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Abstract: The Three-River Headwaters Region (TRHR) is an important part of the ecological security
barrier of the Qinghai-Tibet Plateau in China. Twenty years after the implementation of the TRHR
ecological protection and construction project, the restoration degree and restoration potential of
its major ecosystem services still lack clear quantification. In this paper, taking the core area of
the nature reserve as the climax background of the TRHR zonal ecosystem, based on the multiple
regression analysis (MLR) and model parameter control method based on the eco-geographical area,
ecosystem types, and climate factors; the climax background, restoration degree, and restoration
potential of TRHR'’s water retention (WR), soil retention (SR), and windbreak and sand fixation (WD)
services were quantitatively researched. The main conclusions were as follows: (1) The evaluation
method of climax background, restoration degree, and restoration potential based on fractional
vegetation cover (FVC) can accurately quantify the regional differences of the restoration degree
and restoration potential of TRHR's key ecosystem-regulating services. The restoration degree and
restoration potential of WR and SR services showed a spatial pattern of high in the southeast and low
in the northwest, and the restoration degree and restoration potential of WD services showed a spatial
pattern of high in the west and low in the east, which was closely related to natural conditions such
as precipitation and wind speed. (2) The proportion of restoration potential to climax background for
WR, SR, and WD services were 48.38%, 62.15%, and 56.37%, respectively. (3) The implementation of
the TRHR ecological project in the future should focus on the vicinity of the 400 mm dry and wet
zone dividing line, as well as in the southeastern mountains, hills, and river valleys, to carry out
degraded vegetation restoration and soil and water conservation measures to improve ecosystem
services. Near-natural restoration measures should be considered in Zhiduo and Geermu in the
western part of the TRHR, where wind erosion is high, and the restoration goals of ecological projects
should be formulated in combination with local climatic conditions and restoration potential.

Keywords: vegetation coverage; ecosystem services; zonal climax background; restoration degree;
restoration potential

1. Introduction

Known as the Chinese Water Tower, the Three-River Headwaters Region (TRHR) is an
important part of the ecological security barrier of the Qinghai-Tibet Plateau [1,2]. Since
the 1970s, under the combined influence of climate change and human activities, the TRHR
ecosystem has undergone extensive and continuous degradation [1,3], directly threatening
the stable performance of ecosystem services such as water retention [4]. In the past 20 years,
some ecological projects such as returning grazing land to grassland [2,4-6] have been
taken in the TRHR to restore and improve regional ecosystem services [7]. In the context
of ecological civilization construction in China, timely understanding of the restoration
degree and restoration potential of local ecosystem-regulating services is significantly
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helpful for scientifically formulating ecological engineering protection and construction
goals, formulating and optimizing ecological protection and restoration measures, and
strengthening national ecological security barriers [7,8].

However, with the current research on ecosystem restoration, it is difficult to accu-
rately quantify the regional differences in the restoration degree and restoration potential of
ecosystem services; consequently, it cannot effectively support the precise implementation
of ecological projects, and reduce the efficiency of capital use. Ecosystem restoration is
the restoration of the ecological functions of degraded ecosystems so that they possess the
same level of self-sustainability, integrity, and sustainability as natural ecosystems [9,10].
A complete ecosystem should be one that is free from human disturbance or as little as
possible [11], and can be used as the climax background to evaluate the entire ecosys-
tem [7,12], such as ecosystems in natural protected areas [7]. Because the natural variability
of ecosystems is affected by both biotic and abiotic factors, the natural endowments of
different ecosystem types under different environmental conditions are quite different, so
the climax background needs to be determined by division and type [7,13].

However, there are still some questions that remain unsolved as follows: (1) Ecolog-
ical parameters climax background acquisition: Current ecosystem restoration potential
research often focuses on easily measurable indicators such as Fractional vegetation cover
(FVC), productivity, biomass, and plant diversity [13-15]. Constrained by the difficulty in
obtaining zonal climax background ecological parameters [13] and the complexity of ecosys-
tem service simulation, there are relatively few studies on ecosystem service restoration
potential. (2) The scale expansion uncertainty of climax background ecological parameters
is large [15]. For example, some scholars have evaluated the carbon sequestration status
and potential of grassland [16], wetland [17], and forest [18] ecosystems in China based on
localization experiments, literature, or survey data. The research on carbon sequestration
potential is difficult to extend to the regional scale. Zhang et al. [19] used model simulation
methods to calculate grassland production potential based on precipitation, air temper-
ature, and evapotranspiration, but this method focused on meteorological elements and
ignored zonal climax vegetation differences. Zhao et al. [20] used a similar habitat method
on the Loess Plateau to predict the maximum restoration potential of future vegetation
coverage in each subregion, but the restoration potential of FVC in each subregion ignores
the continuous spatial difference of the water and heat conditions. In addition, most areas
of the Loess Plateau have been disturbed by humans, and the FVC obtained by geosta-
tistical methods did not represent the zonal climax background. (3) Parameter selection
of ecosystem service restoration potential assessment model: Regional ecosystem service
assessments often require large-scale data such as land use/land cover (LULC) and FVC
as input parameters [21-23]. Depellegrin et al. [23] used LULC data in Lithuania to assess
the restoration goals and restoration potentials of regional regulation, supply, and cultural
services by using expert rating scale methods, but the result was greatly affected by expert
knowledge and subjective factors. According to Tariq’s research on region-specific unit
values for land cover supplying ecosystem services, the resulting value of the realized
ecosystem services is about 50% of the value of the potential ecosystem services per year
for Southern Ontario [24].

So, it is urgent to make new breakthroughs in ecosystem service assessment methods
focusing on climax background, restoration degree, and restoration potential, in order
to support scientific decision making and effective implementation of future ecological
projects. The long-term construction of TRHR nature reserves and national parks has
effectively reduced human disturbance to the ecosystem in the core area [25] and protected
the authenticity and integrity of its ecosystem, which provides an ideal reference for the
study of ecosystem services climax background. FVC is one of the most important indica-
tors to measure the condition of surface vegetation [26-29], which is more sensitive to the
impact of climate change and human activities [30-33] and can effectively characterize the
ecological effect of ecological engineering [34]; it is also closely related to water retention
(WR), soil retention (SR), and windbreak and sand fixation (WD) service evaluation mod-
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els [35-37]. We took the core area of the TRHR nature reserve as the climax background
of the zonal ecosystem, and used a multiple regression analysis method based on natural
factors such as eco-geographical zones, ecosystem types, and climate to realize scale expan-
sion of FVC from the core area of the nature reserve to the TRHR; we then coupled it with
the Precipitation Storage Method (PSM), Revised Universal Soil Loss Equation (RUSLE),
and Revised Wind Erosion Equation (RWEQ) models to achieve quantitative research on
the climax background, restoration degree, and restoration potential of WR, SR, and WD
services. It is expected that this research will provide scientific and technological support
and decision support for the deployment and rolling implementation of TRHR-related,
and even national ecological protection and construction projects, as well as the scientific
evaluation of ecological benefits of ecological projects.

