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Abstract: The Forestry Ecological Restoration Program (FERP) aims to restore the world’s degraded
forest landscapes to restore biodiversity and mitigate climate change. Scientific evaluation of eco-
efficiency of forestry restoration programs (EEoFERPs) is the basis for developing and implementing
inclusive and sustainable development policy measures. We take the world’s largest FERP—China’s
Sloping Land Conversion Program (SLCP)—as an example. Using 314 county-level panel data in the
Loess Plateau, the core area for the implementation of the SLCP, during 2002–2015, this study aims
to evaluate the eco-efficiency of the Sloping Land Conversion Program (EEoSLCP) based on a DEA
model and to measure the eco-efficiency dynamic changes through a Malmquist index model. The
results show that: (1) The overall EEoSLCP of the Loess Plateau is at a low level, with an average
efficiency of only 0.357 from 2002 to 2015. EEoSLCP is on an overall upward trend, mainly influenced
by technical efficiency. (2) There are significant spatial differences in EEoSLCP among counties on the
Loess Plateau, with an overall decreasing distribution trend from south to north and from southeast
to northwest. (3) The Malmquist index of the EEoSLCP grew at an average annual rate of 17.7%,
with technical efficiency changes being the most important factor driving its growth. Our results
suggest that in the future, when implementing or designing FERPs, it is necessary not only to select
the appropriate restoration plan precisely while respecting the laws of nature, but also to improve the
management and technical level of FERPs accordingly.

Keywords: Forestry Ecological Restoration Program (FERP); eco-efficiency; Sloping Land Conversion
Program (SLCP); Loess Plateau

1. Introduction

Since the mid-20th century, the entropy increase caused by the rapid development
of human society has led to the disorderly development of natural processes within the
Earth [1], such as the decline of forests, soil erosion, land degradation, flooding, and
loss of biodiversity, which have become the most serious ecological and environmental
problems that hinder the development of human society [2,3]. Although this socio-economic
development process is considered irreversible and this natural resource-based economic
growth is not sustainable [4–6], by introducing ecological restoration programs as a negative
entropy flow [7], not only can we reduce the overall entropy of the Earth, but more
importantly, we can achieve win-win development for both humans and nature. This
includes an unprecedented series of Forestry Ecological Restoration Programs (FERPs)
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implemented worldwide [8]. For example, the Prairie States Forestry Project in the United
States [9], the Green Plan in Canada [10], the Green Dam Project in North Africa [11], the
Natural Resources Management Project in Indonesia [12], the National Greening Program
in South Korea [13], and the National Afforestation Program in Vietnam [14], etc. In
response to the deteriorating ecological environment, China implemented a large number
of forestry ecological restoration programs in the 20th century, including the “Sloping Land
Conversion Program (SLCP)”, the “Natural Forest Conservation Program (NFCP)”, the
“Three North Shelterbelt Development Program (TNSP)” and so on [15]. Among them,
SLCP is the largest FERP in the world because it has the largest implementation area, the
largest financial investment, and the largest number of people covered [16].

There is no doubt that FERPs around the world have achieved good ecological restora-
tion results and played a vital role in the improvement of the ecological environment of each
country [17]. However, we rarely know the eco-efficiency behind the great ecological effects
of these programs. It is well known that the implementation of FERPs requires a large
amount of financial, land, and other resources [18]. For example, since its implementation
in 1999, the SLCP has invested a total of 517.4 billion yuan in finance, converting a total
of 515 million mu of sloping farmland prone to soil erosion into forest and grassland, and
involving 41 million farmers in the program [16]. In addition, after the United Nations (UN)
General Assembly declared 2021–2030 the “UN Decade on Ecosystem Restoration” [8],
countries around the world made a commitment to restore at least one billion degraded
hectares of land by 2030 [19]. To achieve land restoration targets by 2030, UNEP and FAO
estimate that investment of at least 200 billion USD per year by 2030 will be needed [20].
However, organizations driving activities on the ground are often underfunded and face
long-term financial insecurity [8]. In this context, there is an urgent need to evaluate the
eco-efficiency of forestry ecological restoration programs (EEoFERPs) in order to inform
decision-makers in maximizing limited funds and optimizing resource allocation in FERPs,
thus enabling us to better achieve the UN Sustainable Development Goals.

Cost–benefit analysis is the mainstream method used in most studies on eco-efficiency
evaluation of FERPs. Birch et al. [21] conducted a cost–benefit analysis of different FERP
scenarios in four drylands of Latin America, and he found that passive restoration was
more ecologically efficient than active restoration in the implementation of FERPs. Molin
et al. [22] used cost–benefit analysis in the design of the Atlantic FERP in Brazil to determine
the most eco-efficient program implementation scenario. Schiappacasse et al. [23] analyzed
the cost–benefit of the dryland FERP in central intelligence and found that the net benefit of
the program was negative, and the program implementation was in a state of inefficiency.
Newton et al. [24] evaluated the eco-efficiency of six FERPs in Latin America using cost–
benefit analysis, and they concluded that the programs would achieve high eco-efficiency
through a combination of passive and active restoration methods. Wang and Bennett [25]
used cost–benefit analysis to evaluate the eco-efficiency of the Sloping Land Conversion
Program (EEoSLCP) in northwest China, and found that the SLCP is generally effective,
and if the value of ecosystem services generated by the SLCP is incorporated into the
implementation of the SLCP, then the EEoSLCP will be further improved. Xian et al. [26]
used cost analysis to evaluate the EEoSLCP in each province in China, and they found
that the EEoSLCP varied greatly among provinces, and the different implementation
modes in each province were the main reasons for the high and low eco-efficiency of each
province; specifically, the eco-efficiency was higher when the fruit tree plantation mode
was chosen, while the eco-efficiency was highest when the natural forest protection mode
was chosen. Li et al. [27] attempted to apply the cost–benefit method instead of the slope
method to identify different potential afforestation areas, and validated it under different
implementation scenarios of SLCP. The results show that the potential afforestation areas
identified by the cost–benefit method have higher eco-efficiency than those identified by
the traditional slope method, and that the potential afforestation areas identified by the
cost–benefit method are more conducive to fine afforestation management under resource-
limited conditions.
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While the above literature has broadened our understanding of EEoSLCP, two main
limitations remain. First, the efficiency obtained based on the cost–benefit method is
simply a single ratio of implementation costs to final benefits. Although simple and
straightforward, it does not strictly reflect the changes in efficiency caused by changes in
the allocation of different input indicators and does not give decision makers flexibility
in their choices and an optimal set of ratios [28,29]. Second, as the basic unit for the
implementation of SLCP [30], few studies have evaluated the EEoSLCP from the county
level. Most of the existing studies on the EEoSLCP focus on micro-scale, such as a village
or a small watershed [31], which will make it difficult to extend the research results to the
practice of large-scale FERPs. Although some studies have further evaluated the EEoSLCP
from the provincial scale [26], considering that a province contains many counties and the
EEoSLCP may be significantly different among different counties, evaluating the EEoSLCP
at the provincial level is probably ignoring the differences within counties, thus making it
difficult to provide effective and differentiated policy recommendations for policy makers.

