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Introduction: The National Key Ecological Functional Areas (NKEFAs) are location-oriented 
ecological engineering of China, which rely on the main functional area planning. The 
co-benefits of ecological product supply and ecological environment improvement of 
NKEFAs has not been fully assessed in the literature.

Methods: NKEFAs is considered a quasi-natural experiment, and the time-varying 
difference-in-differences (DID) model is used to assess the impact of NKEFAs on 
carbon sequestration (CS) and environmental quality (EQ) based on the panel data of 
330 cities in China from 2001 to 2019. Then, we explore whether the co-benefits of 
ecological product supply and eco-environment protection can be achieved.

Results and discussion:  NKEFAs can enhance CS and EQ and thus achieve co-benefits for 
both. NKEFAs can achieve the co-benefits of CS and EQ through territory spatial allocation 
and labor force aggregation, but industrial structure upgrading only positively mediates 
the impact of NKEFAs on CS. The co-benefits of CS and EQ are heterogeneous across 
functional area types, geospatial locations, and quantiles, while only CS at windbreak-
sand fixation area, northwestern region, and low quantile regions is enhanced. This study 
makes a theoretical and methodological contribution to the existing literature on the 
policy effect assessment of ecological engineering. It also provides a comprehensive 
framework for evaluating the ecological effects of relevant policies in other countries 
by integrating the co-benefits of ecological products and eco-environment, analyzing 
regional heterogeneity, and exploring the underlying mechanisms.
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1. Introduction

The effectiveness of ecological policies and environmental regulation has received widespread 
global attention in recent decades, regarding that climate change and environmental degradation are 
already critical problems that threatening humankind (Dong et al., 2022). Facing the above threat, 
Chinese government has committed to reaching peak carbon emissions by 2030 and carbon neutrality 
by 2060 (Yu and Zhang, 2021). Therefore, achieving the goals of dual-carbon strategy and improving 
ecological environment are the basic need of high-quality green development. Territorial space use 
is mainly expressed as the interaction between ecosystems and human activities (Ball et al., 2010). 
Inappropriate ways and unreasonable structure of human activities induce terrestrial ecosystem 
degradation, which significantly explains the growing carbon emission intensity and environmental 
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problems (Gao et al., 2013). The rough expansion of industrialization and 
urbanization results in structural contradiction in land space utilization, 
encroaching on the ecological space (Lin et al., 2020).

In order to reasonably use the territory, China issued the National 
Main Function Area Planning in December 2010, which specifies the 
main functions of different regions (Liu J. et al., 2017; Liu W. et al., 
2017), gradually form a spatial development pattern of the national 
territory in harmony with population, economy, resources and 
environment. According to the development content, the main 
functional areas can be divided into urbanized areas, main agricultural 
producing areas, and key ecological functional areas. Among them, the 
National Key Ecological Function Areas (NKEFAs) are important to 
ensure national ecological security, primarily for protecting the 
ecological environment and enhancing the ecological product supply. 
NKEFAs bear important ecological functions such as water conservation, 
soil conservation, windbreak sand fixation and biodiversity maintenance. 
Currently, China established the first batch of NKEFAs covering 436 
counties at the end of 2010 (Xu et al., 2018), to which 240 new counties 
were added in 2016 (Figure 1). Since 2011, NKEFAs have become the 
largest regional ecological policy in China (Zhu and Chen, 2020).

Over the years since the establishment of NKEFAs, it is worthwhile 
to explore its ecological benefits in the context of the dual carbon 
strategy. The existing studies focus on the effect of fiscal transfer 
payments, the quantitative of ecosystem service changes in NKEFAs, etc. 
(Miao and Zhao, 2019; Xu et al., 2019; Liu et al., 2020). Early studies 
indicated that the ecological benefits of NKEFAs is unobvious, which is 
related to the precision and target matching of its transfer payment 
policy (Li et al., 2013, 2014; Li and Li, 2014). found that the transfer 
payment of NKEFAs promoted environment quality in the Qinba 