2. Materials and Methods
2.1. Study Area

The TRHR is located in the alpine zone on the northeastern edge of the Qinghai-Tibet
Plateau, accounting for 14.11% of the total land area of the Qinghai-Tibet Plateau [38]. This
area is the source of the first and second-largest rivers in China. The TRHR is dominated by
glaciers, ice margins, mountains, highland plains, and hills, with an altitude of 2600-6584 m.
The terrain is high in the west and low in the east. The Kunlun Mountains in the east and
their branches, Animaqing Mountains, Bayan Har Mountains, and Tanggula Mountains
form the main skeleton of the TRHR topography. The climate of TRHR is a typical plateau
continental climate, with sufficient light and strong sunshine, annual total radiation of
5500~6800 MJ /m?2, cold winter and cool summer, short warm season and long cold season,
and annual average temperature of —5.6~—3.8 °C. The rainfall is relatively low, the rain
and heat are in the same period, the dry and wet seasons are distinct, and the annual
average precipitation is 262.2~772.8 mm [36]. There are various types of natural vegetation.
The vegetation is dominated by shrubs, alpine meadows, alpine grasslands, and alpine
vegetation. The grassland ecosystem is the main ecosystem of the TRHR, accounting
for about 69.70% of the total area of the region [39]. The TRHR grassland types appear
in sequence from southeast to northwest, including alpine meadow, temperate steppe,
alpine steppe, and alpine desert, and the productivity decreases in turn [40,41]. The TRHR
includes 16 administrative units of counties (cities) including Maduo, as well as Tanggula
Mountain Town hosted by Geermu City (Figure 1). The TRHR’s widely distributed glaciers,
snow, permafrost, and various types of ecosystems such as alpine swamp wetlands, alpine
grasslands, and alpine grasslands provide continuous and stable services such as WR, SR,
and WD for the local and surrounding areas. It plays an important role in the stability of
the ecological security barrier function of the Qinghai-Tibet Plateau in China.

2.2. Data and Processing
2.2.1. Meteorological Data

The meteorological data came from the China Daily Value Dataset of Surface Climate
Data (V3.0) of the China Meteorological Data Network (http://data.cma.cn), which con-
tained the daily value data of elements such as precipitation, air pressure, temperature,
wind speed, and sunshine hours of nearly 700 meteorological stations in China. We interpo-
late to the raster data of China based on these meteorological stations, and obtain the study
area raster data according to the TRHR boundary. The Australian National University
Spline (ANUSPLIN) method [42-45] based on the thin slice spline theory was used to
spatially interpolate the daily data of temperature and precipitation at the site, and the
Kriging interpolation method was used to spatially interpolate the wind speed at the site.
Finally, the daily value raster data of 1 km resolution in the study area from 2000 to 2019
was obtained. The total annual precipitation (TAP) (Figure 2a) at a 1 km resolution was
obtained by summing the corrected daily precipitation data at a resolution of 1 km. The
average annual temperature (MAT) (Figure 2b) with a resolution of 1 km was obtained by
averaging the interpolated daily temperature data with a resolution of 1 km.
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Figure 1. Digital Elevation Model: Mountains and Rivers in the TRHR.
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Figure 2. The spatial distribution of TRHR's average precipitation (a) and temperature (b) from 2000
to 2019.

2.2.2. NDVI and Fraction Vegetation Coverage Data

The NDVI data was derived from the MOD13A2 v006 product (https://ladsweb.
modaps.eosdis.nasa.gov) (accessed on 18 September 2020), with a spatial resolution of 1
km and a temporal resolution of 16 days. The maximum value composite method (MVC)
was used from 16 days NDVI to the annual NDVI. The Savitzky—-Golay (5-G) method of
the TIMESAT3.3 software was used to improve the smoothness of the NDVI data.

FVC was calculated from the Normalized Difference Vegetation Index (NDVI) data,
with a spatial resolution of 1 km and a temporal resolution of 16 days. The FVC of each
pixel was calculated using the bipartite pixel method [26]. For the frequency accumulation
table of each NDVI image, the NDVI value corresponding to the frequency of 5% was taken
as the NDVI value of pure bare soil, and the NDVI value of the cumulative frequency of
95% was taken as the NDVI value of pure vegetation pixels. At the same time, in order
to exclude the influence of outliers on subsequent calculations, the pixels with vegetation
coverage less than 0 and greater than 1 were assigned as null values, and finally, the FVC
data for 20 years from 2000 to 2019 were obtained.
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2.2.3. LUCC Data

Using satellite remote sensing data such as Landsat8 in 2018 and referring to the
Chinese land use remote sensing classification system [46,47], the 1:100,000 land use/cover
vector data in China in 2018 was obtained through human-computer interaction inter-
pretation. UAV images and field survey data were verified on the spot, and the land
use data were revised repeatedly. Finally, the classification accuracy and total accuracy
were evaluated through a confusion matrix, and the comprehensive evaluation accuracy
reached 93%. Based on the terrestrial ecosystem macrostructure classification system and
its transformation relationship with the land use/land cover classification system [48], a
1 km raster percent ecosystem type dataset was generated from the land use data in 2018.
Combined with the existing data, a dataset of Chinese ecosystem types in 2000, 2010, and
2018 was built [49].

2.2.4. Nature Reserve Data

The data of nature reserves came from the TRHR Ecosystem Integrated Monitoring
and Assessment Dataset [50], which contains 18 nature reserves, namely, Animaqing Re-
serve (ANMQ), Ansai Reserve (ASAI), Baizha Reserve (BZHA), DangQu Reserve (DQU),
Dongzhong Reserve (DZH), DuokeHe Reserve (DKHE), Gladandong Reserve (GLDD),
GuozongMucha Reserve (GZMC), Jiangxi Reserve (JXI), MaKeHe Reserve (MKHE), Maixiu
Reserve (MXIU), NianbaoYuze Reserve (NBYZ), SuoJiaQumaHe Reserve (SJQM), Tong-
tianHe Reserve (TTHE), Xingxinghai Reserve (XXHAI), YueguZonglie Reserve (YGZL),
ZhalingEling Reserve (ZLEL), ZhongtieJungong Reserve (ZT]G) (Figure 3). Each nature
reserve is divided into core zone, buffer zone, and test zone. There were three nature
reserves in arid and semi-arid areas with precipitation less than 400 mm, and 15 nature
reserves in humid and semi-humid areas with precipitation greater than 400 mm.
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Figure 3. Distribution of TRHR climax ecological zones (not including water bodies in the core area),
climate zones, and nature reserves (core area, buffer area, test area).



Remote Sens. 2023, 15, 523

6 of 23

2.3. Ecosystem Services Accounting Method
2.3.1. Water Retention

WR refers to the magnitude of runoff, flood, and aquifer recharge influenced by
changes in ecosystems. We estimated WR using the PSM, which considers the hydrological
regulating effect of ecosystems, including forest, grassland, and cropland, compared with
bare land. PSM can be expressed as follows [51,52]:

Q=AJR 1)
J=JoK (2)
R=Ry— R 3)

where Q is the water retention (m3); A is the area of the ecosystem(hm?); ] is the annual
runoff rainfall (mm); ] is the annual average rainfall (mm); K is the ratio of rainfall yielding
runoff to total rainfall, which is determined by precipitation and raininess; R is the benefit
coefficient of the ecosystem reducing runoff compared with bare land; and R and R are
the runoff yield rates of bare land and the ecosystem, respectively. K, R, Ry, and R, are
dimensionless parameters [36,53].

The Ry and R, of the forest ecosystem are obtained from the published literature and
the measured results in published monographs [54]. The R, of alpine meadows under
different vegetation coverage refer to the research results of Li et al. [55] in the source
regions of the Yangtze and Yellow Rivers. The R, of alpine grasslands and temperate
grasslands is significantly negatively correlated with grassland vegetation coverage [56].
The calculation formula is as follows:

Ry = —0.3187 x foc + 0.36403 (R2 - 0.9337) @)

where foc is the vegetation coverage (dimensionless); R, is the rainfall runoff rate of alpine
grasslands and temperate grasslands (dimensionless).

