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Abstract: How climate change and human activities drive the evolution of the regional environment
and where the quality of ecosystems improve or decline over time have become widespread concerns.
In this study, we took the Three-River-Source (TRS) region of the Qinghai-Tibet Plateau as a case,
aiming to identify and quantify the contribution of the natural and anthropogenic factors to the
ecosystem changes over the past years from 1980 to 2018 using the methods of remote sensing and
spatial statistical analysis. Based on the land cover map interpreted by reference to satellite remote
sensing imagery data, we defined the Ecological Restoration Area Proportion (ERAP) as the bare land
patch decrement to indicate the ecologically restored quantity in space. Assembling the restoration
project information, we digitalized and vectorized the ecological Restoration Intensity (RI) including
the spatial range and temporal duration. Combining the ERAP and the net primary productivity
(NPP), which indicates the quantity and quality of ecosystems, respectively, the ecological asset Index
(EAI) was developed and calculated. Having integrated the datasets of the vegetation monitoring,
climatic factors, geographical factors, and human activities, we performed multi-variable analysis
of the attribution of how the change in the EAI, the NPP, and the EAI have been affected by these
factors together. The NPP of the middle and eastern parts of the TRS region has improved the
most, as the average growth rate of NPP reached approximately 2.5 kg C/m?/10a. Due to such
dynamic pattern, we found that human-induced re-vegetation has made limited contributions in
our multi-regression model as the variance explained by the RI merely amounts to 4.4% to 8.8%,
while the changes were mostly dependent on the regional temperature and the precipitation which
contributed over 45% to the ecological restoration on average. It was summarized that “climate-help”
overwhelms “human act” in such alpine grassland ecosystem. The regression results for the different
aspects of the ERAP and NPP demonstrated that the ecological restoration project helped most in
regard to ecosystem quality improvement rather than the restored ecosystem quantity. Our study
has developed a comprehensive assessment methodology that can be reused to account for more
ecological asset. The case is an example of an alpine ecosystem in which the success of ecological
restoration needs favorable climatic conditions as supporting evidence for the nature-based solution.

Keywords: Qinghai-Tibet Plateau; Three-River-Source region; alpine grassland; ecological restoration;
ecological asset; climate change; net primary productivity
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1. Introduction

The Qinghai-Tibet Plateau (QTP) is a unique and world-renowned ecoregion that
can be regarded as a typical area affected by climate change and human disturbance [1].
Covered mainly by alpine grassland ecosystems, the QTP is the birthplace of the major
rivers in Asia. The stability and health of the grassland ecosystem in the region is critical to
ensure sustainable development in downstream watersheds, where billions of people and
livelihoods depend on the ecological services provided by upstream ecosystems [2].

Human activities and climate change have severely disturbed the natural ecosystems of
the QTP [2]. The ecological degradation and restoration in the QTP in the past half-century
reflect the demand driven by the population, economic development, and readjustment
aroused by the increasing environmental awareness [3]. The main ecological degradation
is caused by the overgrazing of grassland ecosystems. The Tibetan Plateau has an average
altitude of about 4000 m above sea level and an area of about 2.4-2.6 million km?. It boasts
a unique alpine grassland covering up to 1.4 million km?, which forms the main body
of the terrestrial ecosystem of the Plateau under cold, arid, and strong radiation climatic
conditions. This grassland plays a crucial role in conserving biodiversity, soil and water,
acting as a carbon sink, and regulating the climate [4]. The alpine grasslands on the Tibetan
Plateau are crucial to the terrestrial ecosystem. They are home to 5.3 million herders and
58,599,600 head of livestock, which are highly dependent on them for survival [5]. However,
overgrazing has been a serious issue in recent decades, with rates ranging from 27% to
89% [6]. This poses a significant challenge to the sustainability of the region.

The Three-River-Source (TRS) region, namely the sources of the Yellow River, Yangtze
River, and Lancang-Mekong River, is a significant ecoregion on the QTP that is facing
severe ecosystem degradation, including soil erosion, desertification, and disruption of
runoff. To address ecosystem degradation and mitigate environmental impacts on the upper
mountainous and lower watersheds of the Yellow, Yangtze, and Lancang-Mekong rivers, the
Qinghai Province government has implemented significant ecological restoration projects
with the guidance and support of the central government [7]. The aim of these projects is
to integrate biological, ecological, engineering, and economic measures to facilitate large-
scale reconstruction and restoration of grasslands and wetlands. This will help prevent
ecosystems from being affected by overgrazing and land-use change [8]. These projects
primarily focus on restoring grassland and wetland ecosystems.