Mountains of Shaanxi, but relatively weak. In contrast, Xu and Zhang 
(2017) found that the positive ecological effect of transfer payment was 
relatively significant for NKEFAs in Shaanxi Province, with the 
ecological environment in the base period playing an indispensable role. 
Additionally, by comparing the environmental changes before and after 
the NKEFAs through GIS technology, its eco-environment shows an 
improvement trend (Liu et  al., 2018; Zhang M. et  al., 2022, Zhang 
T. et al., 2022), varying with different function area types (Hou et al., 
2018). In addition, The afforestation area of NKEFAs received the 
attention of scholars (Bryan et al., 2018; Pan, 2021), and there is also 
literature focusing on the carbon reduction effect or air pollution control 
of ecological policies (Dong et al., 2022; Gao et al., 2022; Liu et al., 2022).

Existing studies have deeply investigated the ecological effect of 
NKEFAs but have limitations. First, the relevant literature focuses on 
transfer payment, most of which is the experience summary and 
theoretical discussion. Second, the quantitative analysis is mostly case 
studies, and the interference of other ecological policies is nearly 
unavoidable in GIS-based analysis. More importantly, existing studies 
focus more on the eco-environmental effect, but neglect the major goal 
of NKEFAs to enhance the ecological product supply (Zhang M. et al., 
2022; Zhang T. et al., 2022). Carbon sequestration (CS) is the ability of 
vegetation to absorb and store carbon dioxide, which is an important 
ecological product (Liu and Song, 2022). So, the achievement of 
NKEFAs’ ecological goals requires both enhancing CS and improving 
environmental quality (EQ), and to promote the joint improvement of 
both, which is also known as co-benefits. Therefore, it is necessary to 
assess the NKEFAs’ CS capacity and co-benefits of CS and EQ.

Specifically, we  consider the NKEFAs as a “quasi-natural 
experiment” (Zhang M. et al., 2022; Zhang T. et al., 2022). Then the 

FIGURE 1

The distribution map of NKEFAs.
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panel data of 330 cities in China from 2001 to 2019 and a time-varying 
difference-in-differences (DID) model are used to assess the impact of 
NKEFAs on CS and EQ, so as to identify the co-benefits of ecological 
product supply and ecological environment improvement. This study 
contributes to experience accumulation and institutional improvement 
to implement sustainable ecological policies in China. It also provides a 
reference for the synergistic balance between ecological product supply 
and eco-environmental protection in other countries.

This paper has the advantage of the policy stripping of DID model 
and large sample data to effectively assess the policy effect of NKEFAs. In 
addition, the marginal contributions are as follows. First, unlike previous 
studies, this paper integrates CS and EQ into a framework to investigate 
whether NKEFAs can achieve the co-benefits of ecological product 
supply and ecological environment. Second, existing assessments based 
on inter-provincial average treatment effect (ATE) can hardly accurately 
reflect individual differences in ecological features within provinces. So, 
a more detailed examination at a smaller-scale of prefecture level 
(Rosenthal and Strange, 2003) can eliminate the homogenization error 
in provincial macro data. Third, existing studies based on GIS technology 
to compare and analyze the changes of ecological effect before and after 
the policy implementation or between covered and non-covered areas 
are difficult to exclude the influence of other ecological policies. The 
identification using DID model can effectively strip the interference of 
other similar policies in the same period.

2. Materials and methods

2.1. Data sources

The panel data of 330 cities at the prefecture level and above in 
China from 2001 to 2019 are selected as the study samples. The areas 
covered by NKEFAs are manually collated according to relevant policy 
documents (Table  1). NPP is obtained from the MOD17A3HGF 
product based on the MODIS satellite launched by NASA, the spatial 
resolution is 500 m. EQ data came from the CHEQ dataset (2001–2019) 
released by China’s National Earth System Science Data Center,1 with a 
spatial resolution of 0.0089°. The land use data is derived from the 
global land cover product data2 of the European Space Agency’s (ESA) 
Climate Change Initiative (CCI), with a resolution of 300 m. The data 
of temperature, precipitation, and sunshine hours were obtained from 
the annual data set of China’s surface climate data from the China 
Meteorological Data Network.3 The socio-economic data is provided 
by the China City Statistical Yearbook, China Regional Economic 
Statistical Yearbook, and provincial statistical yearbooks of previous 
years.4 The missing data is supplemented by prefecture statistical 
yearbooks or by interpolation. The variance inflation factor (VIF) of 
each variable is significantly <10, there is no obvious multicollinearity 
problem among the explanatory variables.

