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Abstract: The National Key Ecological Function Zones (NKEFZ) serve as crucial ecological security
barriers in China, playing a vital role in enhancing ecosystem services. This study employed the
theoretical framework of ecological benefits assessment in major ecological engineering projects. The
primary focus was on the ecosystem macrostructure, ecosystem quality, and key ecosystem services,
enabling quantitative analysis of the spatiotemporal changes in the ecosystem status of the NKEFZ
from 2000 to 2019. To achieve this, remote sensing data, meteorological data, and model simulations
were employed to investigate five indicators, including land use types, vegetation coverage, net
primary productivity of vegetation, soil conservation services, water conservation services, and
windbreak and sand fixation services. The analysis incorporated the Theil-Sen Median method
to construct an evaluation system for assessing the restoration status of ecosystems, effectively
integrating ecosystem quality and ecosystem services indicators. The research findings indicated
that land use changes in NKEFZ were primarily characterized by the expansion of unused land and
the in of grassland. The overall ecosystem quality of these zones improved, showing a stable and
increasing trend. However, there were disparities in the changes related to ecosystem services. Water
conservation services exhibited a decreasing trend, while soil conservation and windbreak and sand
fixation services showed a steady improvement. The ecosystem of the NKEFZ, in general, displayed
a stable and recovering trend. However, significant spatial heterogeneity existed, particularly in the
southern region of the Qinghai-Tibet Plateau and at the border areas between western Sichuan and
northern Yunnan, where some areas still experienced deteriorating ecosystem conditions. Compared
to other functional zones, the trend in the ecosystem of the NKEFZ might not have been the most
favorable. Nonetheless, this could be attributed to the fact that most of these areas were situated in
environmentally fragile regions, and conservation measures may not have been as effective as in other
functional zones. These findings highlighted the considerable challenges ahead in the construction
and preservation of the NKEFZ. In future development, the NKEFZ should leverage their unique
natural resources to explore distinctive ecological advantages and promote the development of
eco-friendly economic industries, such as ecological industry, ecological agriculture, and eco-tourism,
transitioning from being reliant on external support to self-sustainability.

Keywords: spatiotemporal analysis; ecosystem status; restoration evaluation; National Key Ecological
Function Zones; China
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1. Introduction

Ecosystems deliver a wide range of essential services, both directly and indirectly, to
fulfill human requirements. These services encompass provisioning, regulating, supporting,
and cultural aspects, contributing to human survival and development [1-3]. Nevertheless,
the interplay of climate change, continuous population growth, and unsustainable utiliza-
tion of natural resources has given rise to a cascade of challenges, including heightened
occurrences of extreme climatic events [4], land degradation [5], environmental pollu-
tion [6], and a notable decline in biodiversity [7]. As a consequence, ecosystem degradation
has emerged as a critical global concern [8]. In response, China has undertaken a series
of significant ecological engineering initiatives, such as the Three-North Afforestation
Program, the Natural Forest Protection Program, and the Grain for Green Program, to
safeguard and restore ecosystems [9]. Presently, the overall trajectory of ecological degra-
dation in China has been successfully curtailed, with ecosystems progressively exhibiting
signs of improvement. However, the comprehensive resilience of natural ecosystems re-
mains precarious [10]. To optimize the spatial development framework, fortify ecological
preservation, and enhance the ecological environment within key regions, the Chinese State
Council introduced the “National Master Plan for Main Functional Zones” in 2010. This
plan designates NKEFZ as areas characterized by vulnerable ecosystems, significant eco-
logical functions, and limited resource and environmental carrying capacity. These zones
play a pivotal role in crucial ecosystem services, including soil and water conservation,
water source regulation, biodiversity maintenance, and windbreak and sand fixation, con-
sequently exerting an influence on China’s ecological security [11,12]. Within the purview
of the NKEFZ, a stringent regulatory framework governs diverse developmental activi-
ties, progressively reducing the spatial footprint occupied by human interventions and
facilitating superior protection and sustainable development of the ecological environment.

Currently, there is a considerable body of research focusing on China’s NKEFZ. How-
ever, the predominant focus of these studies lies in the analysis of transfer payments [13,14]
and ecological compensation standards [12,15,16], operational mechanisms, and ecological
effectiveness within these zones [17,18]. Furthermore, discussions revolve around topics
such as ecological assessment criteria, existing issues, as well as the vulnerability and sensi-
tivity of these ecologically significant areas [19]. The rapid advancement of remote sensing
technology and the ongoing refinement of ecosystem models have prompted an increasing
number of scholars to shift their attention toward the evaluation of ecological patterns and
services within the NKEFZ, adopting a large-scale and multidimensional approach. For
instance, Liu et al. (2018) employed remote sensing data, geographic information system
platforms, and ecological models to quantitatively analyze the spatiotemporal distribu-
tion patterns and changes in the macro-ecosystem structure and key ecosystem services
within China’s NKEFZ. Their study focused on the periods before (2000-2010) and after
(2010-2015) the implementation of transfer payments [20]. Similarly, Liu et al., (2020) con-
ducted a quantitative analysis of the spatial-temporal distribution patterns and changes in
ecosystem service values within the NKEFZ following the implementation of transfer pay-
ments (2010-2015) [21]. At the regional scale, Zhou et al., (2020) [22], Hou et al., (2018) [23],
and Zhang et al., (2022) [24] respectively investigated the variations in ecosystem service
values and levels of green development in specific areas, namely Ningxia Yanchi County,
the central mountainous area of Hainan Island, and Heilongjiang Province. They also put
forth policy recommendations in their respective studies. Moreover, some scholars have
undertaken analyses focusing on the socio-economic conditions of the NKEFZ, as well as
exploring the poverty reduction effects associated with these areas [15,25].

