 –0.01 0.04 –0.14 0.17

Total –0.19 0.23 –0.04 0.20 –0.19 0.35
Nc represents the net change and Tc represents the total change.
FIGURE 5

Conservation priorities of wilderness patches in the Lhasa River Basin. ①–⑥ represent the same reach as in Figure 3.
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of five ecosystem services (Figure 5). Consequently, a total of 502

wilderness patches were classified as conservation priority regions,

exhibiting relatively higher values of ecosystem services (levels 4

and 5). These regions spanned an area of 1,475 km2, representing

33.6% of the entire wilderness area. In particular, the DLQ reach

and NQ reach exhibited the highest concentration of conservation

priority patches, accounting for 49.2% and 33.5% of the total

identified regions, respectively. The downstream reach followed

with 8.8%, while the upper reach, middle reach, and SQ reach

accounted for 5.8%, 2.6%, and 0.1%, respectively.

Spatially, wilderness patches classified as level 5 were observed

in the northeastern upper reach and the eastern downstream reach.

Furthermore, many wilderness patches categorized as level 4 were

situated in the western section of the study area, primarily

encompassing alpine regions characterized by perennial snow.

These wilderness patches classified as level 5 and level 4 were

identified as the core conservation regions due to their capacity to

provide substantial ecosystem services. Wilderness patches

categorized as level 3 were predominantly distributed in the

eastern portion of the study area, at the confluence of the upper

and middle reaches. Conversely, wilderness patches classified as

level 2 were mainly observed in the SQ reach and the western upper

reach. These regions provided relatively limited ecosystem services

and are classified as general conservation regions. Wilderness

patches categorized as level 1 were dispersed throughout the

entire basin, with each patch generally being small in size.

However, due to their vulnerability to human activities stemming

from their proximity to human habitation, these scattered patches

pose challenges for effective management and may entail substantial

conservation costs. Consequently, we classified these areas as

extensive conservation regions.
4 Discussion

4.1 Spatio-temporal variations
of wilderness

Previous global examinations mapping wilderness areas

utilizing the human footprint index reveal a mere 20% to 25% of

the world’s untouched territories persisting (Williams et al., 2020;

Mu et al., 2022). Specifically within China, approximately 21.3% of

extant wilderness is dispersed across Tibet (Cao and Yang, 2017).

Nonetheless, attributable to the constraints of resolution inherent in

large-scale investigations, these studies fall short in accurately

depicting the distinct attributes of local-scale wilderness. For

instance, findings from this research indicate that wilderness

within the Lhasa River Basin constitutes merely 13.5% of the

entire basin, a crucial feature has not been effectively

demonstrated in previous studies.

Wilderness areas in the Lassa River basin exhibit significant

spatial heterogeneity. In general, the middle and upper reaches

exhibit a greater proportion of wilderness compared to the relatively

flat downstream areas. This distribution pattern is largely consistent
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with the findings of previous studies, such as in the three parallel

rivers region in southwest China, which showed that wilderness

areas predominantly exist within high mountainous and deep valley

regions (Lin et al., 2016). The underlying reasons for this pattern

primarily stem from the harsh natural environment in the upper

reaches and the steep and rugged terrain in the mountainous areas

of the middle reach, which act as barriers to human activities.

Consequently, these factors contribute to the preservation of a

higher proportion of wilderness in these regions. Unfortunately,

most of the remaining wilderness in the Lhasa River Basin is barren

land that cannot be directly used by human beings.

This study also reveals that the areas adjacent to the Lhasa River

have experienced significant wilderness loss, particularly in the

downstream regions, indicating their higher vulnerability to

human activities. In contrast, the wilderness in the middle and

upper reaches of the Lhasa River has remained relatively stable,

consistent with findings in other watersheds (Zhang et al., 2021;

Cao et al., 2022; Zhang et al., 2023). Consequently, the smaller and

fragmented wilderness in the lower Lhasa River region faces a

greater risk of loss compared to the relatively larger and more intact

wilderness in the middle and upper reaches.

Over the past few decades, the Lhasa River Basin has

experienced a consistent decline in the wilderness, which was in

line with global trends (Venter et al., 2016; Mu et al., 2022). This

decline can be attributed primarily to the intensification of human

activities. For example, the resident population of Lhasa city has

surged by approximately 510,000 people, or 143.38%, between 1990

and 2020. This population growth has undoubtedly escalated

resource consumption, directly or indirectly contributing to the

continuous loss of wilderness. Furthermore, barren constitutes a

significant component of the wilderness in the Lhasa River basin,

and the reduction of bare land over the past three decades has also

resulted in the loss of wilderness (Wang et al., 2023). In this study,

the loss of wilderness is predominantly observed in grasslands. On

one hand, the expansion of towns and roads in the Lassa River basin

has encroached upon grasslands, leading to the loss of wilderness in

these areas (Nie et al., 2023). On the other hand, intensified grazing

activities have transformed previously undeveloped grasslands into

grazing areas, further exacerbating wilderness loss (Meng et al.,

2023). In contrast, the study also reveals instances of wilderness

expansion in certain areas of the Lhasa River basin. This is primarily

due to grassland degradation caused by overgrazing, rendering

some grassland originally used for grazing unsuitable for grazing

and resulting in rewilding and an increase in “wilderness” (Niu

et al., 2019; Xiang et al., 2021).
4.2 Wilderness requiring
proactive conservation