2.3.2. Soil Retention

The ecosystem soil retention service represents the difference between the potential
soil erosion under bare-soil conditions and the soil erosion that occurs under real vegetation
conditions [4,48,57]. The calculation formula is as follows:

SK = SK, — SK, (5)
SKy = Agx M ©6)
SK, = A, x M (7)

where SK is the ecosystem soil retention (t/a); SK; is the potential soil erosion without
vegetation cover (t/a); SK; is the soil erosion under real vegetation conditions (t/a); A, is
the potential soil erosion modulus without vegetation conditions (t/ hm?/a); A, is the soil
erosion modulus under real vegetation conditions (t/hm?/a); M is the area of the study
area (hm?). In this study, we used the revised universal soil loss equation (RUSLE) [58,59]
to estimate the soil erosion modulus:

A=RXKXLxSxCxP (8)
where A is the soil erosion modulus (t/hm?/a); R is the rainfall erodibility factor

(MJ-mm-hm~—2-h~!.a=1); K is the soil erodibility factor (t-h-MJ~!-mm™~1); LS is the slope
length and slope factor; C is the vegetation coverage factor; P is the soil and water retention
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measure factor; and LS, C, and P are dimensionless parameters. In this study, the method
proposed by Cai [60] was used to calculate the C factor:

1 foc=0
C=1{ 0.6508 —0.3436 Igfoc 0< f<783% )
0 foc > 78.3%

where foc is calculated based on the NDVI; NDVI,; is the NDVI value of pure bare soil
pixels; and NDV I, is the NDVI value of pure vegetation pixels. The calculation method
of R, K, L, S, and P factors is consistent with the research method of Sun [36,57].

2.3.3. Windbreak and Sand Fixation

The windbreak and sand fixation magnitudes in an ecosystem represent the difference
between the potential wind erosion that would occur under bare-soil conditions and the
actual wind erosion that occurs under real vegetation conditions [61]. They are calculated
as follows:

FS = FS, — FS, (10)
FSy=SL; x M (11)
FSy, =SL, x M (12)

where FS is the windbreak and sand fixation amount of the ecosystem(t/a); FS; is the soil
wind erosion amount under the bare-soil condition (t/a); FSy is the actual wind erosion
amount that occurs under the real vegetation conditions (t/a); SLs is the soil wind erosion
modulus under the bare-soil condition (t/hm?/a); SL, is the actual wind erosion amount
that occurs under real vegetation conditions (t/ hm?/a); and M is the area of the study area
(hm?). We used the modified revised wind erosion equation (RWEQ) [62] to estimate the
wind erosion modulus as follows:

Qmax [1 - e()s{)zil

SL = e (13)
Quar = 109.8(WF x EF x SCF x K’ x COG) (14)
s = 150.71(WF x EF x SCF x K’ x COG) """ (15)

where SL is the soil wind erosion modulus (kg'mfz); Xis the field length (m); Qyuax is the
maximum sand transport capacity of wind (kg-m~!); S is the length of the key field (m);
WEF is the meteorological factor (kg-m~1); EF is the soil erodibility factor; SCF is the soil
crust factor; K’ is the soil roughness factor; COG is a comprehensive vegetation factor; and
EF, SCF, K/, and COG are dimensionless parameters.

COG can effectively reduce the damage of wind erosion, and it is used to determine
the influence of growing vegetation, withered vegetation (crops are lodging residues), and
vertical residues of crops on soil wind erosion. The product is calculated as follows [61]:

COG = SLRy x SLRs x SLR. 6)
SLRf — o—0.0438(SC) .
SLRy = ¢—00344(5A%%4) .
SLR, = ¢~ 5614(foc*7%) o

where SLR £ is the soil loss rate of withered vegetation; SC is the surface coverage of
withered vegetation (%); SLR; is the soil loss rate of standing residues; SA is the equivalent
area of standing residues; SLR, is the soil loss rate of vegetation coverage; and fuc is the
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surface vegetation coverage (%). The wind erosion modulus simulation method used in
this paper has been well verified in previous research (R? is 0.85) [53,61].

2.4. Ecosystem Service Climax Background Simulation
2.4.1. Acquisition of the Climax Background of Vegetation Coverage in the Climax
Ecological Region

The ecosystems in the core area of the nature reserves are less disturbed by human
beings, and have been effectively protected after nearly 20 years of ecological protection
projects. In this study, the core area of the nature reserve is regarded as the TRHR climax
ecological zone (CEZ) after excluding lakes, permanent glaciers, and other water bodies.
The vegetation coverage of the CEZ is the vegetation coverage of the zonal climax back-
ground. In order to avoid the uncertainty caused by climate fluctuations, we averaged
the annual values of FVC in the CEZ from 2017 to 2019 as the vegetation coverage climax
background FV Cg;.

2.4.2. TRHR Vegetation Coverage Climax Background Simulation

There are two ways to extend the climax background value of vegetation coverage from
CEZ (FV Cyez) to the entire TRHR (FV Cy,p,) [15]: (1) Direct assignment method. (2) Climate
factors regression analysis method. The CEZ regression relationships were calculated to the
entire TRHR, and the FVC climax background of the entire TRHR (FV Cy,y,,) was calculated.
The climatic factor regression analysis was used to calculate the FVC climax background
here. In order to increase reasonability and reliability of the multiple regression analysis, we
added two factors of eco-geographical zones and ecosystem types for multiple regression.
The eco-geographical zones include ‘humid and sub-humid region” and ‘arid and semi-arid
region’. The ecosystem types include forest, grassland, and desert. The calculation formula
is as follows [15]:
FVCi]' =a+bx MATi]' +c X MTPZ']' (20)

where FVCj; is the vegetation coverage of the j-th ecosystem in the i-th eco-geographical
subregion (%); MAT;; is the average temperature of the j-th ecosystem in the i-th eco-
geographical subregion (°C); and MTP;; is the average precipitation (mm) of the j-th
ecosystem within the i-th eco-geographical subregion. According to the previous research
results [15], we used historical FVC and annual maximum FVC to correct the climax
background FVC.

2.4.3. TRHR Ecosystem Services Climax Background Simulation

Based on meteorology, land use/land cover, soil, topography, and vegetation coverage
climax background data, the WR, SR, and WD services climax background of TRHR
ecosystems were calculated by using the improved PSM, RUSLE, and RWEQ models.

(1) Water retention climax background estimation of TRHR ecosystems. (1) The annual
rainfall total ] is obtained by calculating the average of 20102019 precipitation, and the
runoff rainfall [, is calculated according to the ratio parameter K and Jo. (2) The Rq of the
alpine meadow is calculated according to the FVCy, and Li’s [55] research results in the
source regions of the Yangtze and Yellow Rivers. The R, of alpine steppe and temperate
steppe were calculated by Zhu's method [56] according to the climax vegetation coverage
FVCyzp. Based on the TRHR land use/land cover data, using the rainfall runoff rate of each
ecosystem type minus the rainfall runoff rate of the bare land, the benefit coefficient Rz,
of reducing the runoff of each TRHR ecosystem compared with the bare land is obtained.
(3) The WR climax background of TRHR service is calculated by PSM with ]z, and Rz,

(2) Soil retention climax background estimation of TRHR ecosystems. (1) According to
the FVC climax background FVCz, the coverage and management factor Cz, is obtained
by the Cai method. (2) The calculation methods of K, L, S, R, and P remain unchanged.
(3) The soil erosion modulus under the TRHR climax background condition was calculated
by the RSULE equation with Czy, K, L, S, R and P. (4) Using the potential soil erosion
modulus under the condition of no vegetation cover and subtracting the soil erosion
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modulus under the climax background condition, the TRHR soil conservation climax
background was obtained.