However, comprehensive studies at the national level that analyze the ecosystem
quality and ecosystem services of different types of NKEFZ, quantify their trends of change,
and compare them with non-key ecological function zones are lacking. Additionally, there
is a paucity of research concerning the spatiotemporal evaluation of ecosystem quality,
ecosystem services, and the degree of ecosystem restoration. Quantitatively assessing the
ecological status and spatiotemporal dynamics of China’s National Key Ecological Function
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Zones (NKEFZ) since 2000 can significantly underpin management decisions concerning
the subsequent shift-payment system for these zones and facilitate the identification of
priority areas for ecological restoration efforts within the NKEFZ. To address these research
gaps, this study centered on the NKEFZ and drew on an ecosystem service evaluation
framework [26]. It also employed the theoretical framework of major ecological engineering
and ecological benefits assessment [27]. By selecting indicators such as the ecosystem
macrostructure, ecosystem quality, and key ecosystem services, and utilizing remote sensing
data, meteorological data, and model simulations, the study quantitatively analyzed the
spatiotemporal changes in the ecosystem macrostructure, ecosystem quality, ecosystem
services, and spatial disparities in ecosystem restoration levels within the NKEFZ from 2000
to 2019. Furthermore, a comparative analysis was conducted with other non-key ecological
function zones, such as major agricultural production zones (MAPZ), key development
zones (KDZ), and optimized development zones (ODZ). The ultimate aim of this study is
to provide scientific evidence for the ecological environment construction and management
of the NKEFZ in subsequent stages.

2. Materials and Methods
2.1. Study Area

China’s NKEFZ are categorized into four distinct types: soil and water conservation
(SWCA), water source conservation (WCA), windbreak and sand fixation (WAFA), and
biodiversity maintenance (BMA) [28]. These zones encompass restricted development
areas as well as prohibited development areas, spanning across 676 counties and cities,
with a combined land area of approximately 5.06 million square kilometers. This expansive
coverage constitutes 52.7% of China’s total land territory. The geographical distribution
of these zones is illustrated in Figure 1. During the period from 2008 to 2019, the central
government of China has consistently disbursed a cumulative total of 523.5 billion yuan
as transfer payments directed toward the NKEFZ [29]. The primary objectives of these
transfer payments encompass maintaining the stability of forested land areas, safeguarding
the integrity of grasslands, augmenting the extent of river, lake, and wetland areas, and
effectively managing spatial occupation by human activities at the prevailing level. Addi-
tionally, these endeavors strive to curtail ecological degradation, facilitate the restoration of
grassland vegetation with a notable enhancement in coverage, amplify the water conserva-
tion capacity of green ecological spaces per unit area, proficiently mitigate soil erosion and
desertification, and ensure the tangible preservation of biodiversity.

2.2. Methods

This study examines the degree of ecological restoration in China’s NKEFZ using a
remote sensing evaluation method proposed by Shao et al., (2022) [27]. The evaluation en-
compasses three dimensions: ecosystem macrostructure, ecosystem quality, and ecosystem
services (Figure 2). The ecosystem macrostructure is assessed by considering various land
use/cover categories, such as cropland, forestland, grassland, water and wetland, build-up
land, desert land, and unused land. The evaluation of ecosystem quality employs vegeta-
tion net primary productivity and vegetation cover as indicators for assessment. In terms
of ecosystem services, the evaluation focuses on soil conservation services, water source
conservation services, and windbreak and sand fixation services, which serve as the se-
lected indicators for remote sensing assessment. The ecosystem quality data were based on
data products, while the ecosystem service data were estimated using model simulations.

2.2.1. Ecosystem Macrostructure

The assessment of ecosystem macrostructure in this study relies on land use/land
cover data and employs remote sensing classification techniques to delineate ecosystem
types. To achieve this, a combination of high-resolution remote sensing, unmanned aerial
vehicle (UAV), and ground survey observation techniques is utilized, leveraging China’s
regional Landsat-TM/ETM satellite imagery and Landsat 8 satellite remote sensing data.
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Furthermore, a human-machine interactive interpretation method, grounded in geoscien-
tific knowledge, is integrated into the analysis. This comprehensive approach enables the
acquisition of 1:100,000-scale land use-type vector data, which is subsequently utilized to
generate 1 km grid-based percentage ecosystem type data. Notably, the accuracy of the
primary land use types surpasses 90% through rigorous field validation procedures [30,31].
As a result, five distinct sets of ecosystem type datasets for the NKEFZ are generated,
covering the years 2000, 2005, 2010, 2015, and 2020.
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2.2.2. Ecosystem Quality Data
(1) Vegetation Coverage

In this study, the MODIS MOD13Q1 NDVI data product from 2000 to 2019 was
employed, which provides a temporal resolution of 16 days and a spatial resolution of
250 m [32]. The computation of annual vegetation coverage was performed using the
pixel binary model and the maximum synthesis method. Following the calculation, the
data were further resampled to a resolution of 1 km. The specific formula used for the
computation is provided as follows:

NDVI — NDV1I,,,
NDVIpax — NDV I,

where FVC is the vegetation coverage (%); NDV I,,;, represents the NDVI value of pixels
with no vegetation coverage, obtained as the NDVI value at the 5th percentile; NDV I ;4
represents the NDVI value of pixels with complete vegetation coverage, obtained as the
NDVI value at the 95th percentile.

FVC =

x 100% 1)

(2) Net primary productivity of vegetation

We employed the vegetation net primary productivity (NPP) data product, MODIS
MOD17A3, with a temporal resolution of 1 year and a spatial resolution of 500 m. The
unit of measurement was kg C/m?/year. This data product was classified as Level 4 and
underwent atmospheric correction, radiometric correction, geometric correction, and cloud
removal procedures. To validate the accuracy of the nationwide MODIS NPP data, the
research team utilized 168 grassland sample data collected from Qinghai, Tibet, Ningxia,
and Inner Mongolia from 2004 to 2006. Additionally, the productivity data of typical forest
ecosystems in China, obtained from the long-term dynamic monitoring of forest ecosystem
flux observation stations by the China Ecosystem Research Network (CERN), was also
utilized. The validation process yielded an R? value of 0.75 [33]. Subsequently, the NPP
data from MODIS was resampled to generate a 1 km resolution annual vegetation net
primary productivity dataset covering the years 2000 to 2019.

2.2.3. Ecosystem Services Data

(1) Water conservation services

The estimation of water conservation in this study is carried out utilizing the water
balance method and adopting the water yield calculation formula derived from the In'VEST
model [34]:

Qwr:P_ET_R (2)

where O, represents the water conservation expressed in millimeters (mm). The precipita-
tion (P) is obtained from observations collected at ground meteorological stations provided
by the China Meteorological Administration. To obtain comprehensive precipitation data,
a combination of the ANUSPLIN interpolation technique and the 0.25° x 0.25° daily
precipitation grid data provided by the China Meteorological Administration is utilized.
The actual evapotranspiration on the land surface (ET), measured in millimeters (mm), is
sourced from the China 1 km monthly potential evapotranspiration dataset available at
the National Tibetan Plateau Data Center. Moreover, the surface runoff (R) is calculated
by multiplying the precipitation with the surface runoff coefficient, both measured in
millimeters (mm) [26].