In recent years, numerous remote-sensing-based monitoring and assessment endeav-
ors have been conducted globally, particularly in ecologically sensitive or significant areas,
aiming to harmonize the preservation of natural ecosystems with the utilization of socio-
economic resources while bolstering natural capital management [9-12]. These initiatives
encompass a range of methodologies and approaches. For example, researchers have
devised an integrated methodology operating at the national scale, employing the Driver-
Pressure-State-Impact-Response framework to map ecosystem services [13]. Others have
leveraged remote sensing data products to compute vegetation indicators, facilitating rapid
assessments of ecosystem health [14], while some have employed net primary productivity
as a proxy for estimating ecosystem quality [15]. However, despite the breadth of existing
research, previous studies on natural capital measurement have largely overlooked the
simultaneous definition and differentiation of both quantity and quality aspects. Further-
more, there exists a notable dearth of quantitative analyses concerning driving forces,
particularly regarding the incorporation of spatial and temporal data on ecological restora-
tion efforts within anthropogenic activities for detailed examination of their contributions.
While previous research has often focused on macroscopic spatial associations based on
pattern analysis, the historical dynamics of ecosystems at the microscopic level, coupled
with ground survey data, have been overlooked. This highlights a critical gap in the current
literature and underscores the need for more comprehensive and nuanced approaches to
understanding the multifaceted dynamics shaping natural capital management.

Addressing these identified gaps and aiming to introduce a novel methodology for
the comprehensive integration of ecological restoration measurement, ecosystem quality
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assessment, and other driving forces, our study focuses on the TRS region as a case study
area. We endeavor to incorporate both quantity and quality dimensions into the assessment
of ecological asset within this region. Leveraging ground survey data, we have developed
new restoration intensity indicators tailored to specific restoration methods, such as artificial
grassland establishment and fencing protection. By integrating spatial and temporal
dimensions, these indicators enable the transformation of on-site ecological restoration
engineering information into quantifiable variables, thereby acknowledging the significant
role of human intervention and its contribution to restoration efforts. Drawing inspiration
from the notion of “human act and climate-help” prevalent in China’s atmospheric pollution
control field [16], we extended this paradigm to the realm of grassland ecological restoration.
Acknowledging the symbiotic relationship between human endeavor and environmental
conditions, our study aims to elucidate the intertwined effects of natural and anthropogenic
factors on regional ecological asset. Specifically, our objectives include elucidating changes
in ecological asset and discerning the respective impacts of human actions and climate
facilitation on ecological recovery within the TRS region over the past decades. Through a
quantitative and spatially explicit approach, we would like to shed light on the dynamic
interplay shaping the ecological landscape of this region, offering insights crucial for
informed decision-making and sustainable management practices.

2. Materials and Methods
2.1. Study Area

The Three-River-Source region is located in the center of the Qinghai-Tibet Plateau
(Figure 1). The three major rivers, the Yangtze River, the Yellow River, and the Lancang-
Mekong River in Asia originate in the mountain peaks in this region. The alpine steppe
and meadow ecosystems cover over 90% of the region’s territory and the lakes and the
wetlands scattered over the area are connected by a network of rivers and streams. The
altitude is approximately 3500 m above sea level on average and the topographical features
of the plateau shape the local grassland ecosystems as a fragile environment harboring
unique habitats for both wildlife and nomadic Tibetan people over thousands of years,
offering a vast land for grazing and water resources.

In the early period before the 1980s, the ecosystems were less interfered with by
human activities with a few main infrastructures. From the 1980s to 2000s, under the
compounding impacts of climate change, livestock overgrazing, and land use change, the
regional environment showed apparent degradation and the downstream areas experienced
severe droughts and serious floods several times. The desertification and shrinkage of
lakes and wetlands happened at an accelerating pace in the region. Until the beginning
of the 21st century, the ecological degradation in this region was initially mitigated by
years of re-vegetation efforts, together with the improved climate. Still, the development of
highways and other infrastructures in the river source region has continued growing in
recent decades, which is a double-edged sword fragmenting the alpine wildlife habitats
landscape while facilitating ecosystem services to open to the outside world and the
exchange of different civilizations to harmonize the relationship between the plateau and
the inner land societies. In 2015, the central government initiated the Chinese National
Park Program and investment to save the completeness and authenticity of the ecosystems
with key values in a holistic manner. The Three-River-Source region was selected as one of
five Chinese National Parks as the first batch and the priority one. The ranges of the three
sub-parks corresponding to the three source areas were defined. The responsibilities and
rights to protect and uplift the quality and capitalization of the regional ecosystems’ goods
and services at national and local levels became clearer and more effective in the aspect of
administration and legalized governance for natural resources.
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Figure 1. Study area: The Three-River-Source region of the Qinghai-Tibet Plateau, China.
2.2. Data Collection

In order to monitor and assess the ecological restoration and perform the analysis on
the ecological asset and the driving forces, we collected a series of remote-sensing-based
products as the fundamental and input layers to be integrated with the ground surveyed
data. Considering the regional scale of the case, we selected the raster datasets of the
30 m resolution land use/cover change (LUCC), 5 km resolution vegetation net primary
productivity (NPP), 1 km resolution annual temperature and precipitation, 250 m resolution
digital elevation model layer, and 1 km resolution other geographical factor layers. The
LUCC data and the NPP data represent the quantity and the quality of the ecosystem,
respectively, and the datasets of the finest resolution that we could find were used in our
study. For the other layers of environmental drivers, we prioritized the longer time series
and temporal continuity, and considered accessibility in collecting and compiling them
for the analysis in a well-aligned, multi-dimensional way. Value extraction and statistical
analysis were performed after resampling all layers to a 5 km resolution.