1 www.geodata.cn

2 www.esa-landcover-cci.org

3 www.data.cma.cn

4 https://data.cnki.net/Yearbook

2.2. Variable selection

2.2.1. Explained variables: Carbon sequestration 
and environmental quality

 1. Carbon sequestration (CS). The scale of CS is measured by the 
net primary productivity (NPP) of vegetation, which can indicate 
the supply scale of ecological products. CS is mainly the process 
of absorbs CO2 from the atmosphere through photosynthesis of 
plants (UNFCCC, 1997). NPP is the residual of gross primary 
productivity (GPP) minus the value of autotrophs respiration, 
which can be deduced from the CO2 absorbed by plants and the 
dry matter produced (He et al., 2018). The chemical equation is 
6CO2 + 6H2O → C6H12O6 + 6O2. Vegetation photosynthesis can fix 
1.63 kg of CO2 for 1 kg of dry matter produced, and the carbon 
content of dry matter is about 45% in the total NPP. Therefore, 
the CO2 per unit area fixed by vegetation is WCO2 = NPP/0.45 × 1.63 
(g/m2). The scale of CS is WCO2 multiplied by the vegetation cover 
area (Chen et al., 2020).

 2. Environmental quality (EQ). EQ mainly reflects the  
overall condition of ecological environment, which is 
characterized by historical data from China’s High-resolution 
Eco-Environmental Quality (CHEQ) dataset (Xu et al., 2021). 
The dataset is developed based on indicators such as habitat, 
greenness, dryness, heat, humidity, and abundance index, with 
a data range of 0–1. It is highly consistent with the 
environmental index provided by the Ministry of Ecology and 
Environment of China and can reflect the quality effect of 
environmental benefits.

2.2.2. Core explanatory variable: NKEFAs

 1. The scope of cities covered. Given that the list in the policy 
document is at the county level, according to the summary and 
collation of counties, there are 171 prefecture-level cities covered 
by the NKEFAs (111 first list and 60 additional list).

 2. The time node of policy implementation. According to the 
different times of policy introduction and new list, 2011 and 2016 
are the starting time of the two batches, respectively.

2.2.3. Control variables
In the econometric model, exogenous variables of socio-economic 

and natural climatic variables need to be controlled (Zhang M. et al., 
2022; Zhang T. et al., 2022). In this paper, the following are included, 
population density (DEN), reflects the expansion of population size; 
economic growth (GDP per capita, PGDP), reflects the general 
situation of regional economic (Tang et al., 2021a); urbanization rate 
(URBAN), reflects the expansion of urbanization; industrial structure 
adjustment (STURC), reflects the change in the share of the three 
industries in total output (Guo et al., 2020); urban–rural income gap 
(GAP), reflects the change in income of urban and rural residents; 
opening to trade (OPEN), reflects the level of openness to foreign 
trade; transportation conditions (TRANS), reflects the gradual 
improvement of transportation infrastructure. The variables of natural 
conditions select precipitation (PRE), temperature (TEM), and 
sunshine hours (SUN) to test the shock of climate change on 
eco-environment.
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FIGURE 2

The framework of NKEFAs affecting CS and EQ.