(3) Windbreak and sand fixation climax background estimation of TRHR ecosystems.
(1) Calculate the growth vegetation factor and the withered vegetation factor according
to the vegetation coverage climax background FVCyz, so as to obtain the comprehensive
vegetation factor COGyy. (2) The calculation methods of Wf, SW, SD, EF, SCF, and K’ remain
unchanged. (3) Substitute the COGy,, Wf, SW, SD, EF, SCF, and K’ factors into the RWEQ
equation to obtain the soil wind erosion modulus under the TRHR climax background
condition. (4) Using the potential soil wind erosion modulus without vegetation coverage,
and subtracting the soil wind erosion modulus under the climax background condition,
the climax background of the TRHR windbreak and sand fixation service is obtained.

2.5. Calculation of Degree of Restoration and Restoration Potential of Ecosystem Services

Restoration potential is the difference between the restoration degree of ecosystem ser-
vices and the climax background of ecosystem services in the same zone, and its calculation
formula is as follows:

ESjeq =Y . ESi/n (21)

ESzcb — ESgegs ESzch > ESpip

ES ot = 22
pot {Esdeg —ESzep, ESpip > ESzep @)

where ESg, is the restoration degree of ecosystem services, i is the year, and # is the
number of years for obtaining the average value of ecosystem services; considering that the
ecosystem services in a single year are affected by climate fluctuations, it cannot accurately
reflect the restoration degree of the ecosystem services. This paper takes the three-year
average value of ecosystem services from 2017 to 2019 as the restoration degree which
can reflect ecological engineering effects. ESy is the restoration potential of ecosystem
services. ESz., is the climax background of ecosystem services. ESy;s is the historical
background of ecosystem services. In order to prevent ecosystem services from being
affected by climate fluctuations, the average value of ecosystem services in the three years
before the implementation of the ecological project was used as the historical background.
When an ecosystem service is gradually improved with the implementation of ecological
engineering, that is, ESz,, > ESpp, the restoration potential is ESz¢, — ESyeq (Figure 4a).
When an ecosystem service gradually decreases due to the influence of natural factors, that
is, ESpjp > ESzcp, the restoration potential is ESgpq — ESzp (Figure 4b).

A A
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Figure 4. Schematic diagram of climax background, restoration degree, and restoration potential of
ecological indicators in case of service increase (a) and service decrease (b).

3. Results and Analysis
3.1. Climax Background, Restoration Degree, and Restoration Potential of FVC
The obtained binary linear regression equation, R? value, and significance are shown in

the following table (Table 1). Except for the water body and non-vegetation areas, the FVC
climax background of TRHR was 59.15%, showing a decreasing trend from southeast to
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northwest (Figure 5a). Due to the widespread distribution of forest land and high-coverage
grasslands in the central and eastern regions, the FVC is relatively high, and the FVC in
most areas is more than 60%. Among them, the FVC climax background of Henan, Jiuzhi,
Zeku, Gander, Zeku, Yushu, Nanggqian, Tongde, and Magin in the east are all over 80%,
and the values are 91.76%, 89.66%, 88.30%, 85.44%, 85.41%, 84.04%, 82.07%, 81.90%, and
80.42%, respectively. The FVC climax background of Qumalai, Zhiduo, and Geermu were
below 50% in the northwest region due to the large distribution of bare land and bare rock
texture, and the values are 46.45%, 37.96%, and 36.44%, respectively (Table 2).

Table 1. The regression equation between FVC and temperature and precipitation in the climax

ecological region (CEZ).

Zone

Ecosystem

Fitting Equation

RZ

Significance

Humid and sub-humid region

Arid and semi-arid region

Forest

grassland

desert

grassland

desert

fuc =0.0004 x pre 4+ 0.0101 x temp + 0.4893

foc =0.0008 x pre + 0.0493 x temp + 0.1702

fuc =0.0017 x pre 4+ 0.0381 x temp — 0.4959

fuc =0.0023 x pre — 0.0248 x temp — 0.6536

fuc =0.0018 x pre — 0.0207 x temp — 0.5445

0.165

0.484

0.513

0.227

0.174

Model (F, p < 0.05)
TAP (t, p < 0.01)
MAT (t, p < 0.01)

Model (F, p < 0.05)
TAP (t, p < 0.01)
MAT (t, p < 0.01)

Model (F, p < 0.05)
TAP (t, p < 0.01)
MAT (t, p < 0.01)

Model (F, p < 0.05)
TAP (t, p < 0.01)
MAT (t, p < 0.01)

Model (F, p < 0.05)
TAP (t, p < 0.01)
MAT (t, p < 0.01)
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Figure 5. Spatial distribution of average annual FVC (a), change trend (b), significant trends (c) and

percentage (d) of forest and grass ecosystems in the TRHR from 2000 to 2019.
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Table 2. Statistical table of climax background, restoration degree, restoration potential, and PCBR of
FVC in TRHR'’s counties.

County Name Climax Background (%) Restoration Degree (%)  Restoration Potential (%) PCBR (%)
Jiuzhi 89.66 83.51 6.16 7.06
Banma 88.30 81.37 6.93 7.93
Magin 80.42 69.67 10.74 14.85

Dari 79.68 70.55 9.13 11.66
Gande 85.44 78.00 7.44 8.92
Maduo 55.43 38.94 16.49 32.03
Tongde 81.90 71.26 10.65 13.68
Xinghai 71.67 57.04 14.62 22.90
Germu 36.44 17.64 18.80 54.64
Yushu 84.04 75.82 8.23 10.21
Zaduo 65.55 49.72 15.83 25.17

Qumalai 46.45 28.21 18.25 48.00
Nanggian 82.07 71.27 10.79 13.56
Chengduo 74.76 63.12 11.65 16.71
Zhiduo 37.96 23.55 14.42 53.54

Zeku 85.41 79.38 6.03 727

Henan 91.74 86.91 4.83 5.32

The FVC restoration degree of TRHR was 45.27% (Figure 5b), and its spatial distribu-
tion, which was high in the southeast and low in the northwest, was relatively consistent
with the spatial distribution of the climax background. The counties with a restoration
degree above 80% were mainly concentrated in Henan, Jiuzhi, and Zema in the east of
TRHR, and the values were 86.91%, 83.51% and 81.37%, respectively. The restoration degree
of Zaduo, Maduo, Qumalai, Zhiduo, and Geermu in the northwest were all below 50%,
and their values were 49.72%, 38.94%, 28.21%, 23.55%, and 17.64%, respectively.

The restoration potential of TRHR FVC represented the gap between its restoration
degree and the climax background. The FVC restoration potential of TRHR was 13.88%
(Figure 5c), and the FVC restoration potential in each county was less than 20%. Among
them, the FVC restoration potential in Geermu, Qumalai, Maduo, and Zaduo counties near
the boundary of the 400 mm dry and wet zone were 18.80%, 18.24%, 16.49%, and 15.83%,
respectively. This shows that local water and heat conditions could support the restoration
of vegetation coverage to a greater extent; while the FVC restoration potential in Jiuzhi,
Zeku, and Henan in the east of TRHR were relatively small, the values were 6.16%, 6.03%,
and 4.83%, respectively.

From the perspective of the ratio of FVC restoration potential to the FVC climax
background (PCBR), the PCBR of TRHR was 33.36% (Figure 5d), of which the PCBR in the
northwest was relatively large, with more than 50% in most areas. Meanwhile, the PCBR in
the southeast was relatively smaller, generally below 15%. In terms of restoration potential
or PCBR, the FVC restoration in the southeast of TRHR was relatively small.