Our research goes beyond these two limitations in the literature. First of all, on the
basis of defining the EEoFERP, taking the SLCP as a case, we constructed the eco-efficiency
evaluation framework of the SLCP. Secondly, using 314 county-level panel data of the Loess
Plateau, the core area for the implementation of the SLCP, from 2002 to 2015, the DEA
model was used to measure the EEoSLCP in 314 counties of the Loess Plateau from a static
perspective; then, the Malmquist index model was used to measure the dynamic changes of
the EEoSLCP in 314 counties of the Loess Plateau from a dynamic perspective. The results
of our study not only help to improve the EEoSLCP, but also provide references for other
countries to evaluate the EEoFERP or design FERPs.

2. Materials and Methods
2.1. Study Area

The Loess Plateau of China is located in the eastern part of Asia and Europe
(33◦43′ –41◦16′ N, 100◦54′–114◦33′ E), with a total area of about 6.49 × 105 km2, which
is a typical arid and semi-arid region in the world with a fragile ecological environment
(Figure 1a). On the administrative scale of China, the Loess Plateau spans 341 counties
in 7 provinces of Qinghai, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, and Henan,
of which 314 counties are involved in the SLCP (Figure 1b). Loess Plateau is high in the
northwest and low in the southeast, with an average altitude of 1500–2000 m (Figure 1b).
The distribution of land use types on the Loess Plateau is closely related to bioclimatic
zoning (Figure 1c), which transitions from semi-humid areas in the southeast (where
land use is dominated by forest and cropland) to semi-arid areas in the center (where
land use is dominated by grassland and cropland) to arid areas in the northwest (where
land use is dominated by unused land and grassland). The Loess Plateau has 70% of the
world’s loess soils, which are loose and have poor erosion resistance. The average annual
rainfall in the region is 144–812 mm, mostly concentrated in the summer, and there are
many heavy rainstorms, which have a strong ability to scour the ground [32]; The Loess
Plateau has a low level of socio-economic development and a large agricultural population,
and the improper exploitation and use of land has led to a continuous deterioration of
the ecological environment [33]. The above-mentioned natural and social factors make
the Loess Plateau one of the regions with the most serious soil erosion in the world [34].
Since the implementation of the SLCP in 1999, the Loess Plateau has achieved remarkable
ecological results, the vegetation has increased (Figure 1d), soil and water loss has been
effectively controlled, and the ecological environment has been greatly improved [35].
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Figure 1. Study area. (a) Location of Loess Plateau in the world and China. (b) Topography and
administrative divisions of the Loess Plateau. (c) Bioclimatic zoning of the Loess Plateau and land
use types in 2018. (d) The vegetation fraction cover (VFC) of Loess Plateau has changed significantly
(p < 0.05) from 2002 to 2018.

2.2. Methodology

Figure 2 shows the analytical framework and the methodology used in this paper.
First, we collected data to reflect the inputs and outputs of SLCP. Second, the DEA-BCC
model was used to evaluate the relatively static EEoSLCP between different counties in
Loess Plateau. Then, the Malmquist index was adopted to evaluate the dynamic efficiency
changes of EEoSLCP for different counties during 2002–2015. Finally, the annual difference
of EEoSLCP in Loess Plateau and the spatial difference of each county were analyzed
and discussed.
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2.3. Definition of EEoFERP

The EEoFERP can be defined by connecting the connotation of eco-efficiency [36]
and the operation practice of FERP. The EEoFERP is the ratio between the outputs of
the obtained products and ecological effects, and the inputs of resource consumption
and environmental load in the FERP implementation. It actually reflects an empirical
relationship of FERP between the implementation activities and the ecological benefits and
losses. Obviously, high efficiency means acquiring greater economic and ecological effects
with less investment in resources in the FERP. Following the definition of EEoFERP, relevant
studies, and data availability, the evaluation index system of EEoSLCP is constructed from
the perspectives of inputs and outputs (Table 1).

Table 1. EEoSLCP measurement index system.

Indicator Variable Variable Description Unite

Input Land Accumulated area of SLCP in each county Mu 1

Capital Accumulated financial investment of SLCP in
each county Yuan 2

Labor Accumulated households participating in SLCP in
each county Hu 3

≥10 ◦C accumulated
temperature

Average annual ≥10 ◦C accumulated temperature in
each county

◦C

Precipitation Average annual precipitation in each county mm

Output VFC Cumulative increase in average VFC for each county
compared to 2002 %

SR Cumulative increase in average SR for each county
compared to 2002 t·hm−2·yr−1

VCS Cumulative increase in average VCS for each county
compared to 2002 gC·m−2·yr−1

WC Cumulative increase in average WC for each county
compared to 2002

dimensionless, value
range 0–1

Biod Cumulative increase in average Biod for each county
compared to 2002

dimensionless, value
range 0–1

1 The Mu is a unique area unit in China that mainly used for land measurement, 1 Mu equals 1/15 hm2 (https:
//www.convertunits.com/from/mu/to/hectare). 2 According to the foreign exchange rate released by the U.S.
Federal Reserve Board on 25 April 2022, 1 USD equals 6.50 Yuan (https://www.federalreserve.gov/releases/h10/
current/). 3 The Hu is a unique number unit in China that mainly used for number of households measurement.
According to data published by China’s National Bureau of Statistics, 1 hu equals 3 people (http://www.stats.gov.
cn/tjsj/tjgb/rkpcgb/qgrkpcgb/201104/t20110428_30327.html).

