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With a growing body of literature on the topic of ecosystem service (ES), there is 
an urgent need to summarize ES research in the context of ecological restoration 
programs (ERPs) in China and identify knowledge gaps for future directions. 
We conducted a systematic literature review of articles to examine the use of ES 
approaches for ERP assessments. Our results showed that previous studies mainly 
focused on the Shaanxi Province, and more than half of the reviewed studies 
considered no more than three ES types simultaneously. All ES categories were 
not covered equally; most of the studies focused on provisioning and regulating 
services, while cultural services have received little attention. Although regional-
scale and short-term assessments dominated the reviewed papers, we suggest 
that multiple temporal and spatial scales for ERP assessments should be given 
more attention in future work. Moreover, we highlight that an oversimplified land 
use/land cover (LULC) categorization scheme may potentially lead to inaccuracies 
and biases in ESs detection under restoration programs. Based on this review, our 
findings can guide future ERP assessments by using the ES approach. Meanwhile, 
given the global LULC change brought by the proliferation of plantations under 
ERPs, our results are also expected to provide a path forward to assess ESs 
associated with LULC change globally.
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1. Introduction

Ecosystem services (ESs) are widely defined as the benefits that people derive from 
ecosystems (Millennium Ecosystem Assessment (MEA), 2005). ESs are grouped into four 
categories including provisioning services (e.g., food, water, and timber), regulating services 
(e.g., carbon sequestration, water purification, and soil conservation), supporting services (e.g., 
biodiversity conservation, biomass production, and nutrient cycling) and cultural services (e.g., 
education, recreation, aesthetic; Zheng et al., 2013; Jiang et al., 2018; Cui et al., 2021). Sustainably 
managing and utilizing the ESs can improve human well-being (Millennium Ecosystem 
Assessment (MEA), 2005). However, intensive interference from human activities (e.g., extensive 
deforestation, cropland, and urban expansion) has dramatically altered ecosystems (Xu W. et al., 
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2017), causing reductions in two-thirds of all ESs over the last few 
decades (Millennium Ecosystem Assessment (MEA), 2005; Gao et al., 
2017). Ecological restoration has become a major strategy to restore 
the degraded ecosystem and improve ESs (Chazdon, 2008; Bullock 
et al., 2011; Keesstra et al., 2018).

Since the beginning of this century, the Chinese government has 
implemented several ecological restoration programs (ERPs), 
including the Grain-for-Green Program (GTGP), Natural Forest 
Conservation Program (NFCP), Soil and Water Conservation 
Programs (SWCP), and so on (Li et al., 2016; Zhang et al., 2016; Bryan 
et al., 2018; Jiang et al., 2021). Correspondingly, increasing interest has 
been focused on temporal and spatial changes in ecosystem services 
in the context of ecological restoration (Wang et al., 2017; Lu et al., 
2018; Zhou et al., 2021). Currently, applications of remote sensing 
monitoring and biophysical model simulation have demonstrated that 
these restoration programs promoted vegetation restoration (Li et al., 
2015; Zhang et al., 2018, 2019), carbon sequestration (Zhou et al., 
2020), biomass increase (Brandt et al., 2018), and soil conservation 
(Xia et al., 2021). With the continuous implementation of ERPs, it is 
important to monitor the efficiency and impacts of these ERPs (Hua 
et al., 2018). A review of previous ERP assessments is particularly 
important for adjusting current and planning for future ERPs more 
effectively and efficiently.

Evaluating ERPs has attracted extensive attention and a growing 
number of studies have been carried out in China for this purpose 
(Wang et al., 2017; Liu et al., 2019; Tang et al., 2019; Qi et al., 2021). A 
variety of methodological approaches are available to assess ERPs, 
such as monetary valuation (Geng et al., 2020), field measurements 
(Guo et al., 2021), or modeling approaches (Liang et al., 2021). In 
addition, these studies assess changes in ES caused by ERPs at different 
scales: Qi et al. (2021) at the county scale, Zhou et al. (2021) at the 
regional scale, and Wang et al. (2021) at the national scale. Previous 
review papers related to ERP assessment using ES approaches have 
been carried out by D’Amato et al. (2016) and Wen and Théau (2020). 
However, the former focused primarily on monetary valuation studies 
of forest ES between 2000 and 2012 rather than on the approaches 
themselves used to assess the ERPs; the latter examined the use of ES 
approaches by selecting only the peer-reviewed English journal 
articles and assessed the only two ERPs (i.e., GTGP and NFCP), which 
may lead to biases in ERPs assessment results. Therefore, integrating 
local publications and more restoration projects is necessary to obtain 
a fuller picture of ERP assessment.