3.2. Climax Background, Restoration Degree, and Restoration Potential of Water
Retention Services

Except for water bodies and non-vegetation areas, the WR climax background of the
TRHR's forest and grassland ecosystems was 20.604 billion m3, and the water retention per
unit area was 858.71 m3/hm?. From a spatial point of view, the WR climax background of
the TRHR's forest and grassland ecosystems showed a decreasing trend from southeast to
northwest (Figure 6a). Due to abundant rainfall and widespread distribution of ecosystem
types such as woodlands and alpine meadows in the southeastern region, the water
conservation per unit area in most regions was more than 1000 m?®/hm?. Among them,
the water retention per unit area of Banma, Jiuzhi, Dari, Henan, and Gander were higher,
and the values were 1563.57 m? /hm?, 1495.54 m? /hm?, 1311.53 m? /hm?, 1307.49 m? /hm?
and 1292.63 m3/hm?. However, due to the sparse precipitation, the large distribution of
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bare land and bare rock texture, and the low coverage of forest and grass vegetation, the
water retention per unit area in the most northwest region was below 800 m3/hm?. Among
them, Zhiduo, Qumalai, and Geermu had lower water retention per unit area, with values
of 519.31 m3/hm?, 509.53 m3/hm? and 502.79 m3/hm?, respectively (Table 3).
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Figure 6. Spatial distribution of average annual water retention (a), change trend (b), significant
trends (c) and percentage (d) of forest and grass ecosystems in the TRHR from 2000 to 2019.

Table 3. Statistical table of climax background, restoration degree, restoration potential, and PCBR of

WR in TRHR'’s counties.
Climax Background Restoration Degree Restoration Potential PCBR
County Name
100 Million m3 m3/hm? 100 Million m3 m3/hm? 100 Million m3 m3/hm? %
Jiuzhi 10.97 1495.54 6.93 943.51 4.05 552.36 36.90
Banma 9.43 1563.57 5.71 945.86 3.73 618.04 39.48
Magin 12.16 1148.57 6.96 657.79 5.19 490.84 42,94
Dari 15.14 1311.53 9.13 790.70 6.01 520.99 39.65
Gande 8.13 1292.63 4.96 788.59 3.17 504.20 39.00
Maduo 13.20 721.37 6.35 347.09 6.85 374.41 54.28
Tongde 4.20 1076.81 227 583.37 1.92 493.53 46.50
Xinghai 8.49 883.91 4.20 437.72 4.28 446.21 51.81
Germu 12.24 502.79 5.73 235.66 6.50 267.18 54.94
Yushu 14.45 1142.88 9.11 720.44 5.34 422.69 37.03
Zaduo 21.90 953.88 12.84 561.55 8.98 392.65 41.11
Qumalai 17.74 509.53 8.36 240.06 9.38 269.55 58.38
Nangqian 11.55 1194.57 7.03 727.30 4.52 467.46 39.07
Chengduo 11.18 959.23 6.67 572.36 451 387.11 40.62
Zhiduo 19.85 519.31 10.12 264.95 9.72 254.56 55.81
Zeku 7.05 1248.93 3.99 705.49 3.07 543.62 43.59

Henan 8.17 1307.49 4.90 783.64 3.27 523.98 40.09
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The restoration degree of water retention in the TRHR forest and grassland ecosystem
was 11.536 billion m3, and the water retention per unit area is 481.08 m3/hm?, which
showed a spatial distribution characteristic of high in the southeast and low in the north-
west (Figure 6b). This was more consistent with previous research results of the spatial
pattern of decreasing water conservation in TRHR from southeast to northwest [4,54,63,64].
The restoration of water retention per unit area in Banma, Jiuzhi, Dari, and Gander were
the largest counties of TRHR. In the northwest, in Zaduo, Xinghai, Maduo, Zhiduo,
Qumalai, and Geermu, the restoration degree of water retention per unit area were be-
low 500 m®/hm?, and the values were 437.72 m3/hm?2, 347.09 m3/hm?, 264.95 m3/hm?,
240.06 m* /hm?, and 235.66 m?/hm?.

The TRHR water retention restoration potential represented the gap between its
restoration degree and the climax background. The restoration potential of water reten-
tion in the TRHR forest and grassland ecosystem was 9.058 billion m3, and the water
retention per unit area was 377.87 m3/hm? (Figure 6¢). The restoration potential of water
conservation per unit area in the counties of the TRHR ranged from 254.56 m®/hm? to
618.04 m3/hm?. Among them, Qumalai, Geermu, and Zhiduo in the northwest of TRHR
had lower water retention potential values per unit area, which were 269.55 m3/hm?,
267.18 m3/hm?, and 254.56 m3/hm?, respectively. Banma, Jiuzhi, Zeku, and Henan
had relatively large restoration potential of water retention per unit area, with values
of 618.04 m3 /hm?, 605.45 m> /hm?, 552.36 m> /hm?, and 543.63 m®/hm?, respectively.

From the perspective of the ratio of WR restoration potential to the WR climax back-
ground (PCBR), the PCBR of TRHR was 48.38% (Figure 6d), of which the PCBR in the north
and northwest of TRHR was relatively large, and most areas were above 70%. Meanwhile,
the PCBR in the southern part of TRHR was relatively small, generally below 40%.

3.3. Climax Background, Restoration Degree, and Restoration Potential of Soil Retention

Except for water bodies and non-vegetated areas, the soil retention climax background
of the TRHR ecosystems was 1.989 billion t, and the soil retention per unit area was
68.23 t/hm?. From a spatial point of view, the soil retention capacity of TRHR showed a
decreasing trend from southeast to northwest (Figure 7a). The southeastern region was
rich in precipitation, and the ecosystem types such as forest and alpine meadow were
widely distributed; this could effectively reduce soil erosion, so the soil retention per unit
area in most regions was more than 100 t/ hm?2. Among them, Banma, Jiuzhi, Tongde,
Nanggian, Maqin, Yushu, Henan, Xinghai, and Gander had higher soil retention per unit
area, with values of 257.26 t/hm?, 169.16 t/hm?, 145.02 t/hm?, 143.96 t/hm?, 136.55 t/hm?,
130.71 t/hm?, 122.76 t/hm?, 122.70 t/hm?, and 118.39 t/hm?. Due to the relatively scarce
precipitation, the large distribution of bare land and bare rock texture, and the low coverage
of forest and grass vegetation, the soil retention per unit area in most northwestern regions
was below 50 t/hm?. Among them, Qumalai, Maduo, Zhiduo, and Geermu had the lowest
soil retention per unit area, with values of 35.84 t/ hm?, 32.72 t/hm?, 30.22 t/hm?2, and
19.92 t/hm?, respectively (Table 4).

The restoration degree of soil retention services in the TRHR ecosystems was
840 million t, and the soil retention per unit area was 29.98 t/hm?, which showed a spatial
distribution characteristic of high in the southeast and low in the northwest (Figure 7b).
Jiuzhi, Banma, Tongde, Nangqian, and Henan in the east of TRHR had the largest restora-
tion degree of soil retention per unit area, and their restoration degrees were 92.57 t/hm?,
90.53 t/hm?2, and 77.08 t/hm?, 69.18 t/hm?2, and 68.81 t/hm?, respectively. The restoration
degrees of soil retention per unit area were all below 20 t/hm? in the northwest, in Zaduo,
Qumalai, Maduo, Zhiduo, and Geermu, and their values were 17.04 t/hm?, 14.82 t/hm?,
12.09 t/hm?, 11.44 t/hm?, and 6.12 t/hm?, respectively.
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Figure 7. Spatial distribution of average annual soil retention (a), change trend (b), significant (c) and
percentage (d) of forest and grass ecosystems in the TRHR from 2000 to 2019.