2.3. Theoretical framework

As specific areas in the main function area plan to undertake 
ecological functions and maintain ecological security, the NKEFAs 
belong to the location-oriented ecological engineering in China (Lin 
and Qi, 2021). The positive incentives for NKEFAs are mainly formed 
by transfer payments to local governments. The ecological compensation 
transfer payment contract signed between central government and local 
governments form a principal-agent relationship, thus motivate local 
governments to invest more efforts in ecological governance (Zhang and 
Li, 2015), and also enhance the fiscal capacity of local governments to 
provide basic public services (Fu and Miao, 2015). The NKEFAs can 
mainly enhance the service function of ecological products and the 
eco-environment quality with government actions. To this end, we have 
established a framework system for NKEFAs to influence the co-benefits 
of CS and EQ (Figure 2).

Theoretically, fiscal support and social participation can help NEKFAs 
protect and restore the ecological environment, thereby enhancing CS 
and EQ. We argue that NKEFAs can influence the co-benefits of CS and 
EQ through territory space allocation, industrial structure upgrading, and 
labor force aggregation. First, the NKEFAs comprehensively delineate the 
ecological red line. This requires strict control of development intensity 
and scope in territorial development. Moreover, urban construction and 
industrial development should match the regional carrying capacity of 
resources and environments (Huang et al., 2021). Restricted development 
areas and ecological red lines assume different main functions, promote 
the optimization of the territorial utilization pattern, and help improve 
the efficiency of land spatial allocation (Jiang and Chen, 2021). The land 
spatial allocation reinforces the target requirement of prioritizing 
eco-environmental protection (DeFries et al., 2007), while the ecological 

space expansion contributes to co-benefits. Second, in NKEFA 
construction, a targeted negative list system is implemented for industrial 
access, which specifies a list of industries restricted and prohibited for 
suitable industry development. For industries that do not match the main 
function, strict industrial policy can promote the gradient transfer of 
polluting enterprises to areas with low environmental costs or to service 
industries with less pollution (Zhou et al., 2017; Luo and Qi, 2021). Then 
NKEFAs can promote industrial structure upgrading, conducive to 
pollutant emission reduction. In addition, the accompanying technical 
upgrade has also reduced the constraints of environment on economic 

TABLE 1 Descriptive statistics of the variables.

Variables Variable definition N Mean SD Min. Max.

Explained variables

CS Carbon sequestration scale (Million tons) 6,270 31.734 35.868 0.061 430.523

EQ Environmental quality index from CHEQ 6,270 0.541 0.131 0.096 0.861

Core explanatory variable

DID NKEFAs 6,270 0.198 0.398 0 1

Mediating variables

TERRI Ecological space/territory area 6,270 0.490 0.288 0.001 0.996

INDUS Value added of tertiary industry/value added of secondary industry 6,270 0.958 0.542 0.026 5.500

LABOR Agricultural labor force/total population 6,270 0.223 0.095 0.001 0.485

Control variables

DEN Total population/land area (people/km2) 6,270 402.861 485.234 0.656 6729.490

lnPGDP Logarithm of GDP per capita (2001 as base period)/RMB yuan 6,270 10.010 0.937 6.898 12.657

URBAN Urbanization rate of resident population/% 6,270 42.574 19.694 7.435 100

STRUC Gross secondary industry/GDP 6,270 0.384 0.094 0.086 0.835

GAP Urban per capita disposable income/rural per capita net income 6,270 2.685 0.784 0.917 7.378

OPEN Total import and export trade/GDP 6,270 0.187 0.375 0 6.966

TRANS Road mileage/land area (km/km2) 6,270 0.801 0.559 0.009 5.887

PRE Average annual precipitation /mm 6,270 954.358 539.161 29.289 2680.360

TEM Average annual temperature/°C 6,270 13.883 5.451 −2.908 25.636

SUN Sunshine hours/h 6,270 2068.952 511.408 784.640 3407.62
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development (Liu and Lin, 2020). Third, the reallocation of NKEFAs to 
the territory space and industrial layout has accelerated the adjustment of 
factors and the mobility of labor. Territorial allocation and industrial 
upgrading enable the labor force to move orderly from restricted 
development areas to key development areas or urbanized areas (Zhang 
M. et  al., 2022; Zhang T. et  al., 2022). As a result, urban population 
clustering also alleviates employment pressure (Fan, 2016). Labor force 
aggregation in space with permissible environmental capacity promotes 
the reallocation and structural adjustment of factors. This is conducive to 
preventing environmental pollution and effectively using resources.