2.3.1. Input Indexes of EEoFERP

The inputs for FERPs come from two main sources. The first is the socio-economic
factors required for FERPs, such as financial, afforestation area, and labor inputs. Secondly,
the implementation of FERPs must also consider the inputs of natural elements [37], such as
precipitation, temperature, and soil. Based on this, when measuring the inputs to the SLCP,
we selected a total of five input indicators from the following two aspects. Firstly, starting
from the elements invested in the practice of SLCP, three input indicators were selected:
land, capital, and labor. Land refers to the accumulated area converted from sloping
land to forest in the process of implementing SLCP in each county of Loess Plateau. The
capital refers to the accumulated financial investment of the central government in SLCP
in each county of the Loess Plateau. The labor force refers to the accumulated number of
households participating in SLCP in each county of the Loess Plateau. Secondly, considering
that precipitation and temperature are the dominant factors affecting vegetation growth
on the Loess Plateau [38–40], we selected the average annual precipitation and ≥10 ◦C
average annual cumulative temperature of each county as the natural factor inputs for the
SLCP (Table 1).

https://www.convertunits.com/from/mu/to/hectare
https://www.convertunits.com/from/mu/to/hectare
https://www.federalreserve.gov/releases/h10/current/
https://www.federalreserve.gov/releases/h10/current/
http://www.stats.gov.cn/tjsj/tjgb/rkpcgb/qgrkpcgb/201104/t20110428_30327.html
http://www.stats.gov.cn/tjsj/tjgb/rkpcgb/qgrkpcgb/201104/t20110428_30327.html
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2.3.2. Output Indexes of EEoFERP

In the selection of output indicators of FERPs, we need to follow the following two
principles. First, we need to consider the lag of forestry outputs relative to inputs [37].
Secondly, in order to accurately measure the ecological effects of FERPs, we should mainly
focus on the marginal benefits brought by FERPs in terms of ecological effects [41]. Con-
sidering that the implementation of the FERP in the following year does not remove the
afforestation results of the FERP implemented in the previous year, the marginal benefit
obtained from the implementation of the FERP is essentially a cumulative amount. Specifi-
cally, the ecological effect after the implementation of FERP minus the ecological effect that
can be produced before the implementation of FERP, the difference between the two is the
cumulative marginal increment of the ecological effect obtained by the implementation
of FERP.

In our study, first, considering that the new afforestation cannot produce ecological
effect immediately, we must consider the lag of ecological effect output relative to input
of the SLCP. Li et al. [42] pointed out in his research that the biological production of tree
species used in the SLCP in the Loess Plateau will reach its peak in five years, and then
begin to decline. Qian et al. [43] further pointed out in his research that three years after the
implementation of the SLCP, it is the best cycle for new afforestation to produce ecological
effects in the Loess Plateau. Therefore, we set the lag of output relative to input in the SLCP
in the Loess Plateau as three years. For example, in the Loess Plateau, the input of SLCP
in 2002 corresponds to the output in 2005, and the input of SLCP in 2003 corresponds to
the output in 2006. The pattern continues in subsequent years and so on, until 2015 inputs
correspond to 2018 outputs. Second, the output of the SLCP in a certain year on the Loess
Plateau should be the ecological effect produced in that year after the implementation of the
SLCP on the Loess Plateau minus the existing ecological effect at the beginning of the SLCP
in 2002. That is, the increment of ecological effect in that year compared with 2002 is the
output of the SLCP. In summary, a total of five indicators were selected to characterize the
output of the SLCP in our study. First of all, the original purpose of the SLCP is to reduce
soil erosion and increase soil conservation by planting trees. Based on this, we selected
two items, vegetation fraction cover (VFC) and soil retention (SR), as output indicators.
Second, the SLCP also promotes the increase of ecosystem carbon sequestration [44,45],
water conservation [46], and biodiversity [47]. Based on this, we selected three more items
as output indicators, namely vegetation carbon sequestration (VCS), water conservation
(WC), and biodiversity service (Biod).

2.4. Methods
2.4.1. Ecological Effects Calculation of SLCP

Firstly, based on the multi-source remote sensing data such as NDVI, NPP, and
meteorology, this study, with the technical support of GIS, calculated the VFC of the
Loess Plateau from 2002–2018 according to the literature [48]; calculated the VCS of the
Loess Plateau from 2002–2018 according to the literature [49], and validated the VCS re-
sults by referring to the literature [50–52]; calculated the SR of the Loess Plateau from
2002–2018 according to the literature [53–58], and validated the SR results by referring
to the literature [59–61]; calculated the Biod and WC of Loess Plateau from 2002–2018
according to literature [62–65], respectively. Secondly, five ecological effect outputs were
obtained statistically for 314 counties in the Loess Plateau from 2002 to 2018 using ArcGIS
10.7 software. The detailed calculation process for the five ecological effects can be found in
the Supplementary Materials.

2.4.2. DEA Model

DEA is a linear programming method to construct the production frontier of the
observed data, and then calculate the relative efficiency of the Decision Making Unit
(DMU). The DEA model does not need to know or give the weights of each input factor
and output factor in advance, and does not need to deal with the data index dimensionless,
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it is one of the ideal methods to evaluate the allocation efficiency of multi-input and multi-
output resources. The DEA model can be divided into CCR model and BCC model. CCR
model is the first DEA model proposed by Charnes et al. [66] on the basis of Farrell’s [67]
production performance measurement theory. Subsequently, in Banker et al. [68], based
on the CCR model, the scale return invariance setting of CCR model is improved, and the
BCC model with variable scale return is proposed. That is, when not all decision units
are at optimal scale, the variable returns to scale (VRS) model allows the measurement
of technical benefits without being influenced by scale benefits. The BCC model can be
decomposed into pure technical efficiency (PTE) and scale efficiency (SE) while measuring
the technical efficiency (TE), The decomposition formula is: TE = PTE × SE. While TE
reflects the comprehensive efficiency level of each DMUs, PTE reflects the level of efficiency
of each DMUs in utilizing and managing inputs under a certain production technology,
and SE reveals the scale level of each DMUs. The range of these three efficiencies is all
between (0, 1). A larger efficiency score means higher efficiency. Taking into account the
actual situation of the implementation of SLCP and the characteristics of the EEoSLCP with
more inputs, more outputs, and variable returns to scale, the DEA–BCC model is used to
calculate the EEoSLCP. The specific model is as follows:

minθz − ε(
m

∑
i=1

si
− +

s

∑
r=1

sr
+) (1)

s.t.
n

∑
j=1

λjxij + si
− = θzixrz, i = 1, 2, · · · , m (2)

n

∑
j=1

λjyrj − si
+ = yrz, r = 1, 2, · · · , s (3)

n

∑
j=1

λj = 1 (4)