Table 4. Statistical table of climax background, restoration degree, restoration potential, and PCBR of

SR in TRHR’s counties.
Climax Background Restoration Degree Restoration Potential PCBR
County Name
100 Million t t/hm? 100 Million t t/hm? 100 Million t t/hm? %
Jiuzhi 1.29 169.16 0.68 92.57 0.58 78.89 48.40
Banma 1.57 257.26 0.54 90.53 1.01 167.84 64.38
Magqin 1.59 136.55 0.66 60.38 0.86 78.28 58.98
Dari 1.15 90.95 0.53 44.12 0.58 48.61 52.53
Gande 0.79 118.39 0.36 55.81 0.40 62.97 55.76
Maduo 0.69 32.72 0.25 12.09 0.42 20.85 62.11
Tongde 0.66 145.02 0.35 77.08 0.31 68.36 50.18
Xinghai 1.34 122.70 0.66 63.48 0.62 59.97 52.34
Germu 0.72 19.92 0.21 6.12 0.46 13.54 7143
Yushu 1.76 130.71 0.78 60.85 0.92 7241 56.53
Zaduo 1.39 51.64 0.42 17.04 0.87 35.72 59.81
Qumalai 1.47 35.84 0.59 14.82 0.80 20.65 65.62
Nanggian 1.51 143.96 0.69 69.18 0.75 76.04 53.21
Chengduo 0.92 71.33 0.35 28.26 0.54 43.78 62.73
Zhiduo 1.71 30.22 0.65 11.44 0.95 18.34 69.61
Zeku 0.52 85.50 0.27 45.35 0.25 41.75 49.87
Henan 0.79 122.76 0.43 68.81 0.34 54.36 47.19

The TRHR soil retention restoration potential represented the gap between its restora-
tion degree and the climax background. The restoration potential of soil retention in the
TRHR ecosystems was 1.067 billion t, and the water retention per unit area was 38.93 t/hm?
(Figure 7c). The restoration potential of soil retention per unit area in TRHR counties
were between 13.54 t/hm? and 167.84 t/hm?. Among them, the restoration potential of
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soil retention per unit area in Maduo, Qumalai, Zhiduo and Geermu in the northwest
of TRHR was relatively small, 20.85 t/hm?, 20.65 t/hm?, 18.34 t/hm? and 13.54 t/hm?,
respectively, while Zema, Jiuzhi, Maqin, Nanggian, and Yushu in the east of TRHR had
relatively large soil retention per unit area, with values of 167.84 t/ hm?2, 78.89 t/hm?,
78.28 t/hm?, 76.04 t/hm?, and 72.41 t/hm?.

From the perspective of the ratio of SR restoration potential to the SR climax back-
ground (PCBR), the PCBR of TRHR was 62.15% (Figure 7d), and the soil retention service
PCBR in all counties were above 40.00%. Among them, the PCBR in the northern and
northwestern parts of TRHR were relatively large, above 60% in most areas; while the
PCBR of Zeku, Jiuzhi, and Henan in the east of TRHR were relatively small, with values of
49.87%, 48.40%, and 47.19%, respectively.

3.4. Climax Background, Restoration Degree, and Restoration Potential of Windbreak and Sand
Fixation Service

Except for water bodies and non-vegetation area, the WD climax background of the
TRHR ecosystems totaled 131 million t, and WD per unit area was 5.29 t/hm?. From
a spatial point of view, the WD in the TRHR ecosystems presented a spatial pattern of
high in the west and low in the east (Figure 8a). Zhiduo, Geermu, Qumalai, and Zaduo
in the northwest had higher WD per unit area, with values of 10.01 t/ hm?2, 9.58 t/hm?,
7.11 t/hm?, and 3.60 t/hm?, respectively. In the east, the wind speed was relatively small
and the amount of sediment was small, so the amount of WD per unit area in most areas
were below 1 t/hm?(Table 5).

90 100°E 90°E 95°E 100°K
1 1 L L
z z
z z
e i
B -
= &
= =
I Z
B B
& =
7] 7
% %
£ z
A o
Z Z
= =
z ¢
K 3
z ] z | : g
27 Legend 5 3 27 Legend N 3 o - i L} 7
Windbreak and Sand Fixation(t/hm?) 5 | = Windbreak and Sand Fixation(t/hm”) o »}\.t\ e 7 Banma | =
o AN = i P T ) £
., |MO-2 EI50-80 "County boundaries 1 Nanggin L, e ., [W0-2 EI50-80 "County houndaries 7 Kangain L, (5 TN -
Zm2- 25 ms0 - 1500INon-wind erosion arca \w‘f‘\j\-"\,j A;-f o i o b —|m2 - 25 W80 — 150 INon-wind erosion arca M\\f.\ﬁ'—\‘j ;;-; - i i
25 - 50M= 150 km | Z 25 — 50> 150 T — — LZ
T T “ T T =
95E 100°E 95 100°E
90" E ll)? E 9(!“ E 'JSI“L 10(‘34‘:
=z z
ey 2] X
4 =z
B e
£ ] 3
= =
- = v
z P 7
& ¢ o e
z . i lﬁ(‘ ehih |z
B S N o
£ £ S e
= y = \ﬂ\ = .
=S Y =
3 2 Eem Lt
z | Z | Legend s Jiuzhi E_
&7 Legend 2 PCBR(%) L . il
indbria ixati P - w ) e W N ] T z,
ASdGrealt and SuntliRstioRRm:N S5 . i e 0 40— 60 IComiy tomdaries 5/ e e il =
. [W0-2 E50-80 EI‘:"““'?‘ bounduzic e Mmewm, o |10 - 208 60 - 70 I Non-wind erosion seac “VE L - N
m2-2 = Non-wind crosion area "o~ ;| i iz L i %
el "? =80 ~ LRSS Sesen freh VNS 0 a0 80 160 240 320 = [E20 - 30T 80 Vil 0 a0 80 150 240 320
025 - 500> 150 I —— T— | = 130 — 10 I~ &0 O — — LE
T T = T T =
95K 100°E 95°E 100°E

Figure 8. Spatial distribution of average annual windbreak and sand fixation (a), change trend (b),
significant (c) and percentage (d) of forest and grass ecosystems in the TRHR from 2000 to 2019.
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Table 5. Statistical table of climax background, restoration degree, restoration potential, and PCBR of
WD in TRHR’s counties.

Climax Background Restoration Degree Restoration Potential PCBR
County Name 10 10 10 o

Thousands t thm? Thousands t t /hm® Thousands t thm? o
Jiuzhi 2.48 0.05 164.07 3.50 158.64 3.45 91.34
Banma 1.07 0.04 102.46 3.33 97.67 3.29 87.69
Magin 5.05 0.08 254.24 411 247.29 4.02 73.46
Dari 8.83 0.08 410.72 3.60 396.24 3.52 80.64
Gande 475 0.10 179.81 3.67 173.38 3.57 80.21
Maduo 27.04 0.13 910.93 4.69 867.15 4.55 60.25
Tongde 0.19 0.01 105.76 3.67 103.50 3.66 29.84
Xinghai 13.56 0.20 420.21 6.52 401.36 6.32 30.45
Germu 3831.14 9.58 9693.39 23.41 5654.19 14.43 30.69
Yushu 2.01 0.04 192.61 3.47 187.01 3.43 43.28
Zaduo 902.35 3.60 4348.51 17.17 3409.24 13.65 88.16
Qumalai 2454.44 711 4695.44 14.15 2174.10 6.71 65.88
Nanggian 0.07 0.00 107.13 3.18 104.79 3.18 54.33
Chengduo 20.51 0.21 434.52 4.45 406.79 423 88.80
Zhiduo 5824.07 10.01 12130.67 19.74 6026.69 10.68 61.35
Zeku 0.13 0.00 174.38 3.26 169.17 3.26 48.55
Henan 0.73 0.01 175.40 3.25 171.69 3.23 36.71

The restoration degree of WD service of TRHR ecosystems totaled 345 million t, and
the WD per unit area was 13.80 t/hm?, which gradually decreased from west to east
in space. Most parts of the western region were windy and sandy, and relatively low
vegetation coverage could also effectively reduce the amount of sediment to a certain
extent, so the WD per unit area in most areas was more than 10 t/hm?(Figure 8b). Among
them, the restoration degree of WD per unit area in Geermu, Zhiduo, Zaduo, and Qumalai
counties in the northwest were 23.41 t/hm?, 19.74 t/hm?, 17.17 t/hm?Z, and 14.15 t/hm?,
respectively. Due to less wind and sand, the amount of WD in the eastern region was still
small, and the amount of WD per unit area in most areas were below 10 t/hm?. Among
them, Yushu, Banma, Henan, Nanggian, and Zeku in the east of TRHR had their restoration
degrees of 3.47 t/hm?, 3.33 t/hm?, 3.26 t/hm?, 3.25 t/hm?, and 3.18 t/hm?, respectively.