Our analysis of climate drivers was limited to temperature and precipitation. It
was based on the assumption that temperature represents the energy environment, while
precipitation indicates hydrological cycling. These two factors simplify and generalize the
climatic effects on ecological restoration. The climate datasets for these two factors were the
most complete and accessible in terms of their continuity over space and time. However,
it is important to note that the regional climate is influenced by various factors beyond
temperature and precipitation. The regional climate is a complex system that includes
elements such as wind, humidity, atmospheric pressure, and solar radiation. However,
these elements are highly correlated with the two climatic variables [17]. Our focus is on
identifying the main drivers of natural and human-induced factors, rather than exploring
the interplay of multiple variables within the climate system itself. To achieve this, we
restricted our analysis to temperature and precipitation as representative variables.

ey

Land use/cover change and the ecological restoration area proportion. We collected
land use/cover change maps for the years 1980, 1990, 1995, 2000, 2005, 2010, 2015,
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and 2018, 8 periods in total, which were interpreted and classified from the satellite
imagery dataset of the Landsat sensor series at 30 m spatial resolution from the online
platform (http:/ /www.resdc.cn/, accessed on 20 March 2024). The accuracy of the
classification is over 70% [18]. For the purpose of monitoring the ecological degrada-
tion and restoration in the region, we redefined and reclassified the land cover types
into vegetation-land and barren-land, i.e., vegetation-land containing forest/shrubs
and grassland, and barren-land meaning desert. In the TRS region, which is pre-
dominantly covered by alpine grassland ecosystems, ecological degradation mainly
refers to the transition from grassland and forest/shrubs to bare ground [19], and
thus the barren-land patches in the region show where and how ecological degrada-
tion occurred in the alpine grassland and wetlands across space. The decrement of
the bare-land patches area proportion was defined as the ecological restoration area
proportion (ERAP). The area proportion changing rate of these barren-land patches
over the years in the resampled grid of 10 km grain size was calculated to measure
the ecological degradation level and spatial distribution.

ERAP = (area, — areag)/areayog 1)

where area, means the after annual barren-land area, area p means the before annual barren
area, and areaj9gyp means the barren-land area in 1980.

(2) Net primary productivity. Since over 90% of areas in the region are covered by
grassland in the study area, we used the net primary productivity (NPP) of the
vegetation as the indicator of the ecosystem quality which was estimated on the basis
of the satellite imagery data over the past decades. The datasets of NPP (1982-2018)
were acquired from the platform of the National Earth System Science Data Center,
National Science & Technology Infrastructure of China (http://www.geodata.cn,
accessed on 20 March 2024). The spatial resolution is 5 km, and the temporal resolution
is 8 days. The annual average of NPP was calculated based on the raster layers of
the 8-day NPP dataset product from January to December by stacking and applying
the Mosaic Operator in ArcGIS 10.8. The original data source for calculating NPP
was derived from the satellite data of the AVHRR series, as the land cover type
information was based on the MODIS Global Land Categories Product “MCD12C1”
(https:/ /e4ftl01.cr.usgs.gov/MOTA/, accessed on 20 March 2024). Theoretically, in
the CASA model, NPP is estimated using the absorbed photosynthetically active
radiation (APAR) and the real LUE [20].

NPP (x, t) = APAR (x,t) X € (x,t) )

where NPP (x, t) represents the NPP at month t for grid position x (unit: gC - m~2 -
month™1), APAR (x, t) is the APAR at month t for grid position x (unit: MJ - m~2 - month™1),
and ¢ (x, t) is the real LUE (unit: gC - MJ~1) [21]. APAR is determined by both the total
solar radiation and the characteristics of the plant canopy, and can be calculated as:

APAR (x, t) = 0.5 x SOL (x,t) x fAPAR (x,t) 3)

where SOL represents the total solar radiation, which can be obtained by establishing the
relationship model between the sunshine duration included in the meteorological dataset
and the solar radiation for grid position x (unit: MJ - m~2 - month~2) [22]. fAPAR (x, t) is
the fraction of APAR absorbed by the plant canopy, where 0.5 represents the proportion of
the radiation which can absorbed by plants (0.38-0.71 um) [23].

(3) The calculation of the ecological asset index. We used the ecological asset index
(EAI) to comprehensively reflect changes in the quality and quantity of the ecosystems
by following Ouyang et al.’s (2020) method as per Equation (4).

Yo _(EA;, x EQI) EA; < 10 @

EAlL = EA, x5 * 2500000
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where i means the different types of ecosystem, such as forest/shrubs, grassland, wetland,
desert, and glacier. In our case, the EQI means the degree of ecosystem quality transferred
from the NPP level by the different types of ecosystem (Table 1), which means the area of
the type i ecosystem.