θ0, λj, si
−, si

+ ≥ 0 (5)

where θz is the EEoSLCP in the Loess Plateau under VRS, where n = 314 is the number
of counties in the Loess Plateau, j represents the j county, which can also be called the
j DMU, m and s respectively represent the number of input–output indicators of SLCP,
xij represents the input of the i factor in the j county, yrj represents the r output in the j
county, and λj is the weight coefficient of the input index of a certain factor in the j county.
When the sum of Si

− and Sr
+ is 0, all input and output are in a relaxed state, θz = 1, and

the EEoSLCP is in complete efficiency. When the sum of Si
− and Sr

+ is not 0, θz < 1, the
EEoSLCP is in incomplete efficiency, and the complete efficiency can be achieved again by
adjusting the level of input or output.

In our study, the EEoSLCP of the Loess Plateau from 2002 to 2015 was calculated by
using the DEA–BCC model solving tool in MAXDEA 8.0 software, and the TE, PTE, and
SE values of EEoSLCP were obtained by further decomposition. Meanwhile, based on the
average values of TE, PTE, and SE of 314 counties in the Loess Plateau from 2002 to 2015,
according to the actual situation of eco-efficiency distribution, we classified the EEoSLCP
into the following four levels: high efficiency (0.75≤ efficiency value < 1), medium-high effi-
ciency (0.5≤ efficiency value < 0.75), medium-low efficiency (0.25 ≤ efficiency value < 0.5),
and low efficiency (efficiency value < 0.25). Then, using ArcGIS 10.7 software, the spatial
distribution of counties with different efficiency levels in the Loess Plateau was visualized.

2.4.3. Malmquist Index Model

Because the DEA–BCC model can only compare the efficiency of DMUs horizontally at
the same point in time and cannot compare cross-period panel data, it is difficult to find the
dynamic changes and trends of efficiency. To solve this problem, Färe et al. [69] constructed
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a DEA-based MI model to measure the dynamic changes of production efficiency in
different periods based on the MI proposed by Malmquist [70], and it has been widely used
in the empirical analysis.

The MI from time t to t + 1 can be expressed as:

Mt

(
xt, yt, xt+1, yt+1

)
=

Dt(xt+1, yt+1)
Dt(xt, yt)

, Mt+1

(
xt, yt, xt+1, yt+1

)
=

Dt+1(xt+1, yt+1)
Dt+1(xt, yt)

(6)

where (xt,yt) is the input–output vector in time t and (xt+1,yt+1) is the input–output vector
in time t + 1. The change from (xt,yt) to (xt+1,yt+1) represents the productivity change in the
input–output relationship, and the main reason for the change is because of the change in
the level of technology and technical efficiency. Dt(xt,yt) and Dt+1(xt+1,yt+1) are distance
functions. Dt(xt,yt) is the level of technical efficiency in time t expressed in terms of the
technology in time t. Dt+1(xt+1,yt+1) is the level of technical efficiency in time t + 1 expressed
in terms of the technology in time t. Dt+1(xt,yt) is the technical efficiency level in time t
expressed in terms of technology in time t + 1, and Dt+1(xt+1,yt+1) indicates the technical
efficiency level in time t + 1 expressed in terms of technology in time t + 1.

The change in MI efficiency over adjacent periods is measured as the geometric mean
of two indices.

M
(

xt, yt, xt+1, yt+1
)
=

[
Dt(xt+1, yt+1)

Dt(xt, yt)
×

Dt+1(xt+1, yt+1)
Dt+1(xt, yt)

]1/2

(7)

If MI < 1, it indicates that the total efficiency decreases from period t to time t + 1,
MI > 1 indicates that the total efficiency increases from time t to time t + 1, and if MI = 1,
it indicates that the total efficiency does not change from time t to time t + 1. MI can be
decomposed into technical efficiency change (EFCH) and technical progress change (TECH).
The formula is:

Mt+1
(

xt, yt, xt+1, yt+1) = [Dt+1(xt+1,yt+1)
Dt(xt ,yt)

]
×
[

Dt(xt+1,yt+1)
Dt+1(xt+1,yt+1)

× Dt(xt ,yt)
Dt+1(xt ,yt)

]1/2
(8)

where EFCH =
Dt+1(xt+1,yt+1)

Dt(xt ,yt)
, represents the technical efficiency change from time t to t + 1,

and TECH =
[

Dt(xt+1,yt+1)
Dt+1(xt+1,yt+1)

× Dt(xt ,yt)
Dt+1(xt ,yt)

]1/2
, represents the technical progress change from

time t to t + 1.
EFCH measures whether inputs are being wasted in the production process and

whether resources are being allocated efficiently. If EFCH > 1, it means that the EEoSLCP
is closer to the production frontier at time t + 1 than at time t, which indicates an increase
in technical efficiency. If EFCH < 1, it means that the EEoSLCP is further away from the
production frontier at time t + 1 than at time t. This indicates that there are problems
in the production process, such as unreasonable resource allocation, that lead to lower
technical efficiency.

TECH can measure the technological innovation degree. If TECH > 1, it means that
the technology of the SLCP at time t + 1 has improved than at time t, thus prompting an
increase in output; if TECH < 1, it means that the technology of the SLCP at time t + 1 has
regressed than at time t, thus leading to a decrease in output.

In our study, the MI of EEoSLCP in Loess Plateau from 2002 to 2015 was calculated
by using Malmquist index tool in MAXDEA 8.0 software, and the values of EFCH and
TECH were further decomposed. Meanwhile, based on the average values of MI, TECH,
and EFCH for all 314 counties during the period 2002 to 2015, the spatial discrepancies of
MI, TECH, and EFCH are displayed by using ArcGIS 10.7 software.
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2.5. Data Sources

The data source of this study contains two main parts, one is multi-source remote
sensing data and the other is SLCP statistics. Among them, the raster resolution of remote
sensing data is uniformly processed to 500 m × 500 m. The coordinate system used in this
study is uniformly Krasovsky_1940_Albers. The data details are shown in Table 2.