The WD restoration potential represented the gap between its restoration degree and
the climax background. The restoration potential of WD in the TRHR ecosystem was
208 million t in total, and the WD per unit area was 8.65 t/hm? (Figure 8c). The restoration
potential of WD per unit area in the counties of the TRHR ranged from 3.18 t/hm? to
14.43 t/hm?. Among them, Geermu, Zaduo, Zhiduo, Qumalai, and Xinghai in the north-
west of TRHR had a relatively large restoration potential of WD per unit area, with the
values of 14.43 t/hm?, 13.65 t/hm?, 10.68 t/hm?, 6.71 t/hm?, and 6.32 t/hm?, respectively.
Meanwhile, Yushu, Banma, Zeku, Henan, and Nanggqian in the east of TRHR had relatively
small WD restoration potentials per unit area, with values of 3.43 t/hm?, 3.29 t/hm?,
3.26 t/hm?, 3.23 t/hm?, and 3.18 t/hm?, respectively.

From the perspective of the ratio of the windbreak and sand fixation service restoration
potential to the climax background (PCBR), the TRHR’s PCBR of WD service was 56.37%
(Figure 8d). The PCBR of the southeast and the southeast was relatively small, and most
areas were below 30%. Among them, the PCBR of Zeku, Xinghai, and Tongde were
relatively small, with values of 36.71%, 30.45%, and 29.84%, respectively.

4. Discussion
4.1. Spatial Characteristics of FVC Restoration Degree and Restoration Potential
FVC was closely related to location, topography, landform, climate, and other factors.

The TRHR ecological environment system belongs to the alpine and arid zone of the
Qinghai-Tibet Plateau in China’s environmental vulnerability division, and belongs to the
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Qingnan-Qiangtang grassland and desert ecological region of the semi-humid, semi-arid
cold plateau ecosystem in the regional ecological division. Alpine and drought constituted
the basic climatic characteristics of the region [65]. The altitude of TRHR was low in the
east and high in the west. The FVC in the high altitude area was low, and the FVC in the
low altitude area was high [28]. Temperature and precipitation were also two important
factors affecting the FVC. The water and heat conditions in the southeast of TRHR were
relatively good. The high-coverage grasslands were widely distributed, so the FVC was
relatively high, and the bare land and bare rock textures were widely distributed in the
northwest, so the FVC was relatively low. Therefore, the restoration degree of FVC showed
a trend of increasing gradually from west to east.

The restoration potential of FVC represented the gap between the restoration degree
and the climax background. From the perspective of spatial distribution, the restoration
potential of FVC showed the spatial characteristics of high in the middle of the region and
low on both sides: (1) The FVC restoration potential in the southeastern part of Geermu,
Qumalai, Maduo, and the southeastern part of Zaduo is 10%—-20%, because the above-
mentioned areas are near the 400 mm dry-wet zone boundary, and the alpine meadow
and alpine steppe vegetation are more sensitive to the coupling benefits of water and heat.
Relevant studies have shown that under the three future climate models of high RCP2.6,
RCP4.5, and RCP8.5, the temperature and precipitation in the TRHR all show an increasing
trend, and the FVC shows an increasing trend [66-68]. (2) In the northwest of Geermu,
northwest of Zhiduo, and other places, the precipitation in these areas is relatively small,
the increase of temperature will inevitably increase the degree of water deficit, and the
increase of vegetation coverage will not be used. (3) The water and heat conditions in the
southeast of the TRHR are better, the forest and alpine meadow are widely distributed, and
the FVC is relatively high. However, the southeastern region of the TRHR still needs to
mitigate the disturbance of human activities such as overgrazing, so that the FVC can be
further restored with the help of favorable water and heat conditions.

4.2. Spatial Characteristics of Ecosystem Service Restoration Degree and Restoration Potential
4.2.1. Water Retention

From a spatial point of view, the restoration degree of water retention service in the
TRHR forest and grassland ecosystem showed a spatial pattern of high in the southeast and
low in the northwest, which was more consistent with the spatial distribution pattern of
precipitation (Figure 2). The southeastern part of the TRHR was richer in precipitation than
the northwestern part, which provided a direct source of precipitation for the effective func-
tioning of vegetation water retention. In Maqin, Zema, Nangqian, Yushu, and other places,
there were a certain number of subalpine dark coniferous forests, deciduous broad-leaved
forests, and shrub forests. The vegetation canopy could effectively intercept precipitation
and conserve water. Grassland was the most important vegetation type in the TRHR, while
alpine meadows were most widely distributed in the central and southern parts of TRHR.
Alpine meadows were a non-zonal grassland type developed on plateaus and mountains.
The soil surface layer was about 3 to 10 cm thick turf, the root system was interwoven like
felt, soft, tough, and elastic, and had good water retention ability. At the same time, under
the dual action of climate and vegetation, alpine meadow soil, subalpine meadow soil,
and small chernozem, chestnut soil, and new accumulation soil were developed. These
soil layers were thicker and had relatively higher porosity. The larger the soil porosity, the
stronger the water-holding capacity of the soil. The main vegetation types in the northwest
of the TRHR were alpine desert and alpine steppe, with low vegetation coverage, including
alpine steppe soil, alpine cold desert soil, and other soil types [69].

The restoration potential of water retention services still had a spatial pattern of high
in the southeast and low in the northwest. The restoration potential of water retention per
unit area of Zema, Jiuzhi, Zeku, and Henan in the east of TRHR were approximately equal
to two times the restoration potential of water retention per unit area in Qumalai, Geermu,
and Zhiduo in the northwest of TRHR. The PCBR in the north and northwest of the TRHR
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was relatively large, about twice as large as that in the southeast of the TRHR (Table 3).
The restoration potential of water retention is the real gap between the restoration degree
and the climax background, which was an absolute quantity. Therefore, the value of the
restoration potential of water retention in the eastern part of TRHR was relatively large, but
the magnitude of the restoration potential did not mean the difficulty of restoration degree.

In the eastern part of the TRHR where the water retention restoration potential was
relatively large, as long as the protection, restoration, and construction measures of the
ecosystem were further strengthened, and with the help of excellent water, heat conditions,
and the increase of future summer precipitation [66,67], the water retention service could
reach or approach the climax of natural vegetation within a certain period of time.

The arid and semi-arid areas in the northwest of the TRHR are subject to harsh natural
conditions, and the restoration potential was relatively small. However, the precipitation in
some areas will decrease in the future [66]; ecological restoration would be a slow process,
requiring a relatively long time for ecological protection and restoration measures to affect
the degraded vegetation.