In this context, we conducted a more comprehensive systematic 
review of the literature on ERP assessments using ES approaches in 
China. Particularly, we  focused on answering the following two 
questions: (1) What is the prevalence of using ES approach on ERP 
assessments in China? (2) What are the methodological approaches 
employed to assess ERP? Here, we  address these questions by 
systematically reviewing the relevant literature published in both 
English and Chinese journals. Our objective was to provide a basis for 
assessing ERP using ES approaches, identify current challenges and 
offer recommendations for future research directions.

Several important national or provincial ecological policies in 
China are relevant to the reviewed papers; they are described briefly 
below. As one of China’s largest ecological restoration projects, the 
GTGP, which consists of 10 subprograms covering >73% of China’s 
territory, has been devoted to converting sloping farmland (farmland 
land with a slope great than 25°) to forest and grassland since 2000 

(Zhou et  al., 2020). The NFPP, as another large-scale restoration 
program, is aimed to protect natural vegetation for sustainable 
development (Ouyang et al., 2016). The SWCP, which is designed and 
implemented to reduce soil loss and enhance the soil retention function 
of the ecosystem (e.g., Duan et  al., 2020; Jiang et  al., 2021), has 
gradually developed into a national key ecological construction project. 
The emerging Ecological Conservation Red Line (ECRL) policy, which 
was initiated in 2011, aimed to protect ecologically fragile areas and 
important ecological functional zones, and enhance various ecosystem 
services (Zhou et al., 2021). The Three-North Shelter Forest Program, 
which is known as the “Green Great Wall” because its massive area 
spans half of northern China, has led to desired reductions in local 
land desertification and soil erosion as well as decreases in airborne 
sand and dust regionally (Li et al., 2021). The Beijing-Tianjin Sand 
Source Control Project was initiated in 2001 to promote environmental 
conservation near the capital of China (Beijing) by controlling the risk 
of wind-sand and soil erosion disasters. The Returning Grazing Land 
to Grassland Project was launched in 2003 to reduce the impacts of 
overgrazing and promote grassland productivity (Lu et al., 2018).

2. Methods

We conducted a systematic literature review of peer-reviewed 
articles published in English and Chinese journals, using the ISI Web 
of Science (WOS) database and the China Academic Journal Network 
Publishing Database of the China National Knowledge Infrastructure 
(CNKI). Keywords for the search in WOS included a combination of 
the following: “ecosystem service*” AND (“forest recovery” OR “forest 
restoration” OR “ecological restoration” OR “vegetation recovery” OR 
“vegetation restoration”) AND (“China” OR “Chinese”). Additionally, 
we search CNKI using the combining sets of “生态系统服务” AND 
(“生态恢复” OR “森林恢复” OR “植被恢复”; the translation of the 
search terms in WOS) in the topic. We  limited the search to the 
timeframe of 2005–2021 because few ES studies were conducted before 
the publication of the Millennium Ecosystem Assessment (Dade et al., 
2019; Zheng et al., 2019), and China has implemented numerous forest 
restoration projects since 2000 (Qi et al., 2019). We defined two specific 
criteria to select papers to be reviewed in this study. First, we only 
consider papers that assess the ERPs using ES approaches because 
assessment of ES change could reveal the successes and limitations of 
the ERPs geared toward enhancing ES (Tallis et al., 2008; Jenerette 
et al., 2011). Second, we grouped ES assessments into two categories 
based on De Groot et  al. (2012): economic and non-economic 
assessment. Though economic valuation is easy for implementation 
and requires minimal data, it generally suffers from measurement and 
generalization errors, possibly leading to invalid and unreliable results 
(TEEB, 2010; Jiang, 2017). In addition, since the non-economic 
valuation encompasses the health state of the ecosystem, which is more 
applicable to the sustainability evaluation of ecosystem services than 
the economic assessment (Fu et al., 2013), we only included studies on 
non-economic assessment of ESs. Our review consisted of a two-step 
screening process (Figure 1). We first screened article abstracts for 
relevancy and, if relevant, we then read the entire paper in the second 
stage of screening. We identified 640 scientific articles meeting the 
search criteria and 542 articles after the first screening, which removed 
review articles, conceptual papers, or ones that lacked consideration of 
ES changes driven by ERPs (Figure 1). We then excluded papers that 
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did not our screening criteria and resulted in 100 papers. See the 
Appendix for a full list of papers included.