Table 2. Data sources and descriptions.

Category Descriptions Spatial
Resolution Time Scale Data Sources and Related

References

Land use map

The data were verified by
field investigation, and the
accuracy of interpretation

was more than 90%

30 × 30 m 2000, 2005, 2010, 2018

Data Center for Resources and
Environmental Sciences, Chinese

Academy of Sciences
(https://www.resdc.cn/Datalist1
.aspx?FieldTyepID=1,3) [71,72].

Climate data
Precipitation, temperature,
and ≥10 ◦C accumulated

temperature
Point scale 2002–2018

Chinese National Meteorological
Science Data Service Center

(http://data.cma.cn/); Chinese
Ecosystem Research Network

(http://www.doi.org/10.11922
/sciencedb.664)

DEM (Digital Elevation
Model)

SRTM DEM (Shuttle Radar
Topography Mission Digital

Elevation Model)
90 × 90 m 2000

OpenTopography
(https://portal.opentopography.
org/dataSearch?search=SRTM)

NDVI (Normalized
Difference Vegetation

Index)

MODIS
(Moderate-resolution

Imaging Spectroradiometer)
MOD13A3 and

MOD17A3HGF product

1 × 1 km
2002–2018

LAADS DAAC
(https://ladsweb.modaps.eosdis.

nasa.gov/)NPP (Net primary
productivity) 500 × 500 m

Soil data

soil sand fraction (%), soil
silt fraction (%), soil clay
fraction (%), soil organic

carbon content (%)

1 × 1 km 2014

Harmonized World Soil Database
(HWSD) version 1.2 (https:

//www.fao.org/soils-portal/data-
hub/soil-maps-and-databases/)

Basic Geographic
Information Data

Administrative Boundaries,
Loess Plateau Boundary Shapefile -

China Geographic Information
Monitoring Platform

(https://www.webmap.cn/
commres.do?method=result100W);

Data Center for Resources and
Environmental Sciences, Chinese

Academy of Sciences (https://www.
resdc.cn/data.aspx?DATAID=140)

SLCP data Financial, area, and labor
input for SLCP Text data 2002–2015

South-Central Forestry Survey
Planning and Design Institute of the

National Forestry and Grassland
Administration of China

(http://www.forestry.gov.cn/sites/
zny/zny/) and China Forestry

Statistical Yearbook
(https://data.cnki.net/yearbook/

Single/N2021060073)

3. Results
3.1. Static Efficiency Based on DEA–BCC Model
3.1.1. The Annual Difference in Static Efficiency

As can be seen from Figure 3, from the change in TE, it can be concluded that the
overall EEoSLCP is on the rise, increasing from 0.260 in 2002 to 0.465 in 2015, with an
average annual growth rate of 5.6%. However, from the overall change in the EEoSLCP
over time, the overall EEoSLCP on the Loess Plateau is low, with an average value of
only 0.357 during 2002–2015, indicating that the EEoSLCP in most counties on the Loess
Plateau is far from the relatively effective production frontier, and there is great room for
improving the EEoSLCP. Specifically, compared to a relatively effective production frontier,

https://www.resdc.cn/Datalist1.aspx?FieldTyepID=1,3
https://www.resdc.cn/Datalist1.aspx?FieldTyepID=1,3
http://data.cma.cn/
http://www.doi.org/10.11922/sciencedb.664
http://www.doi.org/10.11922/sciencedb.664
https://portal.opentopography.org/dataSearch?search=SRTM
https://portal.opentopography.org/dataSearch?search=SRTM
https://ladsweb.modaps.eosdis.nasa.gov/
https://ladsweb.modaps.eosdis.nasa.gov/
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/
https://www.webmap.cn/commres.do?method=result100W
https://www.webmap.cn/commres.do?method=result100W
https://www.resdc.cn/data.aspx?DATAID=140
https://www.resdc.cn/data.aspx?DATAID=140
http://www.forestry.gov.cn/sites/zny/zny/
http://www.forestry.gov.cn/sites/zny/zny/
https://data.cnki.net/yearbook/Single/N2021060073
https://data.cnki.net/yearbook/Single/N2021060073
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DEA ineffective counties on the Loess Plateau can increase the ecological effects of SLCP
by 65% without increasing inputs, or can reduce fallowing financial, area, and labor inputs
by 65% while maintaining the established ecological effects of SLCP outputs.
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Figure 3. The annual change trends of TE, PTE, and SE of SLCP from 2002 to 2015.

The PTE and SE obtained from the decomposition of the BCC model show that the
interannual trend of PTE is basically the same as TE, increasing from 0.305 in 2002 to 0.531
in 2015, with an average annual growth rate of 5.27%, indicating that PTE is the most
important factor affecting TE. In addition, SE fluctuated less between 2002 and 2015, with
the average value remaining around 0.832 over the 14-year period, generally higher than
TE and PTE, which again suggests that the lower TE is mainly due to the influence of the
lower PTE.

To further investigate the contribution of PTE and SE to TE more specifically, we used
TE as the dependent variable and PTE and SE as the independent variables and plotted
scatter plots separately using Stata 17.0 software to explore the correlation between them.
As reflected in Figure 4, the scatter points representing SE are concentrated on the right
side of the 45-degree diagonal line (Figure 4a), while the scatter points representing PTE
are concentrated near the 45-degree diagonal line (Figure 4b), indicating that the number of
counties with higher SE values in the Loess Plateau is more than the number of counties
with higher PTE values, which further verified that PTE is the main contributing factor for
the low TE.
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3.1.2. County Difference in Static Efficiency

As shown in Figure 5a, there are 108 counties with TE values higher than 0.5, account-
ing for 33.44%, while the remaining 206 counties with TE values lower than 0.5, accounting
for 65.61%. In terms of spatial distribution, counties with medium-high TE values are
concentrated in the southern and eastern parts of the Loess Plateau, while counties with
medium-low TE values are concentrated in the western, central, and northern parts of the
Loess Plateau, and overall, the TE values of the Loess Plateau counties are decreasingly
distributed from south to north and from southeast to northwest. The above results indicate
that the EEoSLCP in most counties of the Loess Plateau is low, and there is still more room
to improve the eco-efficiency.
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Figure 5. The average value of (a) TE, (b) PTE, and (c) SE for 314 counties from 2002 to 2015. (d) The
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As shown in Figure 5b, 125 counties in the Loess Plateau have PTE values higher than
0.5, accounting for 39.81%, while the remaining 189 counties have PTE values lower than
0.5, accounting for 60.19%. The spatial distribution of county PTE values is basically the
same as that of TE, but there are more counties with high PTE values than those with high
TE values, and correspondingly fewer counties with low PET values than those with low
TE values, and the increased counties with high PTE values are mainly distributed in the
southern and western parts of the Loess Plateau.