4.2.2. Soil Retention

From a spatial point of view, the restoration degree of soil retention services in the
TRHR ecosystem showed a spatial pattern of high in the southeast, low in the northwest,
high in the mountains, and low in the flat land. In general, the TRHR soil belongs to the
mountain soil flora of the Qingnan Plateau. The plastic film formed by the soil matrix
was relatively primitive, and the soil formation time was short. Most of the soils in the
area were thin in thickness, coarse in texture, poor in water retention, and low in fertility,
and were easily eroded, causing soil erosion [70]. Since the TRHR water erosion intensity
showed a decreasing trend from southeast to northwest with precipitation, and the FVC
for improving soil retention services also showed a decreasing trend from southeast to
northwest, the soil retention restoration degree also showed an overall pattern of high in
the southeast, and low in the northwest. On the other hand, soil retention services were
closely related to slope and slope length factors. In the mountainous and hilly areas, such
as the Animaqing Mountains, with large terrain fluctuations in the southeast of TRHR, as
well as in the valleys of the Yangtze River and Lancang River, the subalpine dark coniferous
forests, mixed coniferous and broad-leaved forests, deciduous broad-leaved forests, and
shrub forests, as well as widely distributed alpine meadows in other regions, could reduce
hydraulic erosion and improve soil retention. The terrain of the northern and midwest
region was small in undulations, with shallow cuts, many broad and flat beaches, and
large areas of swamps and wetlands in between. The water erosion was relatively small
and the soil retention service was relatively small, so it appeared a spatial pattern of high
mountains and low flats.

The spatial pattern of soil retention restoration potential was consistent with the
restoration degree. The restoration potential of soil retention per unit area in Zema, Jiuzhi,
Magin, Nanggqian, and Yushu in the east of the TRHR was about 3—4 times higher than that
of Maduo, Qumalai, Zhiduo, and Geermu in the northwest of the TRHR. However, in terms
of PCBR, the PCBRs in the north and northwest of the TRHR were comparable to those in
the southeast of the TRHR. The reason was that the magnitude of the soil retention climax
background in the southeast is about three times that of the northwest soil retention climax
background (Table 4). In general, there was a 60.15% restoration space for the restoration
potential of soil retention service in the TRHR. Compared with climate, topography, and
other factors that cannot be changed by humans or cannot be changed in the short term,
in the TRHR area, especially the areas having more rainfall and steep mountains with
more rainfall in the future [66,67], it was necessary to actively carry out ecological project
construction such as returning grazing land to grassland, black soil beach management,
and reducing soil loss through measures such as creating soil and water retention forests,
artificial grass planting, and changing slopes to ladders.
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4.2.3. Windbreak and Sand Fixation

From a spatial point of view, the restoration degree of WD service in the TRHR
ecosystem presented a spatial pattern of high in the west and low in the east. Wind speed
was the main controlling factor for the change of WD, accounting for 31.62% of the entire
TRHR [36]. Relevant studies have shown that in the past 16 years, the strength of the wind
field has weakened, especially in the spring when sandy and dusty weather could easily
occur. The vegetation restoration of grassland and sandy land was an important reason
for the decline of wind erosion in the north [71]. In the west of the TRHR, the wind speed
was high and the amount of sand was large, so a certain degree of vegetation restoration
can exert a positive effect of windbreak and sand fixation, and the restoration degree was
relatively high; while in the east of TRHR, there was more precipitation, and the FVC was
high. The smaller the amount of sand, the smaller the amount of windbreak and sand
fixation of vegetation, and the lower the restoration degree.

The spatial pattern of the restoration potential of the windbreak and sand fixation
service was relatively consistent with the restoration degree. The restoration potential
of windbreak and sand fixation per unit area in Geermu, Zaduo, Zhiduo, Qumalai, and
Xinghai counties in the northwest of TRHR was about 2-5 times higher than that of Yushu,
Banma, Zeku, Henan, and the east of TRHR. However, from the perspective of PCBR,
the PCBR in the middle of the TRHR was 2-3 times higher than that in the northwest
and southeast (Table 5). In general, the windbreak and sand fixation service was greatly
affected by climate change and human activities, especially by changes in the intensity
and scope of the wind field. It was necessary to continue to start ecological protection
projects, and increase the management of desertified land in the northwest of the TRHR,
based on the effects of future warming and humidification and wind field weakening in
the TRHR [72,73], as well as improve FVC in the sandy land treatment area and enhance
the windbreak and sand fixation capacity of the vegetation in the wind-blown sand area.

4.3. Acquisition and Scale Conversion of FVC Climax Background

The acquisition of the ecological parameters of the zonal climax background is the key
to the study of the climax background of ecosystem services. There are two points that need
to be improved in future research: (1) The accuracy of the climax background acquisition of
FVC should be improved. In this study, the core area of the TRHR nature reserve is selected
as the climax ecological area, and long-term enclosed grassland and field observation
stations should be supplemented [13]. At the same time, the climax FVC varies with site
conditions. It is necessary to use the climax plots in these areas to establish a relationship
model between the FVC climax background and the site environmental conditions, and
then simulate the FVC climax background of the entire TRHR. Usually, adding the above
natural factors to perform multiple regression will get a more accurate fitting equation, but
in the case of more natural factor combination conditions, the corresponding number of
nature reserves will be less, which will affect the accuracy of the fitting equation. Therefore,
choosing these natural factors is a trade-off process. (2) It is not enough to evaluate the
climax background, restoration degree, and restoration potential of water retention, soil
retention, and windbreak and sand fixation services with coverage as the core parameter.
For example, in addition to the influence of vegetation coverage in water retention services,
the vertical structure, height, near-surface coverage of vegetation, and soil properties under
vegetation are all key factors. Subsequent research needs to have more reasonable models
to reflect these parameters.

5. Conclusions

In this paper, taking the core area of the nature reserve as the climax background of
the TRHR zonal ecosystem, based on the multiple regression analysis and model parameter
control method based on the eco-geographical area, ecosystem types and climate factors;
the climax background, restoration degree, and restoration potential of TRHR’s WR, SR,
and WD services were quantitatively researched, and the main conclusions were as follows:
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(1) The evaluation method of climax background, restoration degree, and restoration poten-
tial based on FVC can accurately quantify the regional differences of the restoration degree
and restoration potential of TRHR'’s key ecosystem-regulating services. The restoration
degree and restoration potential of WR and SR services showed a spatial pattern of high in
the southeast and low in the northwest, and the restoration degree and restoration potential
of WD services showed a spatial pattern of high in the west and low in the east, which
was closely related to natural conditions such as precipitation and wind speed. (2) The
proportion of restoration potential to climax background for WR, SR, and WD services were
48.38%, 62.15%, and 56.37%, respectively. (3) The implementation of the TRHR ecological
project in the future should focus on the vicinity of the 400 mm dry and wet zone dividing
line, as well as in the southeastern mountains, hills, and river valleys, to carry out degraded
vegetation restoration and soil and water conservation measures to improve ecosystem
services. Near-natural restoration measures should be considered in Zhiduo and Geermu
in the western part of the TRHR, where wind erosion is high, and the restoration goals of
ecological projects should be formulated in combination with local climatic conditions and
restoration potential. However, the current research still lacks sufficient ground survey
data based on LUCC for the acquisition of climax background data. Future work needs
to introduce more detailed LUCC categories and fine-time-scale FVC data, and provide
more attention to research on the impact of future climate change on restoration models.
Although the current research is preliminary, the relevant research results still provide a
research method to obtain the restoration potential of ecosystem-regulating services based
on climax background extrapolation, and preliminarily quantify the regional differences in
the restoration degree and restoration potential of TRHR's ecosystem-regulating services;
thus, it can effectively support the precise implementation of ecological projects.
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