From each of the selected publications, we retrieved the following 
information: geographical location, driver factors, ESs that were 
assessed, and spatial and temporal scales (Table 1). We also reviewed 
assessment methodologies used to assess the ERPs. Methodologies were 
categorized into three classes: (1) field measurement refers to the use of 
field observations or laboratory analysis to provide information on ESs, 
(2) model simulation refers to the incorporation of representations of 
physical processes underpinning the functioning of the ecosystem to 
map ESs, and (3) questionnaire survey refers to the evaluation using a 
perception study that presented a questionnaire or interview, which is 
often used to evaluate cultural services. We further recorded whether 

to consider interactions among ESs in each study. Finally, we recorded 
the changes in ESs related to ERPs based on the findings reported in the 
literature (i.e., increased, decreased, or no change), considering the 
differences in the response of ESs to ERPs (Wilson et al., 2017; Benra 
et al., 2019; Wu et al., 2019). This classification allowed us to synthesize 
results consistently from different methodological approaches.

3. Results and discussion

3.1. The publication trends and 
geographical distribution

We identified 100 papers in total on the topic of ERP assessments 
using ES approaches in China in the WOS and CNKI from 2005 to 
2021 that met our specific criteria. The first paper was published in 
2007 (Wu et al., 2007), and it assessed the change in soil conservation 
brought about by the ecological restoration in the karst region. 
Figure 2 shows the number of related studies per year on this topic. It 
shows that since 2015, the number of studies has dramatically 
increased. Furthermore, nearly a quarter of the studies were published 
in 2019 and no studies were published from 2008 to 2010. Although 
the ES research work became popular and exponentially increase after 
the publication of the millennium assessment report in 2005 
(Schägner et al., 2013), the ES approach used to assess ERPs started 
rather late in China. China implemented multiple ERPs in the 2000s, 
and the high number of publications two decades later may reflect the 
intense interest in understanding these programs’ outcomes.

The spatial distribution of ES study regions within China was 
heterogeneous (Figure 3). Nearly half of the reviewed papers chose a case 
study located in Shaanxi Province, of which Bojie Fu and his research 
team from Research Center for Eco-Environmental Sciences, Chinese 
Academy of Sciences made the biggest contribution to ES research 
related to ERPs assessment within this province, of 16 percentage points. 
The Qinghai Province was the next most studied area (38% of studies). 

FIGURE 1

Overview of the selection process of the peer-reviewed publications 
identified in the review.

TABLE 1 Details of variables extracted from each paper during the literature review.

Variables extracted Categories

Geographical location Province(s) where the study was located

Consideration of the ES relationship Whether to consider interactions among ESs

Driver factors Ecological restoration program(s) the study evaluated

ESs that were assessed Categorized based on Millennium Ecosystem Assessment (MEA) (2005) and De Groot et al. (2002), group level: regulating services 

(i.e., air-quality regulation, climate regulation, pollination, erosion regulation, water regulation and water purification); provisioning 

services (i.e., food production, fresh water provision, fiber and timber, genetic resources, biochemicals and ornamental resources), 

supporting services (i.e., nutrient cycling, primary production, soil formation, and biodiversity/habitat for species); cultural services 

(i.e., aesthetic values, cultural diversity, educational values, knowledge systems, recreation and ecotourism, spiritual and religious 

values)

Changes in ESs Increased, decreased, or no change

Assessment methodologies Categorized based on previous reviews (Andrew et al., 2015; Thom and Seidl, 2016), group level: field measurement, model 

simulation and questionnaire survey

Spatial scale Categorized based on Wen and Théau (2020), group level: the county level assessment refers to the evaluation of ERPs in a specific 

county; the regional level assessment refers to watershed or catchment, and provincial scales; the national level assessment refers to 

the assessment of ERPs across China

Temporal scale As for the period covered, we defined two classes: the short-term evaluation (<20 years); the long-term evaluation (more than 

20 years)
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FIGURE 3

Geographical distribution of case studies included in the review. Colors represent the number of ecosystem service case studies (as a few studies 
consider several regions, the sum of studies in this figure exceeds the total number of studies reviewed).