However, as shown in Figure 5c, the distribution of SE values was different from TE
efficiency and PTE values. Firstly, in terms of quantity, there are as many as 278 counties
with SE values greater than 0.5, accounting for 88.54%, and the remaining counties with SE
values less than 0.5 are only 36, accounting for 11.46%. This indicates that the majority of
counties in the Loess Plateau are at a high level of SE. Secondly, in terms of spatial distri-
bution, different from TE and PTE variations, SE shows an overall increasing distribution
from south to north and from southeast to northwest in spatial terms.
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To further explore the contribution of PTE and SE to TE in different counties, all the
314 counties are classified into four categories: (1) Both PTE and SE are high, and both
PTE and SE are greater than 0.5 in this category of counties, indicating that TE is main
source of growth by both PTE and SE. From Figure 5d, a total of 115 counties belong to
this category and are concentrated in the southern and southeastern regions of the Loess
Plateau. (2) PTE is high and SE is low. These counties have PTE greater than 0.5 and SE less
than 0.5, indicating that PTE is the main source of growth in TE, while SE has weakened
the increases in TE. From Figure 5d, only 10 counties belong to this category, sporadically
distributed in the western, northwestern, and northeastern regions of the Loess Plateau,
indicating that in SE is not an obstacle weakens the growth of most counties in the Loess
Plateau. (3) SE is high and PTE is low. These counties have SE greater than 0.5 and PTE
less than 0.5, indicating that SE is the main source of promoting TE growth, while PTE
has weakened the increases in TE. From Figure 5d, 163 counties belong to this category,
accounting for 51.91%, which indicates that the inputs of the SLCP are not effectively
utilized in these counties, resulting in wasted inputs and insufficient outputs. Therefore,
these counties should improve PTE by accelerating technological innovation, which will
ultimately contribute to TE growth. (4) Both SE and PTE are low, and both SE and PTE in
these counties are less than 0.5, indicating that SE and PTE together weaken the growth
of TE. From Figure 5d, 26 counties belong to this category and are mainly located on the
southwest-northwest edge of the Loess Plateau.

3.2. Dynamic Efficiency Based on the Malmquist Index Method
3.2.1. The Annual Difference in Dynamic Efficiency

From Table 3, it can be obtained that the MI of the EEoSLCP increased by 17.7% on
average, the EFCH increased by 16.8% on average, and the TECH increased by 1.8% on
average from 2002 to 2015. This indicates that the improvement in technical efficiency
was the main reason for the improvement in the EEoSLCP during this period, and the
contribution of technical progress was small. Further analysis shows that MI is less than
1 in the three time periods of 2005–2006, 2010–2011, and 2013–2014, which indicates that
the EEoSLCP has a decreasing trend in the above three time periods. The main reason for
the decrease is due to the combined decrease of EFCH and TECH, and it is mainly due
to the decrease of TECH. In addition, MI is greater than 1 in the rest of the time periods,
indicating that the EEoSLCP is on an increasing trend, with an increase of 12.3%, 28.5%,
7.1%, 11.9%, 17.3%, 54.6%, 12.8%, 6.5%, 23.3%, and 72.1%, in that order. The increase
is mainly contributed to by the combined improvement of EFCH and TECH, but the
contribution of EFCH is much larger than that of TECH.

Table 3. Annual differences of the MI and its decomposition from 2002 to 2015.

Years MI EFCH TECH

2002–2003 1.133 1.600 0.708
2003–2004 1.285 1.044 1.230
2004–2005 1.071 1.224 0.875
2005–2006 0.969 0.987 0.982
2006–2007 1.119 1.033 1.083
2007–2008 1.173 1.040 1.127
2008–2009 1.546 1.454 1.063
2009–2010 1.128 1.206 0.935
2010–2011 0.878 1.016 0.864
2011–2012 1.065 0.877 1.215
2012–2013 1.233 1.196 1.031
2013–2014 0.987 1.040 0.949
2014–2015 1.721 1.469 1.172

Mean 1.177 1.168 1.018
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3.2.2. County Difference in Dynamic Efficiency

As displayed in Figure 6a, there are 305 counties with MI values greater than 1,
indicating that 97.13% of counties have been making good improvements in EEoSLCP
during the period from 2002 to 2015. Among them, 214 counties have an MI improvement
range of (0, 24.32%), 66 counties have an improvement range of (24.33%, 49.05%), and
25 counties have an improvement range of (49.05%, 109.92%). The counties with larger MI
improvement are mainly located in the western, central, northeastern, and northwestern
regions of the Loess Plateau. However, there are still 9 counties with MI values less than 1
during the period 2002–2015, indicating that these 9 counties did not make good use of the
various factors invested in the implementation of the SLCP during the period 2002–2015,
with a decreasing range of (0, 34.28%) for the EEoSLCP. Its spatial distribution is mainly in
the northeastern part of the Loess Plateau.
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As shown in Figure 6b, 298 of the 314 counties in the Loess Plateau have EFCH values
greater than 1. This indicates that during the period 2002–2015, the management level of
the SLCP in the majority of counties on the Loess Plateau improved and the allocation
structure of the input factors of the SLCP was continuously optimized. Among them,
213 counties have an EFCH value improvement range of (0, 23.62%), 63 counties have an
improvement range of (23.63%, 53.88%), and 22 counties have an improvement range of
(53.89%, 106.92%). However, 11 counties still showed a decrease in EFCH values between
2002 and 2015, with a decrease range of (0, 34.9%). The spatial distribution of EFCH values
is basically consistent with the distribution of MI, and the increase range is also basically
the same, which once again indicates that the MI values of the Loess Plateau counties are
mainly influenced by EFCH changes.