(2) Soil conservation services

In this research, the soil erosion modulus was employed as a direct indicator to
quantify the soil conservation service provided by the ecosystem. A reduced soil erosion
modulus signified an enhanced soil conservation service, whereas an increased soil erosion
modulus implied a diminished soil conservation service.
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The calculation of the soil erosion modulus was carried out utilizing the Revised
Universal Soil Loss Equation (RUSLE), which is a well-established method developed in
the United States for assessing soil erosion. The formula for computing the soil erosion
modulus was provided below [35]:

A=RXKXLXSXCxXP 3)

In the equation, various factors are considered to calculate the soil erosion modu-
lus (A) expressed in units of t-hm~2-a~!. The rainfall erosivity factor (R), measured in
MJ-mm-hm~2-h~1.a~1, is obtained from observations collected at national meteorological
stations using a semi-monthly rainfall erosivity model [36]. The soil erodibility factor
(K), measured in t-hm?-h-hm~2-MJ~!-mm !, derived using the soil erosion productivity
evaluation model (EPIC) based on the Chinese 1:1,000,000 soil dataset [37]. The slope length
factor (L) and slope steepness factor (S), both dimensionless, are calculated using digital
elevation model (DEM) data based on the methodology proposed by Liu et al. [38]. The
cover and management factor (C), also dimensionless and ranging from 0 to 1, is obtained
from the MODIS NDVI dataset. The conservation practice factor (P), also dimensionless
and ranging from 0 to 1, represents the effectiveness of soil conservation measures [39].

To validate the simulated results of the soil erosion modulus, we compared them
with sediment concentration monitoring data from the Jimai and Tangnaihai hydrological
stations. The resulting R? values were 0.79 and 0.57, respectively (p < 0.01).

(3) Windbreak and sand fixation services

In this study, the soil wind erosion modulus was employed as an indicator to quantify
the effectiveness of the windbreak and sand fixation service provided by the ecosystem.
A decrease in the soil wind erosion modulus signifies an improvement in the windbreak
and sand fixation service, whereas an increase in the soil wind erosion modulus suggests a
decline in the windbreak and sand fixation service. The calculation of the soil wind erosion
modulus was performed using the Revised Wind Erosion Equation (RWEQ), the formula
for which are presented below [40]:

_ Qx
SL= - )
Qx = Omax [1 - e()S()z] ®)
Qmax = 109.8(WF x EF x SCF x K’ x COG) (6)

$ = 150.71(WF x EF x SCF x K’ x COG) """

@)
where SL represents the soil wind erosion modulus (kg/m?), X denotes the length of the
plot (m), Qx represents the sand flux at location x within the plot (kg/m), Qmax denotes
the maximum sediment transport capacity of the wind (kg/m), and S represents the
critical plot length (m). Additionally, WF represents the meteorological factor (kg/m), EF
represents the soil erodibility factor (dimensionless), SCF represents the soil crust factor
(dimensionless), K’ prime denotes the soil roughness factor (dimensionless), and COG
represents the comprehensive vegetation factor (dimensionless).

The soil wind erosion modulus dataset for the years 2000 to 2019, estimated using the
Revised Wind Erosion Equation (RWEQ) at a resolution of 1 km, was compared with the
soil wind erosion modulus determined by '¥CS measurements and the predicted results
from wind tunnel experiments. The coefficient of determination (R?) between these datasets
was found to be 0.45 [41].
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2.2.4. Ecological Restoration Situation and Degree of Ecological Restoration

The Theil-Sen Median method, a robust non-parametric statistical approach, has gar-
nered considerable attention in the realm of trend computation. Its exceptional performance
is attributed to its high computational efficiency and remarkable resilience to measurement
errors and outliers, rendering it a highly suitable tool for trend analysis in long-time series
data [42,43]. The formula is as follows:

X;
B= Median<;,_i),Vj > i (8)

where f represents the trend, Median() represents the median value, X; and X; are the
assessment values at the same pixel location in year j and year i, respectively. If > 0, it
signifies a discernible upward trend, whereas B < 0 denotes a noticeable decreasing trend.

Using the Theil-Sen Median method, the change slope P was calculated for the periods
of 2000-2010 and 2010-2019 to assess the variations in ecosystem quality (vegetation cover
and net primary productivity) and ecosystem services (water source conservation, soil
conservation, and windbreak and sand fixation). The values of p were evaluated as follows:
p > 0.05 indicated improvement, —0.05 < p < 0.05 indicated basic stability, and p < —0.05
indicated deterioration (Please take note that soil erosion modulus and soil wind erosion
modulus demonstrate contrasting trends). The ecological restoration situation of ecosystem
quality and ecosystem services for the period of 2000-2019 was assessed based on the
findings presented in Table 1.

Table 1. Basis for judging ecological restoration situation.

Evaluation Criteria

Ecological Restoration Situation

2000-2010 2010-2019
Continuously improving p>0.05 p>0.05
Initially improve and then stabilize p>0.05 —0.05<p<0.05
Initially improve and then worsen p >0.05 p < —0.05
Initially stabilize and then improve —0.05 <p<0.05 p>0.05
Maintain stability —0.05 <p <0.05 —0.05<p<0.05
Initially stabilize and then worsen —0.05 <p <0.05 p < —0.05
Initially worsen and then improve p < —0.05 p>0.05
Initially worsen and then stabilize p < —0.05 —0.05<p<0.05
Continuously worsening p<—0.05 p<—0.05

Using the Theil-Sen Median method, the trend slopes of five indicators, namely vegeta-
tion cover, net primary productivity, soil erosion modulus, soil wind erosion modulus, and
water source conservation, were calculated for the period from 2000 to 2019. Based on the
classification criteria for positive transitions, negative transitions, and basic stability, spatial
distribution data were obtained for the three categories of positive transitions, negative
transitions, and basic stability for the five key ecological functional zones during the same
time period.

By performing spatial overlay analysis on the three categories of distribution data for
the five indicators, as presented in Table 2, the spatial distribution of the ecological system
recovery level in the NKEFZ from 2000 to 2019 was determined.

Table 2. Basis for judging the degree of ecological restoration.