However, the eastern coastal regions (e.g., Fujian, Shandong and Jiangsu 
Province) received the least amount of attention in terms of ERP 
assessment. This is likely because these regions were not covered by the 
two largest ERPs (i.e., GTGP and NFCP). Moreover, studies in the 
southwestern and northeastern regions also received less attention, as 

each province accounted for <16% of the reviewed paper considered. As 
the southwestern and northeastern regions are the two largest forested 
areas in China, massive deforestation for timber production in the past 
has led to the deterioration of the ecological environment in these 
regions, which may induce severe catastrophic events (Li, 1999; Cai et al., 
2014). Indeed, a large-scale flood occurred in the Yangtze River basin in 
1998, and the southwestern and northeastern regions were the source 
areas of this flood, indicating the importance of these regions in water 
conservation (Li, 1999). Since then, the Chinese government has 
launched a series of ERPs in these regions, which has resulted in a 
significant increase in tree cover (Hua et al., 2018). Despite the clear 
importance of ES on environmental impacts, the changes in ES under 
restoration programs remain poorly understood because of the paucity 
of studies for this purpose conducted in these regions. Thus, we need 
more studies in these regions to determine if the impacts and 
effectiveness of restoration programs are similar or different across China.

3.2. Findings through the review analysis

3.2.1. Number of ecosystem service considered
The number of ES considered concurrently in each study varied 

from 1 to 11 (Figure 4). However, most studies considered between 

FIGURE 2

Number of studies on ecosystem services in China has increased in 
recent years. The line is the cumulative number of studies.
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one and five ES types. More than two-thirds of all studies (71%) 
considered only three or fewer ES types simultaneously, with 42% only 
considering a single ES, while only 8% of studies considered more than 
five ES types (Figure 4). The ecosystem should be considered as a 
whole because the changes or impacts on one part of an ecosystem can 
have consequences for the whole system (Wen and Théau, 2020). The 
narrow focus on one or a few ES types may provide little information 
to policymakers for an appropriate management of ES, and therefore 
a comprehensive assessment of a broad array of ES is necessary.

Change of ESs under ecological restoration programs has revealed 
interactions (i.e., trade-off and synergy) between multiple ES types (Fu 
et al., 2015): a single service’s supply might have a positive or negative 
impact on the supply of another ES. Although an increasing number 
of studies have begun to focus on the relationships among ESs, nearly 
half of the reviewed papers, which excluded the studies considered a 

single ES, analyzed ESs in isolation (i.e., without considering any 
interactions; Figure 4). Given that identifying interrelations of ESs is 
critical to the sustainable management of ES (Raudsepp-Hearne and 
Peterson, 2016), interactions of multiple ESs need to be  further 
examined to maintain ecosystem health.

3.2.2. Types of ecosystem service
Following the Millennium Ecosystem Assessment (MEA) (2005) 

and De Groot et  al. (2002), ESs are grouped into four broad 
categories: provisioning, regulating, cultural and supporting ES. Even 
though ES approaches have been widely used to analyze the 
ecological impact of ERPs, reviewed ERP assessment studies showed 
that not all ESs were considered (Figure 5). Specifically, five types of 
ESs (i.e., genetic resources, biochemicals, ornamental resources, 
pollination, and knowledge systems) were not evaluated in the 
reviewed papers, whereas 77% of studies evaluated the impact of 
ERPs on regulation services. In addition, reviewed studies primarily 
focused on provisioning services, particularly services associated 
with agricultural activities (i.e., fresh water provision and food 
provision), which has also been evaluated in other studies (Foley 
et al., 2005; Paudyal et al., 2019; Sylla et al., 2020). However, the 
reviewed papers showed little interest in evaluating the impacts of 
ERPs on cultural services, with only 7% of the studies related to these 
topics. Also, we observed an uneven distribution of types of ESs 
within each category: of the regulating services, 62 studies estimated 
the impacts of ERPs on erosion regulation, but only 10 studies 
focused on air quality regulation; of the cultural services, most 
studies mainly looked at spiritual and religious values, whereas few 
studies considered other cultural services (e.g., education and 
aesthetic). Similarly, studies evaluating provisioning services mostly 
focused on fresh water provision, and studies evaluating supporting 
services mostly focused on opportunities for soil formation 
(Figure  5). Ecosystem services provide benefits to people across 
various dimensions. While much focus has been placed on the ES 
categories of provisioning and regulating, cultural services have 