As shown in Figure 6c, among the 314 counties in the Loess Plateau, 286 counties
have TECH values greater than 1, indicating that the majority of counties in the Loess
Plateau have made technical progress in the implementation of the SLCP between 2002
and 2015, but the progress increase is small. Among them, 141 counties have a TECH
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improvement range of (0, 1.84%), 108 counties have an improvement range of (1.85%,
3.65%), and 37 counties have an improvement range of (3.66%, 8.33%). TECH is mainly
spatially distributed from southeast to northwest and from south to north in an increasing
manner. The counties with large TECH increases are mainly concentrated in the northeast
corner region of the Loess Plateau. However, 28 counties still showed a decrease in TECH
between 2002 and 2015, with a decrease range of (0, 4.08%), spatially distributed mainly in
the northwest, southeast, and parts of the west.

4. Discussion

According to the evaluation results of DEA model, the EEoSLCP in the Loess Plateau
has been at a low level, and the average value from 2002 to 2015 is only 0.357, which may
be closely related to the fact that the SLCP is a top-down and government-led FERP [73,74].
First, SLCP adopts a “top-down” implementation model. After the central government
determines the task indicators of SLCP, the provincial, municipal, and county forestry
departments allocate the task indicators at each level, which has significant characteristics
of a socialist state planning system and has certain compulsory aspects [74]. Before the
implementation of SLCP, farmers did not participate in the discussion and planning of
SLCP implementation, but were only passively included in the implementation of SLCP,
which made SLCP unable to precisely select compensation targets (identify the largest
potential ecosystem service providing farmers), coupled with the high compensation
standard of SLCP, thus leading to the low EEoSLCP. Second, the implementation of the
SLCP was promoted too quickly, coupled with the lack of historical experience, leading to
the general problem of poor planning quality and imperfect supervision and management
mechanisms [75,76], resulting in low EEoSLCP. This was also confirmed by the results of our
study. From Section 3.1, it can be obtained that PTE is the most important factor affecting
TE in both time and space, while the low PTE indicates that the management and technical
level are the main factors limiting the EEoSLCP. Furthermore, from Figure 3, we can see
that the EEoSLCP grows with the growth of PTE, which benefits from the fact that the SLCP
continuously learns from the pre-program experience during the implementation process,
which prompts the improvement of technology and management, which is consistent with
the conclusion of previous studies [75,77].

The EEoSLCP in 314 counties of the Loess Plateau decreased from south to north and
from southeast to northwest in spatial distribution, which is not only affected by PTE in
each county, but also closely related to natural factors. Previous studies have shown that
climatic factors such as precipitation and temperature are important factors that dominate
the vegetation growth on the Loess Plateau [38–40]. The counties with high EEoSLCP
are concentrated in semi-humid areas (Figures 1c and 5a), where the precipitation and
accumulated temperature conditions suitable for vegetation growth are better, and the
PTE of each county is higher (Figure 5b), so the EEoSLCP is higher. The low EEoSLCP is
concentrated in arid and semi-arid desert areas and arid desert areas (Figures 1c and 5a),
where precipitation is scarce and the accumulated temperature is relatively insufficient,
coupled with the inappropriate selection of tree species, resulting in a low survival rate of
afforestation, and even some trees have died or are dying, making it difficult to produce the
expected ecological effect of afforestation in arid and semi-arid desert areas [78]. Coupled
with the low level of management and technology here, the improper planning and design
of reforestation is another important reason for the poor ecological effect. For example,
within the arid desert region in the northwestern part of the Loess Plateau, to reduce plant
water consumption and maintenance costs, Cao (2008) [79] observed that the planting
density is usually low within this region. This not only achieves the afforestation goal
from the surface, but also saves money and achieves a win-win situation. However, the
low density of afforestation has led to an increase in the area of land degradation and
exacerbating local desertification. The reason for this is that the sparse trees that appear due
to the low density of afforestation are not only unable to block strong winds, but also make
the airflow between trees become more concentrated, which further strengthens the degree
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of soil desiccation and the intensity of soil wind erosion [80]. However, the low EEoSLCP
in the central part of the Loess Plateau is related to the high density of afforestation in
the region, resulting in excessive consumption of a large amount of groundwater and soil
moisture [38]. Specifically, the amount of water required for tree growth increases over
time, resulting in a decline in the regional groundwater table [81–83]. Although the region
receives more precipitation than the arid desert areas in the northwest, the high density
of afforestation causes natural precipitation to be unable to meet the required recharge
demand for groundwater and deep soil water consumed by vegetation growth [38]. The
above phenomenon is undoubtedly an important reason for the increased desiccation of
regional soil layers [84], and as the drying of the soil layer increases, it leads to the formation
of barriers to water circulation between vegetation and underground water, which in turn
limits the establishment and growth of vegetation [85]. For example, dwarf trees, which
are locally called “old-man small-trees”, have been observed throughout reforestation
regions in the Loess Plateau [86]. This metaphor vividly describes the low growth rate
and poor health of trees in a man-made forest due to insufficient moisture in the soil layer,
which makes it difficult for these trees to produce the expected ecological functions of soil
retention, water conservation and carbon sequestration [85]. In summary, the EEoSLCP in
the middle counties of Loess Plateau is lower.

From the MI results, it can be concluded that the MI of EEoSLCP in the Loess Plateau
has a fluctuating growth trend, and the change of MI can be divided into two stages in
terms of time change. In the first stage, from 2002 to 2009, MI showed fluctuating growth,
and the main source of growth was technical efficiency improvement. Specifically, al-
though in the early stage of the SLCP due to the rapid implementation, lack of experience,
coupled with the low quality of project planning and the level of government manage-
ment [75,76], the MI decreased (2002–2006). However, with the accumulation of experience
in the implementation of SLCP, the program management, and technical level have been
continuously improved [87], and the Chinese central government decided to increase the
subsidy standard and extend the subsidy cycle after 2006 [88], so a combination of factors
contributed to the significant increase of MI after 2006. In the second stage, from 2010 to
2015, MI showed a decline and then an increase, with both the decline and the increase
influenced by EFCH. Specifically, the SLCP entered the consolidation stage after 2010, and
the potential for efficiency improvement brought about by the early implementation of the
SLCP has basically been released, coupled with serious corruption in most counties [89],
resulting in the lack of subsidy payment and lack of government supervision, leading to
the frequent occurrence of deforestation and overgrazing. In addition, the government and
farmers only pay attention to afforestation but ignore management, coupled with poor
management techniques, so that some trees gradually die [90], resulting in a decline in MI
(2010–2011). After 2012, in order to further consolidate the achievements of SLCP, some
local governments began to raise their own funds to subsidize farmers who participated in
the SLCP [91] and strengthened the guidance to farmers in the management of afforestation,
coupled with the decision of the Chinese central government to start a new round of the
SLCP after 2014, which promoted the improvement and consolidation of the achievements
of SLCP, making MI rising again (2012–2015).