Table 1. The evaluation degree system of the ecosystem quality for the different ecosystems in the
Three-River-Source region.

Ecosystem Type I II III v \'
forest/shrubs 0-30 30-50 50-70 70-80 80-100
grassland 0-30 30-50 50-70 70-80 80-100
wetland 0-10 10-40 40-60 60-75 75-100
desert 0-15 15-35 35-50 50-70 70-100
glacier 0-30 30-35 35-50 50-75 75-100

(4) Climatic factors. The annual average temperature (T) and annual precipitation (P)
data were collected from the National Meteorological Interpolation Data Products
provided by the Chinese Academy of Sciences Resource and Environmental Science
and Data Center platform. The spatial resolution of the original data is 1 km, one scene
per year, and the time range is from 1980 to 2015, with a total of 36 years. Similar to
the calculation method of the dynamic change rate of the ecosystem, we estimated the
overall scale of the study area, divided the space grid with 50 km as the side length,
and calculated the dynamic change rate of the average temperature and precipitation
of each grid point for each grid point. The linear regression was performed with the
annual mean value as the dependent variable and the year of the time series as the
independent variable to obtain the distribution of climate factor slope values as the
impacts of climatic factors.

(5) Geographical factors. The digital elevation model (DEM) was collected from the
geographic data platform (http://geodata.pku.edu.cn, accessed on 20 March 2024) of
the School of Urban and Environment, Peking University, including 250 m resolution
raster layer data across the country. We used the DEM to perform slope calculation in
QGIS 3.16 and generate a sloped raster layer as a percentage. Elevation and slope were
topographical factors affecting the formation and changes of ecosystems in a digital
form [24]. Soil erosion grades were downloaded from the shared dataset provided by
the Chinese Academy of Sciences’ resource and environmental science and data center
platform and the data was 1 km resolution raster layer data. Different types of soil
erosion methods were combined according to the original data to grade soil erosion
standards, ranging among slight, mild, moderate, strong, extremely strong, and severe
erosion with grades of 1 to 6. Integrating various information about topography, wind,
water, and soil structure, the soil erosion degree was used to quantitatively reflect the
effect of land elements on the dynamics of regional ecosystems.

The wilderness distribution map is a spatially continuous raster layer that reflects the
relative intensity of human activities at the landscape scale [25]. This layer was collected
from the relevant datasets during 2015 to 2018, which showed the distribution of human
activity intensity patterns on the QTP’s ecosystems in this period. By assembling and
grading the naturalness of land use, population density, distance from settlements, distance
from roads, settlement density and road density, and weighted linear stacking, we applied
a generated integrated indicator, the National Wilderness Quality Index (WQI), which is
represented by Equation (5), with a resolution of 1 km [25]. The Human Activity Index
(HAI) was calculated by subtracting WQI from 1 to quantify the relative intensity of human
activities following Equation (6).

WQI =Y 7 X; x w; )

HAI =1 — WQI (6)
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(6) Information of the ecological restoration actions and intensities. We collected the
information and atlases of ecological restoration projects from 2005 to 2013 from local
departments to assemble and digitalize a dataset. The ecological restoration project
was divided into two types: artificial grassland construction (human-induced restora-
tion) and grassland fencing (nature-based restoration). According to the different
restoration measures and engineering characteristics, we constructed a quantitative
indicator “ecological restoration intensity” that integrates the spatial and temporal
features of the ecological restoration measures by referring to previous ecological
restoration impact assessment models [26]. We developed this indicator based on the
assumption that the longer the recovery time, the larger the area, and the closer the
distance from the restoration implementation site, the greater the restoration intensity
and impact. The calculation formula for this indicator is represented by Equations (7)
and (8). For the overlaps of artificial grassland construction and grassland protection
projects, we normalized and summed them up as per Equation (9).

In(2018 — year)

Rl = R )
RIp = In[(2018 — year) x area x centrality| (8)
thﬂ _ RIA - RIA_min RIF - RIF_min (9)

RIA?max - RIA_min RIF_max - RIF_min

where RI,—artificial grassland restoration intensity; RIr—grassland fencing restoration
intensity; RI;;—the total restoration intensity.

2.3. Statistical Analysis

To determine the impact of the primary driving forces and identify their effects in a
composite multi-regression model, we employed a step-wise model selection process based
on corrected Akaike’s information criterion (AIC; AAIC < 2) to select the best predictors of
the dependent variables. This procedure was performed by using the function “dredge”
in the R package MuMIn [9]. Model averaging was performed based on AIC weights
when multiple models were selected. Model residuals were inspected for constant variance
and normality. All predictors and response variables were standardized before analyses
using the Z-score to interpret parameter estimates on a comparable scale. Predictors were
log-transformed, when necessary, before analysis to meet the assumptions of the tests used.
We evaluated the relative importance of the predictors under considerations of drivers
of dependent variables, i.e., ERAP, NPP, and EAI. We calculated the relative effect of the
parameter estimates for each of the predictors, i.e., the partitioned variance contribution
(as a percentage). To perform the variance decomposition analysis, we transformed all
predictors to Z-scores.