FIGURE 4

Frequency distribution of the number of ecosystem services 
evaluated in each case study. The proportion of studies that 
considered no interaction among ecosystem services is in gray, while 
the proportion that considered interactions among ecosystem 
services is in dark gray.

FIGURE 5

The number of studies that address each type of ecosystem service and their distribution across each year (because most of the studies consider 
several ecosystem services, the sum of studies in this figure exceeds the total number of studies reviewed).
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received little attention in previous studies. One reason often cited is 
the difficulty in assessing cultural ESs because of their subjective and 
intangible character (Daniel et  al., 2012; Schirpke et  al., 2018; 
Kalinauskas et al., 2021). Cultural services are of great importance, 
not only for understanding the human-nature relationship but also 
for policy development (Jiang, 2017). We suggest that future research 
should take cultural services into account to build a more 
comprehensive assessment of ESs.

To summarize the features of regionalized differences, we further 
analyzed the focus of existing literature and the gaps of major 
ecosystem services within each region or province by taking into 
account the spatial distribution of the key ecological function zones 
(KEFZs) in China. Given that KEFZs are categorized by their 
functions of fresh water provision, sand fixation, soil and water 
conservation, water regulation, and biodiversity conservation (from 
the Resource and Environment Science and Data Center, https://www.
resdc.cn; Figure  6A), we  analyzed the spatial coverage of its 
corresponding ESs (i.e., fresh water provision, air quality regulation, 
erosion regulation, water regulation and biodiversity/habitat for 
species) in the reviewed papers. We found that the study site selection 
in the reviewed papers was not evenly distributed throughout KEFZs. 
Specifically, many papers chose Shaanxi Province as the case study 
sites to assess changes in fresh water provision and erosion regulation 
caused by ERPs (Figures 6B,C), which was in line with major local 
ecological characteristics or problems (e.g., water shortage and soil 
erosion; Cao et al., 2009). However, the northwest regions of China 
(e.g., Xinjiang and Tibet) and the southwestern regions (e.g., Guizhou, 
Guangxi and Chongqing) received less attention in terms of fresh 
water provision and erosion regulation evaluations, respectively, 
although there are a few KEFZs located in these regions (Figures 6B,C). 
Similarly, uneven distribution was detected in air quality regulation 
and water regulation evaluations related to ERPs assessments 
(Figures  6D,E). Moreover, we  observed that the research on 
biodiversity conservation in some specific regions like Yunnan, 
Xinjiang and Tibet was still rare (Figure 6F). So there need to be more 
studies in these regions to better understand the effect of ecological 
restoration on biodiversity maintenance, especially for biodiversity 
hotspots such as Yunnan Province. Due to the importance of the 
KEFZs that contain degraded ecosystems and affect the ecological 
security of the entire country or large regions within it (Fan et al., 
2017; Sun et al., 2021), we recommend that full consideration should 
be given to the regions with different ecosystem service functions, to 
provide targeted regional ecological restoration strategies.

3.2.3. Spatial and temporal scales
Scale plays an important role in estimating ESs and analyzing 

their interactions (Gret-Regamey et al., 2014). This is not surprising 
because ESs and their interactions in response to ERPs vary across 
spatiotemporal scales (Haines-Young et al., 2012; Costanza et al., 2014; 
Locatelli et al., 2014; Sannigrahi et al., 2019). We found that regional-
level assessments account for 80% of the review papers, followed by 
county-level assessment (13%). Only 7% of studies considered 
national scales (see Appendix). Studies focused on the regional and 
national scales can detect the dynamic changes of ESs at large 
geographical extents but are limited in their ability to provide detailed 
information on local scale changes in ES (Raudsepp-Hearne and 
Peterson, 2016). However, studies focused on small spatial scales limit 
the ability of policy-makers to assess the full ecological impacts of 