Our study has several limitations. First, socio-economic development has a certain
impact on FERPs [16]. The socio-economic development of the 314 counties in the Loess
Plateau has a large spatial difference, but we have not yet studied its possible impact
on the EEoSLCP. Therefore, in future research, we can explore the influence of socio-
economic development on the EEoFERPs by establishing an econometric model. Second,
the evaluation index system of EEoFERPs still needs to be improved. The input indicators
should also consider the inputs of other natural factors, such as soil, topography, and
other natural resource endowments. In terms of output indicators, more indicators of
ecosystem services should be included. However, due to the difficulty of measuring
ecosystem services, we only selected commonly used and easy-to-measure ecosystem
service indicators, while ignoring ecosystem service indicators such as wind and sand
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control, water purification, and climate regulation. Therefore, in future studies, if the
above-mentioned input and output indicators can be incorporated into the evaluation
index system of EEoFERPs, it will further reduce the assessment bias and obtain more
accurate eco-efficiency assessment results. Third, because we had difficulty in obtaining
specific information on afforestation, especially on afforestation tree species, the ecological
effects of SLCP we obtained in our study were actually the result of all tree species acting
together. However, the ecological effects produced by different tree species are distinctly
different [92]. Therefore, in the future evaluation of the EEoFERPs, we should collect as
much information as possible on the tree species planted, and then measure the contribution
of different tree species to the ecological effect, and thus evaluate the EEoFERPs under
different tree species selection, which will not only improve the evaluation of EEoFERPs,
but also provide more detailed and specific guidance for the future implementation or
design of EEoFERPs.

5. Conclusions and Policy Implications
5.1. Conclusions

As the largest FERP in the world, the research on the ecological performance of SLCP
has always been the focus of scholars’ research. However, most of the previous studies
have focused on the evaluation of ecological effects of FERPs, while very few scholars have
evaluated their eco-efficiency. Although some studies have also started to pay attention to
this issue and attempted to evaluate the eco-efficiency of SLCP, problems such as research
methods and scales may have led to some bias in the research results and have been unable
to provide policy recommendations for large-scale implementation of FERPs. In this context,
from a macro perspective, we focus on the basic unit (counties) of the implementation of
the SLCP and evaluate the static and dynamic efficiency of the SLCP based on the panel
data of 314 counties in the Loess Plateau for a long time series from 2002 to 2015 using the
DEA model and Malmquist index model, respectively. The main conclusions obtained are
as follows: (1) From 2002 to 2015, the EEoSLCP in the Loess Plateau was at a low level, with
an average value of only 0.357 in 14 years. (2) From 2002 to 2015, the EEoSLCP in the Loess
Plateau showed an overall upward trend, and the growth of pure technical efficiency was
the most important reason to promote the growth of comprehensive efficiency. (3) There is
a significant spatial difference in the EEoSLCP in the counties of the Loess Plateau, with
higher eco-efficiency levels in the southern and southeastern counties, lower eco-efficiency
levels in the northern and northwestern counties, and overall decreasing distribution of
the EEoSLCP in the Loess Plateau from south to north and from southeast to northwest.
Natural conditions such as precipitation and pure technical efficiency are important in
determining the spatial distribution of EEoSLCP in the Loess Plateau. (4) The Malmquist
index of Loess Plateau showed fluctuating growth from 2002 to 2015, and the EEoSLCP
increased by 17.7% per year on average, with the Malmquist index being more influenced
by changes in technical efficiency and less influenced by technological progress. In terms of
spatial distribution, 97.13% of counties in the Loess Plateau have improved the EEoSLCP,
and the counties with greater improvement are mainly located in the western, central,
northeastern, and some parts of the northwestern parts of the Loess Plateau.

5.2. Policy Implications

The policy implications of this study for FERPs are two main points. (1) When design-
ing FERPs, it is important to do a top-level design and scientific implementation. FERP
should adhere to the combination of government policy guidance and voluntary farmers,
and jointly solve the problem of “where to implement FERP” and “what tree species to
choose when implementing FERP”. Specifically, in the implementation of the FERP, we
must take science and technology as the guide, determine the implementation area of the
FERP, plant trees in places suitable for afforestation, choose afforestation species according
to the farmers’ wishes and the principle of suitable trees in suitable places, carry out the
applicable technology of forestry science and technology in the whole process of FERP
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implementation, and effectively improve the quality and efficiency of the FERP. (2) Improve
the management level of FERPs. Improve the government monitoring and accountabil-
ity system, introduce a third-party evaluation and supervision mechanism, improve the
openness and transparency of FERPs in the planning and implementation management
process, and ensure that program implementation achieves a win-win situation in terms of
effectiveness and efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land11050712/s1, Figure S1: Vegetation fraction cover of Loess
Plateau, 2002–2018; Figure S2: Vegetation carbon sequestration of Loess Plateau, 2002–2018; Figure S3:
(a) Distribution of sampling sites on the Loess Plateau; (b) Carbon density of above–ground biomass
on the Loess Plateau; (c) Average Vegetation carbon sequestration of Loess Plateau, 2002–2018;
Figure S4: Soil retention of Loess Plateau, 2002–2018; Figure S5: (a) Distribution of hydrological
stations on the Loess Plateau; (b) Average sand transport modulus of Loess Plateau, 1987–2015;
(c) Average soil erosion modulus of Loess Plateau, 2002–2018; Figure S6: Biodiversity service of Loess
Plateau, 2002–2018; Figure S7: Water conservation service of Loess Plateau, 2002–2018.
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