To draw a more generalized conclusion on the attribution of the climatic and an-
thropogenic factors for ecosystem change, we processed the preliminary results of the
statistical analysis. First, we selected, according to the regression results, the mean of the
climatic factors (T and P), and the human interference, quantified by the indicator of RI,
and assembled the uniformly normalized values of them, as from the minimum to the
maximum (represented in a range of 0 to 100%), over the years to examine when and how
the effects of the climate and the restoration measurement happened to the alpine grassland
ecosystem on the temporal dimension. Second, we summed the variance partitioning
values by the specific factors with the categories of the human activities and the natural
environment respectively to present the proportion of the two main kinds of driving forces
in a quantitative and comparative manner. The processed results were used to summarize
the mode of ecological restoration under both the natural and human dimensions.
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3. Results
3.1. The Changes of the Ecosystem Quantity and Quality in the TRS Region

The results show that from 1980 to 2018, the overall ERAP, NPP, and EAI of the TRS
region all have a significantly increasing trend (p < 0.0001) (Figure 2). The maximum
increment rate of EAI could reach approximately 3%/10a. However, in a part of the
region, the bare land patches increased by nearly 2%/10a, like on the eastern side of the
Yellow River source, and some scattered spots on the eastern side of the Yangtze River.
The spatial-temporal dynamics of NPP patterns showed that the ecosystem quality in the
eastern counties at the Yellow River source, the southeastern Yangtze River source, and
the Lancang-Mekong River source was notably improved, reaching about 2.5 kgC/m?/10a
on average. Since the EAI showed a combination of the changes in both area and quality
of vegetation as shown by the different types of ecosystems, its pattern exhibited a higher
spatial heterogeneity. The overall EAI in the Yellow River source showed the fastest growth
rate at the level of about 0.8/10a, and the figures for the eastern area of the Yangtze River
source and the southeastern area of the Lancang River source were growing faster. The
EAI in the western area of the Yangtze River Source remained steady. The EAI of Tongde
County and Xinghai County in the eastern area of the Yellow River source and Golmud
City declined significantly.

()

y=0.04x+4.49
R2=0.62
p<0.05

‘ mean=0.045
<0.001

ERAPY%
trequency
AN

y=0.57x-1082.9
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-
&
Z . -
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Figure 2. The changing rate of the ecological restoration area proportion (ERAP) (%/10a) (a); of the
net primary productivity (NPP) (kg(}m*2 /10a) (b); and of the ecological asset index value (EAI)
(/10a) (c) from 1980s to 2018 in the Three-River-Source region.
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3.2. The Contributions of Climate, Geography and Human Factors to the Ecological Restoration of
the TRS Region

The attribution ratio and the regression coefficients of the impact factors to the ERAP,
the NPP, and the EAI of the region are presented in Figure 3 (p < 0.05, the confidence
intervals were drawn as the length of the bars in the forest graphs). The results show that the
regional climatic factors are the most dominant variables affecting the ecosystem restoration,
exceeding 45% of the total contribution. Generally speaking, the higher the regional mean
temperature, the faster the conversion rate of bare land patches to the grassland, and also
the higher the appreciation of ecological asset. The increase of precipitation showed the
most significantly positive effects on the NPP, namely 29.5% of variance contribution to
the accumulation of NPP. Regarding geographical factors, both altitude and slope showed
significant correlations with the EAI and the ERAP. For the NPP, the lower altitude was
more conducive to NPP accumulation. The regression model shows that altitude was one of
the major factors inhibiting the increase of the NPP (the contribution rate is negative 32.8%).
The ecological restoration projects indicated by the metric of RI showed a greater positive
impact on the improvement of ecosystem quality, accounting for about 8.9% of the total
contribution. Notably, road construction showed positive implications for the accessibility
of ecological restoration and conservation measures, but may also cause problems such
as landscape fragmentation and soil hardening. Our analysis suggested that roads have a
relatively positive effect on the improvement of the NPP and the EAI, but no significant
effect on the ERAP.
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Figure 3. The attribution of climatic (Tm, Tr, Pm, Pr), geographical (altitude, slope, soil erosion), and
anthropogenic factors (human interference, restoration intensity, road influence) on the ecosystem
restoration area proportion changing rate (ERAPrate) (a); and on the ecosystem quality indicated by
the net primary productivity changing rate (NPPrate) (b); and on the ecological asset changing rate
(EAlI ate) (c) in the Three-River-Source region.