restoration programs because ecological restoration could provide 
substantial influences to areas outside the region through the flow of 
ESs (Wolff et al., 2015). For instance, some specific ESs are provided 
locally but the benefits can accrue at different scales, ranging from 
local (e.g., food) to global (e.g., carbon sequestration; Xu S. et al., 
2017). Certain ESs may be  best considered at specific scales 
(Millennium Ecosystem Assessment (MEA), 2005). Generally, 
regulating and provisioning services may be best considered on a 
broad and small scale, respectively, while some specific services (e.g., 
carbon sequestration, climate regulation) should be considered on a 
national or global scale (Fu et al., 2011).

Additionally, the spatial patterns of ESs and their interactions are 
closely associated with the spatial scale (Sannigrahi et al., 2019), and 
thus findings from studies conducted in the same regions but on 
different spatial scales may not be consistent (Qiao et al., 2019). For 
instance, a study conducted in the floodplain of the Piedra River in 
central Spain found that the scale effects on changes in ES change will 
increase with spatial scale, as a higher pairwise correlation was 
observed at a larger scale (Felipe-Lucia et al., 2014). However, other 
studies identified a high correlation between changes in ES at fine 
spatial scales, with this trend disappearing as the spatial scale increases 
(Hou et al., 2017; Xu W. et al., 2017; Xu S. et al., 2017). Despite the 
differences in response to different spatial scales, few studies in the 
reviewed papers examined the variations in relationships among ESs 
across multiple spatial scales. Given that ecosystems are complex, and 
some ecological processes may occur across multiple scales (Agarwal 
et al., 2002), the single-scale observations may capture, miss, or distort 
ES interactions (Raudsepp-Hearne and Peterson, 2016). Therefore, 
determining the spatial patterns of ES and identifying associations 
that exist among them at multiple spatial scales is a critical need of 
future research aimed at accurately assessing the impacts of ERPs.

The temporal scale is also critical for ES research about ERPs as 
ESs vary from the short-term (e.g., amenity services) to the long-term 
(e.g., carbon sequestration; Turner et al., 2000; Limburg et al., 2002). 
Understanding the temporal changes in multiple ESs and their 
interactions contributes to assessing the long-term environmental 
impact of restoration programs (Hein et  al., 2016). However, our 
results indicated that studies covered temporal scales unevenly; 76% 
of the total reviewed papers evaluated the changes in ESs related to the 
ERPs in the short term (<20 years; see Appendix), and 28% papers 
focused on evaluating <10 years of temporal extent. Only 24% papers 
analyzed more than 20 years of data. Furthermore, 45% of studies in 
the reviewed papers are based on static or semi-static (two-time 
points) analysis, without considering a temporal dynamic (at several 
time intervals or a continuous time series). These studies may ignore 
the uncertainty in analyzing changes in ESs and their interactions. For 
instance, changes in modeled ES may likely be  dominated or 
overwhelmed by the external environment (e.g., fluctuations in 
weather in 1 year), which may result in detecting biased interactions 
between ESs (Li et  al., 2017). Instead, studies based on temporal 
dynamic analysis may help detect continuous changes in ecosystem 
services and threshold or lag effects in interactions among ES (Li et al., 
2017; Yin et al., 2019).

3.2.4. Changes in ESs and driver factors
Changes in ESs related to ERPs were different among multiple ESs 

(Figure 6). Generally, after the implementation of ERPs, all the studies 
in reviewed papers showed an increase in raw materials, air quality 
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regulation, water purification, education and nutrient cycling, 
followed by erosion regulation (93%), climate regulation (90%), and 
biodiversity/habitat for species (89%) (Figure 7). However, more than 
half of the studies (60%) showed that the ERPs resulted in a decrease 
in fresh water provision. There are also studies demonstrating that no 
change in ESs is related to ERPs, for instance, 11% of studies found no 
change in primary production. Overall, ecological restoration was 
beneficial to improving ESs (except for fresh water provision in some 
areas). This is likely because ecological restoration can improve the 

environment of the region (Chen et al., 2020; Tan et al., 2021). In 
addition, the landscape diversity caused by ecological restoration, and 
the consequent livelihood changes may make the public perceive more 
cultural ESs in several ways (Xian et al., 2020). However, our results 
also indicated that previous studies have yielded inconsistent results 
regarding ERPs’ effect on ESs. This may be explained by geographical 
differences, historical factors, and economic conditions of the study 
regions. In China, most of the ERPs were not tailored for the local 
hydrological, climate, and land conditions of all regions covered by the 