The Degree of Ecological

Number Evaluation Criteria .
Restoration
1 S; >3 Essentially stable
2 S;<3and W; =2 Slightly worsened
3 S;<3and W; =3 Moderately worsened
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Table 2. Cont.

The Degree of Ecological

Number Evaluation Criteria .
Restoration
4 S;<3and W; =4 Significantly worsened
5 B, =4 High level of improved
6 B;=3 Relatively high level of improved
7 Si<3and W; <2and B; =2 Moderate level of improved
8 S;<3and W;<2and B; =1 Partial elements improved while others worsened

Note: W; represents the number of indicators showing a negative transition, B; represents the number of indicators
showing a positive transition, and Si represents the number of indicators showing basic stability, where i < 5.

3. Results
3.1. Status of Ecosystem Macrostructure Changes in NKEFZ

Based on Figure 3, it can be observed that ecosystem macrostructure in the NKEFZ of
the country are primarily composed of grassland, followed by forestland and desert land.
Among the different types of key ecological functional areas, water source conservation
areas were mainly dominated by forestland and grassland, followed by cropland and desert
land. Soil and water conservation areas were mainly dominated by forestland, followed by
cropland and grassland. Biodiversity maintenance areas were mainly composed of grass-
land, followed by forestland. Windbreak and sand fixation areas were mainly dominated
by grassland and desert, followed by unused land.

16% 209

b

e 16% 200

Cropland

Forest land
Grassland

Water and Wetland
Build-up land
Desert land
Unused land

(i

* 3, "

28% 4%

Figure 3. Land Use/cover Change from 2000 to 2020 in NKEFZ (a), soil and water conservation type
(b), water source conservation type (c), biodiversity maintenance type (d), and windbreak and sand
fixation type (e).

From 2000 to 2020, the ecosystem macrostructure in the NKEFZ were mainly char-
acterized by the expansion of unused land and the reduction of grassland. Unused land
expanded by 101,000 km?, mainly resulting from the conversion of grassland and desert
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land (Figure 3a), concentrated in the desert area of the northwestern Qiangtang Plateau
in Tibet. Grassland decreased by 228,000 km?, primarily transformed into unused land,
followed by desert land and forestland, with the conversion to unused land mainly concen-
trated in the desert area of the northwestern Qiangtang Plateau in Tibet and the southeastern
part of Xinjiang. The regions converted to desert are mainly distributed in the desert area
of the northwestern Qiangtang Plateau in Tibet, the northern Tarim Basin in Xinjiang, and
the surrounding areas of the Qaidam Basin in Qinghai. The regions converted to forestland
are relatively scattered, mainly in the western part of Sichuan, the southern part of Shaanxi,
and the border area between Inner Mongolia and Heilongjiang.

In soil and water conservation-type areas, the main changes observed were the reduc-
tion of cropland and the increase in build-up land. The reduction of cropland primarily
transformed into grassland and forestland, while the increase in build-up land mainly
resulted from cropland (Figure 3b). In water source conservation-type areas, the main
changes observed were the increase in water and wetland, as well as the decrease in desert
land. The increase in water and wetland mainly resulted from the conversion of forestland
and grassland, while the decrease in desert land mainly transformed into grassland and
unused land (Figure 3c). Biodiversity maintenance-type areas primarily experienced a
reduction in grassland and an increase in unused land. The reduction in grassland mainly
transformed into unused land and desert land, while the increase in unused land mainly
resulted from grassland and desert land (Figure 3d). Windbreak and sand fixation-type
areas mainly witnessed an increase in desert land and a reduction in unused land. The in-
crease in desert land mainly resulted from grassland and unused land, while the reduction
in unused land primarily transformed into grassland (Figure 3e).

3.2. Dynamics of Ecological System Quality in NKEFZ
3.2.1. Vegetation Coverage

The average annual rate of vegetation coverage change in the NKEFZ from 2000
to 2019 was 0.08%/a, showing an overall stable increasing trend. Regions with notable
increases were concentrated in the loess hilly-gully soil conservation area, the Hunshandake
desertification control area, and the Horqin grassland area. Regions with significant
decreases were primarily found in the western part of the Junggar Basin, certain areas
of the Qinghai-Tibet Plateau, and the northern part of the Hunshandake desertification
control area (Figure 4a). Among them, the soil and water conservation type exhibited
the highest annual growth rate of vegetation coverage at 0.55%/a, while the biodiversity
conservation type showed the lowest rate at 0.04%/a (Figure 4b).

From 2010 to 2019, the average annual vegetation coverage in the NKEFZ increased by
0.87% compared to the period of 2000-2010. The spatial distribution trend of this increase
exhibited a remarkable alignment with the corresponding changes in vegetation coverage
rates. Regions with notable increases were mainly concentrated in the loess hilly-gully soil
conservation area, while regions with decreases were concentrated in the western part of
the Junggar Basin and certain areas of the Qinghai-Tibet Plateau (Figure 4c). Among them,
the soil and water conservation type exhibited the largest increase in vegetation coverage
at 5.23%, while the water source conservation type showed the smallest increase at 0.41%
(Figure 4d).

3.2.2. Net Primary Productivity (NPP) of Vegetation

The average annual change rate of NPP in NKEFZ from 2000 to 2019 was 1.98 gC/m?/a,
showing an overall increasing trend. Regions with significant increases were concentrated
in the central and northeastern areas of the key ecological functional zones, primarily
distributed in the hilly and gully regions of the Loess Plateau, the Hunshandake Desertifi-
cation Control Zone, the Horqin Grassland, the Da Hinggan Mountains Forest Area, the
Qinling-Bashan Biodiversity Zone, and the Three Gorges Reservoir Area for soil and water
conservation. Regions with significant decreases were mainly distributed in the southwest-
ern area of the forested region along the southeastern edge of the Tibetan Plateau and the
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Karst Rocky Desertification Control Zone of Guizhou, Guangxi, and Yunnan (Figure 5a).
Among different types of NKEFZ, the soil and water conservation type showed the highest
average annual growth rate of NPP, at 6.47 gC/m?/a, while the biodiversity maintenance
type had the lowest growth rate, at 0.94 gC/m?/a (Figure 5b).
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Figure 4. Spatiotemporal changes and statistics of vegetation coverage. Spatial distribution of
vegetation coverage change rates in NKEFZ from 2000 to 2019 (a), as well as the change rate of
different types of NKEFZ (b), and the spatial distribution of vegetation coverage change amount from
2010 to 2019 compared to 2000 to 2010 (c), and the change amount of different types of NKEFZ (d).