3.3. Temporal-Spatial Variations of Ecological Restoration and Driving Factors

The input layers of the environmental impact factors suggested that from 1980 to 2018,
the temperature in the TRS region has significantly increased and the precipitation has
varied greatly across the space (Figure 4). Having selected the most significant driving
factors, the average annual temperature, average annual precipitation, and the RI, the
spatial regression coefficients of the pairs between these factors and the ERAP, the NPP,
and the EAI by county unit were obtained and mapped (Figure 5). It can be seen that
the precipitation was significantly negatively correlated with the ERAP and the EAI in
the eastern area of the TRS region and near the Yellow River source. The warmer and
dryer climate in this region has seriously limited the ecological restoration and caused the
ecological asset increment to decline. The annual average temperature of the TRS region
showed a positive effect on the overall vegetation restoration, but it should be noted that
the increased temperature and reduced precipitation were unlikely to promote the NPP in
the northeast part of the region. The RI was of positive significance to the improvement
of the ecosystem quality in most of the TRS region. However, there was less correlation
between the RI and EAI in some areas of the Yellow River source and the Lancang-Mekong
River source. It is alarming that RI did not play a fully positive role in Golmud, Gonghe,
Jainca, and Henan counties in both the quantity and quality of the ecological restoration.

3.4. A More Generalized Track and Attribution on the Ecosystem Restoration under the
Driving Forces

In the synthesized results of the changing trends of the ecosystem indicators and their
main driving forces, the whole process in the study area over the past decades can be
divided into three phases (Figure 6a): (1) the first phase of the ecosystem degradation in
1980~1995, (2) the second phase of the ecosystem restoration in 1995~2005, and (3) the
third phase of the ecosystem stabilization after 2005. By the end of the first phase, we
found that the ERAP, NPP, and EAI had severely declined and reached the bottom under
the disadvantageous climatic condition, i.e., being dryer and colder in the region. As
the P increased and the T rose, the positive human interference in the form of ecological
restoration was observed, and the ecological indicators were promoted simultaneously.
Notably, the ecosystem quality, or the NPP, improved more quickly due to human act.
Afterwards, even during the year of 2015 which experienced continuous dry conditions and
extreme drought, we found that the ecosystem area and the assets declined with limited
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speeds. Only the NPP showed sensitivity as it dropped more heavily although still not
reaching the bottom in this phase. The regional ecosystem may acquire higher resistance
under human act in the ecological restoration to combat drought, as it did not reach the
bottom when faced with more severe drought in the years between 2013 and 2018.
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Figure 4. The changing rate patterns of the annual mean air temperature (T;) 0.1 °C/10a (a); the
changing rate patterns of the annual mean precipitation (Py) mm/10a from 1980s to 2015 (b); the
vectorized and quantified rasterized restoration intensity (RI) spatial patterns since 2010s (c) in the

Three-River-Source region.
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Figure 5. The spatial patterns of the regression coefficients among the key dominant factors and the
ecosystem restoration and quality in the Three-River-Source region.
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Figure 6. The dynamical changes of climate factors and human-induced restoration on the temporal

dimension from 1980 to 2018 in the region (a). The quantified mode of “human act and climate-help”
(based on the variance partitioning results) to develop the nature-based solutions for the ecological
restoration in the alpine grassland ecosystem (b).

By summing up the quantified proportions of the attribution of the natural and
anthropogenic factors, we demonstrate how they differently affect the ecosystem assets
directly, or via the area and quality indirectly, as the overall effect percentage (Figure 6b).
The results indicate that human activities have affected the ecosystem quality more than
the ecosystem area, while the climatic factors have affected the restored ecosystem area
more than the restored ecosystem quality. We summarize and describe such differently
weighted effects on the aspects of quantity and quality via combining the natural and
human aspects as a leverage effect. This means that investment by humans coupled with
natural environmental change function together in relation to the ecological asset.

4. Discussion
4.1. The Mode of “Human Act and Climate-Help” in the Ecological Restoration

The TRS region is a vital waterhead area and ecological barrier area in China and the
East Asia continent. Long-term monitoring and scientific research have been conducted to
detect the impact of climate change on the ecosystems in this region. Since the 1990s, China
has implemented numerous ecosystem restoration projects to protect the environment in
this region. From 2005 to 2015, local and central governments have invested about RMB
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7.65 billion (equal to about USD 1.113 billion), initially reversing the trend of ecological
degradation in some key areas [27]. From 2016 to 2025, the Chinese government is investing
around RMB 17 billion (equal to about USD 2.42 billion) to rebuild the ecosystem struc-
tures and functions in this region. However, limited information can be obtained about
the cause—effect of the ecological restoration interventions such as artificial grassland
construction and grassland fencing. In our study, the spatial patterns of EAI and NPP
suggest that there is no significant relationship between the enlargement of ecological
restoration areas and the promotion of ecosystem quality. For instance, there has been a
moderate rate of EAI increment and higher rate of NPP improvement in the eastern parts
of the TRS region, including Magén County, Tongde County, and Xinghai County, which
have relatively low altitudes, a higher intensity of human activities, and higher grassland
utilization, but also receives more investment in local environmental maintenance and
governance [28]. Due to the continuous overgrazing by local pastoralists’ cattle, the overall
bare land patches show no obvious decrement, even though the frequent human inter-
vention of grassland restoration has helped maintain and promote the NPP. Our results
show that both the quantity and quality of the vegetation in the Yellow River source, the
eastern part of the Yangtze River source, the eastern part of the Lancang-Mekong River
source and the intermediate zone between the Yellow and the Yangtze River sources have
increased significantly and synchronically, the EAI has increased fast in the past decades.
The pattern is basically consistent with the previous studies of the monitoring and analysis
of the regional vegetation restoration [24].