There are currently three nature reserves in the Lhasa River

basin, including the Lhalu wetland nature reserve, Mcdika wetland

nature reserve, and Black-necked crane national nature reserve

(Figure 6). These reserves collectively cover an area of
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approximately 2,574 km2, accounting for 7.9% of the total basin

area. Overlay analysis of wilderness and protected areas reveals that

only about 109 km2 of wilderness is situated within protected areas,

representing less than 3% of the total wilderness area. Considering

the crucial importance of wilderness in biodiversity conservation, it

becomes evident that the existing nature reserves in the Lhasa River

basin are far from adequate. Therefore, this study identifies priority

conservation areas for wilderness, and provides a scientific

foundation for establishing and planning future protected areas in

the Lhasa River Basin.

The identification of priority protection areas for wilderness

highlights certain regions that deserve special attention. First of all,

the wilderness in the upper Lhasa River, particularly the surrounding

area of Mcdika Wetland, holds significant conservation value.

However, the Mcdika Wetland has experienced a decline in size

and a weakening of its ecological services in recent decades, primarily

due to intensified human activities (Li Y. et al., 2018). Consequently,

it is crucial to implement effective controls or even prohibitions on

human activities in this area to enhance the protection of the

remaining wilderness and ensure ecosystem stability in the

upstream region.

Additionally, it is essential to prioritize the conservation of the

clusters of wilderness patches located in the middle reaches of the

Lassa River (NQ and DLQ reaches) and at the junction of the upper

and middle reaches. In comparison to other areas, these regions

contain larger wilderness patches and exhibit superior connectivity.

Regions with larger wilderness are considered to possess greater

buffering capacity against extinction risks and are more effective in

ensuring species persistence (Di Marco et al., 2019). Unfortunately,

these areas lack any existing protected areas. Consequently, these

areas also deserve special attention.
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Lastly, special attention should be directed towards the small

wilderness patches with high ecosystem service values surrounding

the city of Lhasa in the lower Lhasa River. These areas face

significant threats from increasing traffic development, urban

expansion, and grazing activities, posing a serious risk to their

natural ecosystems (Meng et al., 2023; Nie et al., 2023). It is crucial

to acknowledge that these small wilderness patches are more

susceptible to loss compared to larger and more intact wilderness

(Cao et al., 2022). Nevertheless, considering the vital role these

small wildernesses play in local biodiversity conservation, rigorous

control measures or ecological restoration projects should be

implemented to facilitate land rewilding in these areas.
4.3 Uncertainties and future
research directions

There are inevitably some uncertainties and limitations

associated with this study, particularly pertaining to data

integrity, wilderness conceptualization, and the delineation of

classification thresholds. Although seven variables were employed

to encapsulate diverse human-induced pressures, they inadequately

mirror actual human endeavors and the full spectrum of

biodiversity conservation threats (Fu et al., 2021), thereby

introducing potential result inaccuracies. Notably, the inability to

factor in the entirety of human impacts might have led to an

understated human footprint index (Venter et al., 2016).

Additionally, while the ecosystem services dataset harnessed here

is among the most comprehensive, its omission of certain ecosystem

services may inject ambiguity into conservation priority

assessments for wilderness. The metrics and scales chosen for
FIGURE 6

The spatial distribution of Nature Reserves and wilderness in the Lhasa River Basin.
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wilderness quantification can introduce variabilities in wilderness

cartography, contingent on their inherent values (Carver et al.,

2012; Feizizadeh et al., 2014). Such combined uncertainties mean

that area and percentage of wilderness presented in this study might

either be overestimates or underestimates.

Thus, further researches should be paid more attention to the

above uncertainties and limitations related to data gaps. To

illustrate, the human pressures and the ecosystem services in the

Lhasa River Basin need to be investigated further at adequate

resolutions to craft more detail information across different

spatial and temporal scales. Moreover, the results need further

validation and optimization using relevant data with higher

resolution and accuracy in the future.
5 Conclusions

Municipal governments must intensify endeavors to effectively

enact the post-2020 global biodiversity framework, aimed at halting

and reversing the worsening biodiversity trends to achieve the 2050

Vision. This study analyzed the spatio-temporal changes of

wilderness within the Lhasa River Basin on the Qinghai-Tibet

Plateau over the preceding three decades, and further determined

conservation priorities of wilderness according to their ecosystem

service. The findings revealed that wilderness in the Lhasa River

Basin predominantly distributed in the eastern and northwestern

territories of the basin, mainly comprising barren, grasslands, and

glaciers. Throughout 1990 to 2020, wilderness overall experienced a

continuous decline, with a substantial loss outweighing any gains.

Notably, wilderness loss predominantly occurred in grasslands,

whereas wilderness increases were primarily observed in barren.

From a spatial perspective, the most significant decline in

wilderness occurred in areas along the rivers, particularly in the

lower reaches of the Lhasa River. Additionally, the study indicates

that not all wilderness is remote, positing important implications

for conservation practice. This research also highlight that the

attention needs to be strengthened, particularly to wilderness in

the upper Lhasa River, the northwestern region, and small patches

of wilderness surrounding cities. We call for urgent conservation

actions to prevent further wilderness loss in the Lhasa River Basin, a

critical step toward achieving the post-2020 global biodiversity

conservation objectives.
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