From 2010 to 2019, the average annual NPP in NKEFZ increased by 18.83 gC/m?
compared to the period from 2000 to 2010. The spatial distribution pattern was generally
consistent with the spatial distribution of the average annual change rate of NPP, exhibiting
a high value in the central and northeastern regions, a lower value in the southwestern
border, and the lowest value in the northwest (Figure 5c). Among different types of
NKEFZ, the soil and water conservation type showed the highest increase in NPP, reach-

ing 61.5 gC/m?, while the biodiversity maintenance type showed the lowest increase, at
6.18 gC/m? (Figure 5d).

3.3. Dynamics of Ecosystem Services in NKEFZ
3.3.1. Water Conservation Services
During the period from 2000 to 2019, the NKEFZ witnessed a steady decline in the

annual average rate of water conservation quantity, with a negative value of —0.16 thousand
m3/km?/a. This trend indicates an overall decrease in water source conservation within
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the studied zones. Analysis of Figure 6a reveals noticeable increases in water conservation
in specific regions, namely the Three-River Headwaters Region grassland meadow area, the
Gan River’s crucial water source replenishment area in southern China, the Zoige grassland
wetland area, and the Dabie Mountains soil and water conservation area. Conversely,
peripheral regions of the Southeast Tibetan Plateau forest area demonstrate significant
reductions in water conservation.
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Figure 5. Spatiotemporal changes and statistics of net primary productivity (NPP). Spatial distribution
of NPP change rate in NKEFZ from 2000 to 2019 (a), as well as the change rate of different types of
NKEFZ (b), and the spatial distribution of NPP change amount from 2010 to 2019 compared to 2000
to 2010 (c), and the change amount of different types of NKEFZ (d).

Among the different types of NKEFZ, the water source conservation type exhibited
the highest annual average growth rate of 0.2 thousand m3/km?/a. Conversely, the soil
and water conservation, windbreak and sand fixation, and biodiversity maintenance types
exhibited declining trends. Of particular note was the biodiversity maintenance type, which
experienced the most rapid annual average decline rate of —2.1 thousand m3/km?/a, as
illustrated in Figure 6b.
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Figure 6. Spatiotemporal changes and statistics of water conservation. Spatial distribution of water
conservation rate changes in NKEFZ from 2000 to 2019 (a), as well as variation rates of different types
of NKEFZ (b), and spatial distribution of water conservation changes from 2010 to 2019 compared to
2000 to 2010 (c), and variation in water conservation quantity among different types of NKEFZ (d).

Additionally, a comparison of the average water conservation quantity from 2010 to
2019 with that of 2000 to 2010 in the NKEFZ revealed an increase of 2.2 thousand m3/km?.
The spatial distribution pattern of water conservation changes aligned closely with the
spatial distribution of change rates, characterized by concentrated areas of both high and
low values (Figure 6¢c). Furthermore, variations in the increase or decrease in water conser-
vation quantity were evident among the different types of NKEFZ. Specifically, the soil and
water conservation and biodiversity maintenance types demonstrated decreasing trends,
while the water source conservation and windbreak and sand fixation types exhibited in-
creasing trends. Notably, the water source conservation type exhibited the highest increase,
with a substantial increment of 11.6 thousand m®/km?. Conversely, the soil and water
conservation type indicated a decrease, declining by 9.4 thousand m3/km?, as illustrated
in Figure 6d.

3.3.2. Soil Conservation Services

From 2000 to 2019, the soil erosion modulus within the NKEFZ experienced an average
annual change rate of —0.14 t/ha/a, indicating a prevalent trend of decline. Notably,
specific regions within the southern and central parts of the zones exhibited a substantial
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reduction in soil erosion modulus, while peripheral areas in the northwest, particularly
around the Tarim Basin, demonstrated a noticeable upward trend (Figure 7a). Among the
various types of NKEFZ, the windbreak and sand fixation type was the sole exception, as it
experienced growth in soil erosion modulus. Conversely, the remaining types showcased
a decreasing trend in the change rates of soil erosion modulus. The windbreak and sand
fixation type exhibited the highest annual average growth rate of 0.11 t/ha/a, while the
soil and water conservation type experienced the most rapid annual average decline rate of
—0.79 t/ha/a (Figure 7b).
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Figure 7. Spatiotemporal changes and statistics of soil erosion modulus. Spatial distribution of soil
erosion modulus rate changes in NKEFZ from 2000 to 2019 (a), as well as variation rates of different
types of NKEFZ (b), and spatial distribution of soil erosion modulus changes from 2010 to 2019
compared to 2000 to 2010 (c), and variation in soil erosion modulus quantity among different types of
NKEEFZ (d).

Furthermore, when comparing the average soil erosion modulus between 2010 and
2019 with that of 2000 to 2010 within the NKEFZ, a decrease of 2.78 t/ha was observed. The
spatial distribution pattern of soil erosion modulus changes, as depicted in Figure 7c, closely
adhered to the Hu Huanyong Line, demonstrating a decreasing trend in the southeast and
an increasing trend in the northwest. Consistent with the change rates, with the exception
of the windbreak and sand fixation type, the other types exhibited a decreasing trend in the
changes in soil erosion modulus (Figure 7d).
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3.3.3. Windbreak and Sand Fixation Services

The average annual rate of change in soil wind erosion modulus within the NKEFZ
from 2000 to 2019 was —1.14 t/ha. The regions with the most substantial reduction in
soil wind erosion modulus were primarily distributed in the northeastern part of the
Badain Jaran Desert, the Taklimakan Desert, and certain areas of the Tianshan Mountains.
Conversely, regions with significant increases were predominantly found in the northern
part of the Junggar Basin and certain areas of the Hulunbuir Plateau (Figure 8a). Distinct
variations in soil wind erosion modulus were observed among different types of NKEFZ,
with the water conservation type experiencing the highest decrease, at 2.85 t/ha, while the
soil and water conservation type exhibited the smallest reduction, at 0.10 t/ha (Figure 8b).

b

SWCA WCA WAFA BMA

-0.1
-0.5

NKEFZ

modulus(t/hm*/a)

Change rate of soil wind erosion

325 650 1300 P
km W o -

SWCA WCA WAFA NKEFZ

-0.35
-0.98

Change in soil wind erosion modulus(t/hm?)