Based on our results and previous studies, it can be concluded that the ecological
restoration of the source of the Yellow River has exerted a “radiation effect” and “leverage
effect” on the region in the past decades [29]. The “radiation effect” implies that the locally
restored community can affect the radiated surroundings to some extent via biophysical or
biochemical processes. The “leverage effect” implies that local restoration may probably
leverage the multiple resources and the external advantageous climate conditions to expand
the local achievement toward reaching a higher level of ecosystem development. The
grassland restoration projects in the eastern part of the Yellow River source, the intermediate
zone between the sources of the Yellow River and the Yangtze River, and around the
Lancang-Mekong River source are most helpful for increasing the regional vegetation
quality. At the same time, over the past years, the overall warming and humidification
of the QTP is conducive to vegetation restoration, and the conservation and restoration
process has been significantly accelerated by human interventions, forming a governance
mode of “human act, climate-help”. Our results indicate that human factors have not
made a great contribution, while the regional climate change has accounted for a larger
contribution. However, it should be noted that human intervention is an important measure
to curb the collapse of fragile ecosystems. Such policies and engineering timely play an
irreplaceable and critical role in the transformation of micro-topography, micro-climate, and
micro-environment, especially for the improvement of ecosystem structure and functioning,
which will be a turning point in the ongoing evolution of the ecosystem [30]. We generalize
this process as the “leverage effect”, i.e., using human interventions to amplify the effect of
natural restoration and to reduce the risks of the ecosystem degradation under the trend of
climate warming and humidification.

4.2. The Implications and Recommendations to Improve the Ecosystem Assets in the
Alpine Grassland

Our study has quantitatively revealed that human activities, whether interference
or intervention, have made limited contributions to the overall ecosystem restoration.
However, human participation is essential in the evolution of the regional ecosystems.
Artificial grassland planting of seedlings is more precise and controllable and enables
community reconstruction but has limited radiated range since the labor cost per square
kilometer in the plateau region is too high [10]. With regard to erecting fences for protection,
it mainly depends on the natural recovery by simply removing the human interference
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and awaiting natural succession for many years. It covers a large area of grassland but has
higher uncertainty. The recovery time as a result of protection through fencing usually takes
longer than by carrying out artificial grassland planting. Now, based on the comparison
mentioned at the beginning and the current analysis, we hereby suggest that only when
these two methods are employed to jointly develop nature-based solutions will it be
possible to fully restore the destroyed original plateau ecosystem like that in the TRS region.
According to the results of our attribution analysis, climate has contributed basically
over double that due to human act to ecosystem restoration in terms of both ERAP and
NPP. The ecological restoration measures performed by humans mainly include grazing
prohibition, hunting prohibition, artificial seeding, and artificial weather intervention.
Thus, these measures have only a local direct effect to small extents as a mending of the
bare land patches and an acceleration of natural evolution to assist the system to regain its
resilience [31]. The ecosystem’s restoration and improvement of vegetation on a large scale
are basically determined by nature’s influencing and nourishing role [32].

This nuanced analysis reveals that climate factors, i.e., regional temperature and
precipitation, are overwhelmingly the primary contributors to ecological restoration success,
accounting for over 45% of the variance, juxtaposed with minimally contributing human-
induced re-vegetation efforts, and presents critical insight. This revelation underscores
the predominant role of natural climatic conditions in facilitating ecological recovery and
suggests a potential reevaluation of human-centric restoration strategies. The relatively low
variance explained by Restoration Intensity (4.4% to 8.8%) in the multi-regression model
signals a need to further scrutinize the efficiency and effectiveness of current human-led
restoration projects.

From a broader ecological standpoint, these findings illuminate the resilience and
dependence of alpine grassland ecosystems on climatic factors. The dominant influence of
“climate-help” over “human act” in promoting ecological restoration in such ecosystems
underscores the importance of aligning restoration strategies with natural climatic patterns
and cycles. This alignment could enhance the efficacy of restoration efforts, ensuring that
they complement rather than counteract the inherent ecological processes driven by climate.