A B

C D

E F

FIGURE 6

The key ecological function zones in China (A), the number of ESs and their geographical distribution. (B–F) Stand for fresh water provision, air quality 
regulation, erosion regulation, water regulation and biodiversity/habitat for species, respectively.
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program (Cao et al., 2011), and therefore, these programs may have 
negative impacts on ESs in some areas. More studies are needed to 
examine the interactions between multiple ESs and the mechanism 
behind these relationships, which could help improve the 
program’s effectiveness.

Changes in ESs mentioned above were mainly driven by the 
implementation of ERPs. Indeed, ecological restoration engineering, 
including the GTGP, NFCP, SWCP, was the main factor that is 
responsible for improving ESs in China. However, previous reviews 
assessed only two ERPs (GTGP and NFCP; Wen and Théau, 2020), 
neglecting other ERPs’ impacts. Our review found that there was a 
wide variety in the type of driver factors identified in the reviewed 
papers (see Appendix). The most identified driver was GTGP (n = 53), 
followed by NFCP (n = 10) and SWCP (n = 6). However, 33 studies in 
the reviewed papers did not specify the restoration programs. 
Although there was considerable variation in the number of papers 
focusing on each driver, GTGP and NFCP were two of the most 
studied drivers in ERPs assessment. This is likely because NFPP and 
GTGP are the two largest ERPs almost cover two-thirds of the Chinese 
territory (Liu et al., 2008) and have raised wider attention (Lu et al., 
2018; Liu et al., 2019; Niu and Shao, 2020; Tan et al., 2021). However, 
to obtain a fuller picture of the influences of ERPs on ESs, restoration 
projects with different emphases (e.g., the emerging Ecological 
Conservation Red Line policy, ecological restoration after earthquake 
and the Three-North Shelter Forest Program) should be included in 
ERP assessments.

3.2.5. Methodologies used to assess the ERPs
Eighty-two reviewed papers assessed the ERPs based on model 

simulation, which shows the dominance of using simulation models 
in ES assessment (see Appendix). In particular, relatively simple ES 
models like the Integrated Valuation of Ecosystem Services and 
Tradeoffs (InVEST; https://naturalcapitalproject.stanford.edu/
software/invest) or other comprehensive hydrological models such as 
the Soil Water Assessment Tool (SWAT; Arnold et  al., 1998) can 

generate maps of the delivery and temporal distribution of water-
related ESs across the landscape (Leh et  al., 2013). The soil 
conservation assessment methods are mainly based on empirical soil 
erosion models, i.e., the Revised Universal Soil Loss Equation (RUSLE; 
Renard, 1997) or the Universal Soil Loss Equation (USLE; Wischmeier 
and Smith, 1978). Carbon sequestration mapping was commonly 
modeled using the CASA (Carnegie-Ames-Stanford Approach) 
model, which is fundamental to vegetation carbon sequestration 
assessment (Lü et al., 2012). Moreover, 16 reviewed papers used field 
observations or laboratory analysis to assess the ERPs. This approach 
can collect information directly from sample plots and is usually used 
to assess the soil formation services (e.g., soil moisture, soil organic 
carbon and soil nutrient elements) and biodiversity (e.g., Li L. et al., 
2018; Li Y. et al., 2018). Only two papers used a questionnaire survey 
and the application focused on evaluating cultural ESs after ERPs.