-16.90

1300
km &

Figure 8. Spatiotemporal changes and statistics of soil wind erosion modulus. Spatial distribution
of soil wind erosion modulus change rates within NKEFZ from 2000 to 2019 (a), change rates of
different types of NKEFZ (b), spatial distribution of soil wind erosion modulus changes from 2010 to
2019 compared to 2000 to 2010 (c), and changes in soil wind erosion modulus for different types of
NKEFZ (d) in the period of 20102019 relative to 2000-2010.

In the NKEFZ, the average annual soil wind erosion modulus decreased by 10.25 t/ha
from 2010 to 2019 compared to the period from 2000 to 2010. The spatial distribution trend
of soil wind erosion modulus changes corresponded to the change rates, except for an
increase in soil wind erosion modulus in the northern part of the Hunshandake Sandy
Land (Figure 8c). Among different types of NKEFZ, the windbreak and sand fixation type
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showed the largest reduction in soil wind erosion modulus, at 16.90 t/ha, while the water
source conservation type displayed the smallest decrease, at 0.35 t/ha (Figure 8d).

3.4. Ecological Restoration Situation of NKEFZ
3.4.1. Ecosystem Quality Restoration Trend

The restoration trend of vegetation coverage within the NKEFZ from 2000 to 2019 was
primarily characterized by maintaining stability, accounting for 45.08% of the total area.
This trend was mainly observed in regions such as Xinjiang, Tibet, Inner Mongolia, and
certain areas of Heilongjiang. The continuously improving areas accounted for 8.24% and
were predominantly concentrated in the hilly and gully conservation areas of the Loess
Plateau. The continuously worsening areas accounted for 4.09% and were primarily dis-
tributed in the Hunshandake Desert control zone and its surrounding regions (Figure 9a).
Among different types of NKEFZ, the soil and water conservation type exhibited a pre-
dominant trend of continuous improvement, covering an area of 35.96%, while the area
with a continuous worsening trend accounted for 0.93%. The water source conservation
type showed a predominant trend of maintaining stability, with areas of continuous im-
provement accounting for 8.01% and areas of continuous worsening accounting for 3.77%.
The windbreak and sand fixation type exhibited a predominant trend of maintaining stabil-
ity, with areas of continuous improvement accounting for 4.52% and areas of continuous
worsening accounting for 3.64%. The biodiversity maintenance type of vegetation coverage
mainly exhibited a trend of maintaining stability, with areas of continuous improvement
accounting for 6.13% and areas of continuous worsening accounting for 5.48% (Figure 9b).

The restoration trend of net primary productivity (NPP) of vegetation from 2000 to
2019 was primarily characterized by maintaining stability and continuous improvement,
accounting for 43.46% and 26.68% of the total area, respectively. Regions with stable NPP
were concentrated in the Qinghai-Tibet Plateau, Badain Jaran Desert, and its northern
regions. Regions with continuous improvement were concentrated near the Hu Huanyong
Line. The areas with a continuous worsening trend accounted for only 1.17% and were
dispersed in the forested areas on the edge of the Southeast Tibetan Plateau, Nanling
Mountains, and biodiversity regions (Figure 9c). The soil and water conservation type
primarily exhibited a trend of continuous improvement, covering 70.75% of the total area,
while the area with a continuous worsening trend accounted for 1.13%. The water source
conservation type of NPP predominantly showed a trend of continuous improvement
and maintaining stability, covering areas of 35.72% and 25.96%, respectively, with the
area of continuous worsening accounting for 1.46%. The windbreak and sand fixation
type exhibited a trend of maintaining stability and continuous improvement, with areas
accounting for 67.53% and 14.88%, respectively, while the area with a continuous worsening
trend accounted for only 0.26%. The biodiversity maintenance type of NPP mainly exhibited
a trend of maintaining stability, continuous improvement, and initial improvement followed
by stability, covering areas of 46.84%, 19.80%, and 11.86%, respectively, while the area with
a continuous worsening trend accounted for 1.74% (Figure 9d).

3.4.2. Ecosystem Services Restoration Trend

The restoration trend of water conservation in the NKEFZ from 2000 to 2019 was
mainly characterized by maintaining stability and continuously worsening, accounting for
20.04% and 18.97% of the total area, respectively. The regions with maintained stability
were primarily distributed in the windbreak and sand fixation ecological functional zones,
concentrated in the northern part of the Qinghai-Tibet Plateau and the central-northern
part of the Inner Mongolia Plateau. The areas with continuous worsening were mainly
distributed in the Huai River Basin and the northwest border region. The regions with con-
tinuously improving were mainly found in the Three-River Headwaters Region grassland
meadow wetland area, covering 8.63% of the total area (Figure 10a). Among different types
of key ecological function zones, the restoration trend of soil and water conservation was
mainly characterized by a transition from deterioration to improvement and continuously
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worsening, with Continuous worsening covering 21.76% of the area and continuously
improving covering 5.27%. The restoration trend of water conservation was primarily
characterized by a transition from improvement to deterioration and a transition from
improvement to stability, with continuously improving covering 12.08% of the area and
worsening covering 16.03%. The restoration trend of windbreak and sand fixation water
conservation mainly featured maintaining stability, with continuously improving covering
4.86% of the area and worsening covering 5.25%. The restoration trend of biodiversity
maintenance water conservation was mainly characterized by continuously worsening
and maintaining stability, with continuously improving covering 8.36% of the area and
worsening covering 29.55% (Figure 10b).
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Figure 9. Spatial distribution and area statistics of ecosystem quality restoration trends. Spatiotem-
poral distribution of vegetation coverage restoration trends (a), area statistics of different types of
vegetation coverage restoration trends (b), spatiotemporal distribution of NPP restoration trends (c),
and area statistics of different types of NPP restoration trends (d).
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Figure 10. Spatial distribution and area statistics of ecosystem services restoration trends. Spatiotem-
poral distribution of water conservation services restoration trends (a), area statistics of different types
of water conservation services restoration trends (b), spatiotemporal distribution of soil conservation
service restoration trends (c), area statistics of different types of soil conservation service restoration
trends (d), spatiotemporal distribution of windbreak and sand fixation service restoration trends (e),
and area statistics of different types of windbreak and sand fixation service restoration trends (f).
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The restoration trend in the NKEFZ during the two periods was primarily dominated
by maintaining stability, extensively distributed in the northern and western parts of the
zones, while the changing areas were mainly concentrated in the southern regions, roughly
divided by the Hu Line, accounting for 86.55% of the total area. The areas with continuously
improving soil erosion modulus accounted for 0.96% and were mainly distributed in the
soil and water conservation areas of the Loess Plateau and some regions in the forested
areas of southeastern Tibet. The regions with continuous worsening were relatively few
and scattered, occupying only 0.47% of the total area (Figure 10c). Among different types
of key ecological function zones, maintaining stability was the primary restoration trend
for all four types. For the soil and water conservation type, the area with continuously
improving accounted for 2.66%, and the area with continuous worsening accounted for
0.61%. For the water source conservation type, the area with continuously improving
accounted for 0.39%, and the area with continuous worsening accounted for 0.32%. The
windbreak and sand fixation type had relatively small areas of continuously improving and
continuously worsening, accounting for only 0.33% and 0.11% of the total area, respectively.
The biodiversity maintenance type had continuously improved covering 1.84% of the area
and continuously worsened covering 1.03% (Figure 10d).