Societally, the insights gleaned from this study have implications for environmental
policy and land management practices. Here are the three main recommendations for the
relevant improvement of policymaking and environmental governance. (1) Recognizing
the limited impact of human-induced re-vegetation emphasizes the need for policies that
prioritize the protection and enhancement of natural ecosystem processes. It suggests
that conservation efforts should not only focus on active human interventions but also on
creating conditions that facilitate natural restoration processes, such as protecting areas
from further degradation and allowing ecosystems to recover through natural succession.
(2) Policies should advocate for the integration of climate projections and environmental
impact assessments into the initial planning stages of restoration projects. This will ensure
that ecological restoration efforts are aligned with expected climatic conditions, thereby
increasing the likelihood of success and sustainability of projects. Restoration initiatives
should be designed to be flexible and adaptive to changing climate conditions, with mecha-
nisms for ongoing monitoring and adjustment based on climatic feedback. (3) Resources
for ecological restoration should be strategically allocated to areas identified through spa-
tial analysis at the stage of planning as having the most favorable climatic conditions
for restoration success. This targeted approach would maximize the ecological return on
investments by focusing efforts where they are most likely to thrive, thereby optimizing
the use of limited resources for maximum environmental benefit. By implementing these
policy recommendations, governments and stakeholders can increase the effectiveness of
ecological restoration projects, leveraging natural climatic advantages while ensuring that
restoration efforts contribute to the resilience and sustainability of alpine ecosystems.
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4.3. The Limitations and the Outlooks of the Study

The primary objective of our study was to devise an encompassing framework that
serves as an integrative approach, addressing both the quantitative and qualitative di-
mensions of ecological asset while bridging the natural and human facets within alpine
ecosystems. The criteria guiding indicator selection primarily centered on their represen-
tativeness and accessibility. However, the omission of more specific factors within the
subsystems of natural and socio-economic compartments renders the current findings
deficient in terms of their explanatory capacity and depth of detail. Notably, the regional
climate system emerges as a pivotal driver influencing vegetation dynamics, intricately
intertwined with hydrological cycling, particularly within this region characterized by
river sources. Subsequent investigations should encompass elements such as runoff, evap-
otranspiration, cloud formation, soil water, and underground water to construct a more
comprehensive model elucidating the natural forces from both hydrological and energy
perspectives. This holistic approach promises to enhance our understanding of the intricate
dynamics governing alpine ecosystems, thereby facilitating more informed management
and conservation strategies.

While this study draws upon ample field survey data pertinent to ecological restora-
tion initiatives, there exists a dearth of information concerning other ground surveys.
Future research endeavors could benefit from systematic data collection and national-level
open-source sharing initiatives, such as the Second Tibetan Plateau Scientific Expedition
and the Ministry of Ecology and Environment’s inspections. These platforms offer avenues
for delving deeper into issues that remote sensing methods alone may not fully elucidate.
Within natural systems, investigating plant diversity holds promise, given its close cor-
relation with productivity, ecosystem stability, and the foundational role that it plays in
ecosystem services and values. The rich biodiversity of the TRS region, housing numerous
rare and medicinally valuable species, warrants further exploration to unravel the intricate
relationships among habitat quality, biodiversity, and ecological asset valuation within
alpine grasslands.

The statistical test in our investigation unveiled the positive role of roads within alpine
ecosystems. The conventional perspectives often cast road construction as disruptive and
deleterious for the vegetation, as it typically causes substantial disturbances to the natural
environment, including soil compaction, alterations in hydrology, habitat fragmentation,
and changes in the distribution of plant species. Our findings, however, suggest a more nu-
anced narrative. The accessibility facilitated by transportation system development not only
facilitates the implementation of ecological restoration projects but also catalyzes regional
economic development, thereby engendering heightened levels of ecological awareness
and environmental protection which are summarized in the theory of Environmental
Kuznets Curve [33]. This study offered a view that road construction is a double-edged
sword for alpine grasslands, underscoring the need for additional empirical studies to
corroborate these findings. Such inquiries hold promise for advancing our understanding
of the complex interplay between socio-economic dynamics and ecological integrity within
alpine ecosystems.

In addition, monetization was not calculated in this study. When comparing the results
of this study with ecological restoration project investment in the future, monetization is
required to emphasize the utility value attribute of ecological asset [34]. The participation of
multiple major stakeholders in ecological protection, and the delineation and utilization of
protected areas is a problem of coupling natural and socio-economic systems, and the key
area of the TRS region should be handled with caution and considering scientific references.
In the next stage of study, it is expected that the methods of monetization of ecological asset
will be developed as an integration with the economic research paradigm.

5. Conclusions

In this study, we developed a methodology using techniques of remote sensing and
geoinformatics, and ground surveys to create a novel digital evaluation system for ecologi-
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cal restoration projects in regard to the dimensions of ecological restoration area, ecosystem
quality, and their relationships with the impacting factors. By using this innovative and
integrative methodology, the contribution of natural and human factors to ecosystem
change have been clearly quantified in a spatially explicit manner. The results of this study
suggest that human active intervention in restoring the grassland ecosystems will be of
great significance to the maintenance of ecosystem quality, and also for the preservation
and appreciation of ecological asset by taking advantage of the forces of regional climate
change. Such “leverage effect” was conceptualized and applied to coordinate the conser-
vation of ecological resources for and the socioeconomic development of the protected
areas. The key findings from this study can provide sound foundations for improving
the human-induced restoration interventions and offer strong evidence for advocating the
nature-based solution strategies of ecosystem restoration of the QTP and the similar fragile
critical eco-regions worldwide.
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