Although our results indicated that model-based assessments 
have been widely used to evaluate ESs about ERPs, some uncertainties 
identified from the process of modeling physical quantities remain in 
these model-based studies that may affect the accuracy of results 
(Qiao et  al., 2019). For example, using undifferentiated modeling 
parameter values can lead to uncertainties due to spatial heterogeneity 
in the environmental conditions (e.g., climate and soil; Jiang and 
Zhang, 2016). Using the land use/land cover (LULC) data as the main 
source of input data can be another possible source of uncertainty. 
Since the availability of LULC data depends largely on the spatial 
resolution of the remotely sensed images (Ghassemian, 2016), the 
broad categories of LULC obtained from the interpretation of the 
remote sensing images may cause the loss of some critical information 
(Su and Fu, 2013). Specifically, ERPs are usually achieved by 
afforestation and conservation of native forests, while current LULC 
classifications of forest cover do not differentiate between plantations 
and native forests. This can be problematic for assessing ERPs impacts 
on ES, as previous research has shown that plantations and native 
forests differ in their capacity to provide ESs; for example, plantations 
may support lower biodiversity, and lower soil and water provisioning 

FIGURE 7

Changes in ecosystem services after ERPs.
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services compared with native forests (Wilson et al., 2017; Hua et al., 
2018, 2022). Therefore, using the oversimplified LULC categorization 
scheme may potentially lead to inaccuracies and biases in ESs 
detection under restoration programs.

Similarly, uncertainties also exist in field measurement because 
these plot-level studies can often not account for the heterogeneity of 
complex landscapes and therefore do not sufficiently represent all the 
study areas (Birkhofer et al., 2015). Additionally, observations at large 
spatial scales and long-term, consecutive temporal-scale are usually 
scarce (Martínez-Harms and Balvanera, 2012), which may bring a 
difficulty to assess ERPs at large scales. This can be resolved by adding 
more field experiments, but they are usually time-consuming and 
labor-intensive. In addition, our results indicated that a questionnaire 
survey is usually used to identify the influences of ERPs on cultural 
ESs from human perceptions. Unlike some ESs that can be quantified 
based on the objective units of measure (e.g., the mass of pollutants 
sequestered per acre per year as a measure of the regulating service), 
the concept of cultural ESs is more difficult to quantify because they 
are subjective and driven by personal preferences (Booth et al., 2017), 
which potentially causes results uncertainties.

The uncertainties associated with the use of simulation models 
and the loss of information when using the oversimplified LULC 
categorization scheme may limit the accuracy and precision of 
evaluation results. Thus, it is necessary to find ways to reduce such 
uncertainties to improve the accuracy of results. First, a combination 
of methodology (e.g., field measurement and modeling) could be a 
possible solution. Model parameters for a regional scale or smaller 
spatial scale should be  adjusted by using the results from field 
measurements which could provide direct on-ground data for 
parameterization and parameter optimization of ecosystem process 
models (Yu et al., 2018). Second, a more rigorous LULC categorization 
scheme that classifies the subtypes of forests (i.e., plantations versus 
native forests) is necessary. This is of particular importance as China’s 
remarkable increase in forest cover has been dominated by tree 
plantations, usually monocultures following restoration (Hua et al., 
2016), while native forests continue to decrease (Zhai et al., 2014). A 
multi-source data integration strategy that results from the 
comparison of historical aerial photographs and remote sensing data 
with high resolutions can be applied to reduce the imprecision and 
inconsistencies in LULC detection (Balthazar et  al., 2015). 
Additionally, other datasets such as the China National Forestry 
Inventory should be considered as important Supplementary material, 
which not only can help us to differentiate between plantations and 
native forests (Hua et al., 2018) but also can be used to validate the 
results whether the simulation results or questionnaire survey results 
to improve the accuracy and precision of evaluation results.

4. Conclusion

This study reviewed 100 papers to evaluate ERPs using ES 
approaches in China. Our results show that most studies focused on 
specific regions and specific ES types (e.g., provisioning service and 
regulating service). Many studies did not consider the association 
among ES types, which may lead to an incomprehensive understanding 
of the ecological impact of China’s restoration programs. In addition, 
the oversimplified LULC categorization scheme used in previous 
studies may limit the accuracy and precision of ERPs assessment 

results. Although our review showed that ES approaches have been 
widely used to analyze the ecological impact of ERPs in China, 
we  identify some major elements that can improve future ERPs 
assessments. Priority should be  given to performing studies on 
different regions, especially southwestern and northeastern China. 
Additionally, we  suggest that multiple ESs, particularly cultural 
services, the interactions between multiple ESs, and multiple temporal 
and spatial scales for ERP assessments should be given more attention 
in future work. Further, we recommend that future studies should 
develop a more detailed LULC categorization scheme that 
differentiates the plantations from native forests to improve the 
accuracy and precision of evaluation results.
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