The restoration trend of soil erosion modulus in the NKEFZ during the two periods
was mainly characterized by maintaining stability and continuously improving. The regions
with maintained stability were mainly distributed in the Three-River Headwaters Region
grassland meadow wetland area, the important Yellow River source replenishment area in
Gannan, the Qilian Mountains glacier and water conservation area, the Loess Plateau soil
and water conservation area, the Greater and Lesser Khingan Mountains forested area, the
Horqin grassland area, and parts of the western and northern regions of Xinjiang, covering
59.58% of the total area. The areas with continuously improving accounted for 11.53% and
were concentrated in the Taklamakan Desert region of the Tarim Basin, the western part of
the Qinghai-Tibet Plateau, and the northern region of the Badain Jaran Desert (Figure 10e).
Among different types of key ecological function zones, maintaining stability was the
main restoration trend for the soil erosion modulus of the soil and water conservation
type, covering 98.11% of the area, followed by a transition from improvement to stability,
covering 1.74% of the area. For the water source conservation type, maintaining stability
accounted for 84.41% of the area, followed by a transition from stability to improvement,
covering 4.69% of the area. The windbreak and sand fixation type exhibited maintained
stability as the main restoration trend, followed by continuously improving and a transition
from improvement to deterioration. The biodiversity maintenance type showed maintained
stability as the main restoration trend, covering 54.84% of the area, followed by continuously
improving and a transition from improvement to stability (Figure 10f).

3.5. Spatial Distribution of Ecological Restoration Degree in NKEFZ

From 2000 to 2019, the NKEFZ demonstrated an overall trend of stability and recovery
in the ecosystems, albeit with localized areas experiencing ecological deterioration. The
predominant segment, encompassing 41.12% of the total area, exhibited an essentially
stable level of ecological restoration, mainly concentrated in the windbreak and sand
fixation functional zones within the Alashan grassland desertification control area, the
Badain Jaran Desert, and its northern region. Regions exhibiting significant recovery
were scattered across diverse areas, including the Loess Plateau hilly and gully soil and
water conservation area, the Three Gorges reservoir soil and water conservation area,
the Wuling Mountain biodiversity and soil and water conservation area, the Guizhou-
Yunnan-Guangxi-Karst rocky desertification control area, the Qinba biodiversity area,
the Horqin grassland area, the Hunshandake Sandy Land area, and certain localized
regions within the Greater and Lesser Khingan Mountains forest area. Areas characterized
by partial elements improved while others worsened degree and the moderate level of
improved degree of ecosystem accounted for 19.61% and 19.60%, respectively, with a
widespread distribution across the NKEFZ. Conversely, areas experiencing significantly
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worsened were minimal, comprising only 0.04% of the total area, primarily observed in
the biodiversity conservation area and scattered across the southern region of the Qinghai-
Tibet Plateau, the western edge of Sichuan, and the northern border region of Yunnan
(Figure 11a). Among the various types of key ecological functional zones, the soil and
water conservation functional zones primarily focused on ecosystem restoration, with the
largest area characterized by a relatively high level of improvement, accounting for 35.52%
of the total area, followed by areas with a moderate level of improved, accounting for
28.09%. The water conservation functional zones predominantly aimed for stability and
restoration, with the largest area exhibiting a moderate level of improved level, followed by
an essentially stable level, accounting for 30.27% and 28.53% of the total area, respectively.
The windbreak and sand fixation functional zones mainly emphasized essentially stability,
covering 66.70% of the total area, with additional areas exhibiting moderate levels of
improvement. The biodiversity conservation functional zones primarily encompassed
regions with an essentially stable level, alongside areas demonstrating partial elements
improved while others worsened level (Figure 11b).
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Figure 11. Spatial distribution of ecological restoration degree in key ecological functional areas (a),
and statistics of ecological restoration degree in different functional areas (b).

4. Discussion

From 2000 to 2019, discernible disparities in ecosystem quality and ecosystem ser-
vices were evident among diverse functional zones, encompassing the NKEFZ, major
agricultural production zones, key development zones, and optimized development zones.
Regarding vegetation cover dynamics, the major agricultural production zones exhibited
the highest annual average growth rate at 0.2%, while the optimized development zones
demonstrated a declining trend with an annual average reduction of 0.17% (Figure 12a).
As for changes in net primary productivity of vegetation, the key development zones
displayed the highest annual average growth rate at 3.94 gC/m?/a, whereas the NKEFZ
had the lowest growth rate at 1.97 gC/m?/a (Figure 12b). In terms of water conservation
services, both major agricultural production zones, and optimized development zones
exhibited an increasing trend, with both at 0.06 thousand m?/km? /year. Conversely, the
key development zones experienced the swiftest annual average decline rate in soil erosion
modulus at —1.05 thousand m?/km?/a (Figure 12¢). Turning to soil conservation services,
the optimized development zones demonstrated the highest annual average growth rate of
soil conservation capacity at 1.56 t/hm?/a, whereas the NKEFZ had the lowest growth rate
of soil erosion modulus at 0.41 t/hm?/a (Figure 12d). Concerning windbreak and sand
fixation services, the NKEFZ exhibited the most pronounced rate of change in soil wind
erosion modulus at —1.14 t/hm?/a, while the optimized development zones showed the
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lowest rate at —0.08 t/hm?/a (Figure 12e). Concerning ecological restoration levels, the
major agricultural production zones were mainly characterized by an essentially stable
state, followed by a moderate level of improvement, with the smallest proportion showing
significant worsened. Conversely, the key development zones were primarily associated
with a moderate level of improvement, followed by partial elements improved while others
worsened level, along with a relatively high level of improvement. As for the optimized
development zones, they were predominantly marked by partial elements improved while
others worsened level, followed by an essentially stable level and slightly worsened level
(Figure 12f). Considering the holistic aspects of ecosystem quality, ecosystem services, and
ecological restoration levels, it becomes evident that while the trend in NKEFZ may not
be the most favorable, this observation aligns with the fact that these regions are mostly
situated in environmentally fragile areas. Consequently, the effectiveness of conservation
measures may not be as conspicuous as in other functional zones. This underscores the
considerable challenges ahead in the establishment and preservation of the NKEFZ.
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Figure 12. The changing slopes of vegetation cover (a), net primary productivity (b), water conserva-
tion (c), soil erosion modulus (d), and soil wind erosion modulus (e) in different functional zones,
along with the proportion of ecological restoration levels in different categories (f).

Since 2010, China has commenced the implementation of transfer payments for the
NKEFZ, earmarking substantial annual funds to safeguard the ecosystem environment and
enhance the quality and services of these vital regions. Overall, protracted conservation
and development endeavors have yielded discernible improvements in the ecological
system quality and ecosystem services of the NKEFZ, leading to a stable and recovering
ecological trend. Both vegetation cover and net primary productivity have exhibited a
consistent upward trajectory. Nonetheless, there are subtle variations in the dynamics of
ecosystem services. Water conservation capacity has shown a declining trend, possibly
attributed to the enhanced vegetation resulting in increased water consumption [44] or
the underlying mechanisms employed in calculating water conservation services through
water balance methodologies [45]. In parallel, soil erosion modulus and soil wind erosion
modulus have both experienced a decreasing trend, signifying a sustained enhancement in
soil conservation and windbreak and sand fixation services, thus underscoring the efficacy
of ecological protection measures. In forthcoming ecological engineering and conservation
endeavors, regions witnessing a decline in ecological restoration levels, notably the south-
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ern zone of the Qinghai-Tibet Plateau and the intersecting border areas between western
Sichuan and northern Yunnan, demand bespoke, scientifically grounded strategies for
protection and restoration, with a concerted focus on minimizing anthropogenic activities.
While continuing to provide crucial support to the NKEFZ akin to a “blood transfusion”, it
becomes imperative to leverage their unique natural resources to explore distinctive eco-
logical resource advantages and foster the development of eco-friendly economic sectors,
such as ecological industry, ecological agriculture, and eco-tourism, with the ultimate goal
of transitioning towards a “self-sustaining” model. Certainly, the effective management of
National Key Ecological Function Zones by government officials necessitates a multidisci-
plinary approach that incorporates the realms of ecology, economics, and policy [46]. This
holistic assessment should encompass an examination of both advantageous and adverse
outcomes [47]. It is imperative to refine control and incentive mechanisms, with a particular
focus on discerning the extent to which alterations in vegetation and ecosystem conditions
can be attributed to policy interventions, economic progress, and various anthropogenic
activities [48]. Furthermore, stringent measures should be instituted to combat actions that
contravene environmental legislation explicitly designed to protect human welfare, natural
assets, and ecological systems [49].

In the evaluation of ecological benefits deriving from substantial ecological engi-
neering undertakings, the precision of assessment outcomes assumes a pivotal role in
delineating the credibility and pragmatic utility of the appraisal. Yet, due to the intri-
cate and heterogeneous nature inherent to appraising ecological benefits within the realm
of ecological engineering, the precision of these evaluative consequences frequently en-
counters multifarious influences. These influences encompass, inter alia, the quality of
amassed data, the selection of assessment methodologies, and the inherent dynamism
characterizing ecosystems. Thus, within the purview of this study’s assessment of China’s
National Key Ecological Function Zones, a primary undertaking involved ensuring the
meticulous accuracy and exhaustive inclusiveness of the collected data. To effectuate this,
the validation of data and the implementation of stringent quality control measures were
undertaken, both serving to establish the scientific integrity and rationality intrinsic to the
evaluative outcomes. The present investigation, oriented towards the evaluation of the
ecological status and the degrees of restitution within pivotal ecological function zones,
affords an illustrative exemplar that augments the theoretical framework underpinning
evaluations of ecological benefits within the context of sizable ecological engineering en-
deavors. Nonetheless, it is requisite to acknowledge that this study’s ambit is circumscribed
by its macroscopic vantage point, underpinned by an amalgamation of remote sensing
data, meteorological inputs, and model-based simulations. Thus, inherent limitations are
acknowledged. Moving forward, forthcoming studies ought to adopt an encompassing
perspective, one that converges divergent viewpoints, including the amalgamation of
rural subsistence, the orchestration of transfer payment mechanisms, the evaluation of
verdant developmental performance, and other holistic considerations, thereby fostering a
comprehensive inquiry of heightened scope.

5. Conclusions

This study examined the changes in ecosystems within China’s NKEFZ between
2000 and 2019. It utilized meteorological and remote sensing data, along with modeling,
to analyze ecosystem structure, quality, and services. The analysis used an ecological
evaluation framework often used for large ecological projects, allowing for a quantitative
assessment of restoration levels across different areas. The main study findings include:

The NKEFZ underwent significant changes, including expanding unused land and
shrinking grasslands. In soil and water conservation zones, cultivated land decreased,
but construction land increased. Water conservation zones saw more water bodies and
wetlands, but less desert areas. Biodiversity maintenance zones had fewer grasslands, and
more unused land, while windbreak and sand fixation zones had more desert areas and
less unused land. The ecosystem quality showed a positive trend, indicating stability and
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improvement. In all functional zones, vegetation cover and primary productivity consis-
tently increased. Water conservation services generally decreased, but water conservation
zones slightly increased. On the other hand, soil conservation and windbreak/sand fixation
services steadily improved.

The NKEFZ’s ecosystem remained stable and exhibited signs of recovery, but with
noticeable variations. Some regions, especially in the southern part of the Qinghai-Tibet
Plateau and along the border between western Sichuan and northern Yunnan, showed
ecosystem deterioration. To address this, it is advisable for future ecological restoration
projects to adopt location-specific and scientifically guided strategies to reduce human
impacts in these vulnerable areas.
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