2.4. Baseline regression

The DID (difference in difference) model is a widely used method for 
evaluating policy effects in recent years (Tang et al., 2021b). Its basic idea is 
to set the implementation of a policy as an exogenous “quasi-natural 
experiment” (Wang and Ge et al., 2022), so as to strip the net effect of this 
specific policy. The NKEFAs can lead to ecological differences not only 
between the policy-covered and non-covered areas but also before and after 
the policy implementation (Zhang M. et al., 2022; Zhang T. et al., 2022). 
Therefore, DID model can be  applied to assess the policy effects of 
the NKEFAs.

Considering that the National Plan for Main Functional Areas was 
launched at the end of December 2010, the first batch of NKEFAs was 
announced simultaneously. And the list of additional counties was 
announced in 2016. This paper selects 2011 as the starting year for the 
NKEFAs. Considering the difference in time for the establishment of NKEFAs, 
time-varying DID model is employed, which is constructed as follows:

 Y DID controlit it it i t it= + + + + +α β δ µ γ ε  (1)

Where Yit denotes the explained variable, including CS and EQ, 
DIDit denotes the core explanatory variable, i.e., a dummy variable for 
this ecological policy. If region i is established as an NKEFA in year t, 
DIDit = 1; otherwise, DIDit = 0. β reflects the net effect of NKEFAs, if the 
NKEFAs help to enhance CS and EQ, β is significantly positive. controlit 
indicates the set of control variables, μi denotes the area-fixed effect, γt 
denotes the time-fixed effect, and εit is the random disturbance term.

The list in the document is at the county scale, while the scale of this 
research is at the prefecture level. In the DID model, for a 

prefecture-level city, if a NKEFA cover the county within its jurisdiction, 
this city belongs to the coverage of this NKEFA, then the list of counties 
can be summarized to the prefecture-level city. If the counties in a city 
are covered in both the first batch and the added batch, then the policy 
starting time of this city is 2011.

2.5. Parallel trend test and dynamic effect

DID model needs to satisfy the parallel trend hypothesis. Before the 
establishment of NKEFAs, the ecological effects of the treatment and 
control groups maintained basically the same trend of change. The parallel 
trend hypothesis test generally uses the event study approach (ESA), which 
also looks at the dynamic effect and persistence of policy impact. In this 
way, whether a significant difference exists in the changing trend can 
be accurately determined between the treatment and control groups in the 
NKEFAs (Wu et al., 2021). So, the ESA is applied to test the parallel trend 
hypothesis, and then analyze the dynamic policy effect (McGavock, 2021).

Considering that the Ministry of Finance promulgated the Transfer 
Payment (Pilot) Measures for NEKFAs in 2009, and some important 
ecological regions have started to pilot transfer payment. The year before 
the NKEFA implementation (2010) is used as the reference group for the 
parallel trend test. Referring to related studies (Chen, 2017; Tao et al., 
2021), Eq. (1) is expanded as:

 
Y treat yearit t

t t
i t i t it= + × + + +

= ≠
∑α β µ γ ε0

2001 2010

2019

,  
(2)

Where treati × yeart is the interaction term of the grouping variable 
treati and the year dummy variable yeart. The year before this policy 
(2010) is not introduced. βt denotes the policy effect in each year. If βt is 
not significant until 2010, the parallel trend hypothesis is satisfied.

3. Results

3.1. Baseline regression result

The baseline regression results show that (Table 2), whether or not 
controlling for city fixed effect and year fixed effect, or controlling for 
characteristic variables, the coefficients of DID are all positive 

TABLE 2 Results of baseline regression.

Variables
Explained variable: CS Explained variable: EQ

(1) (2) (3) (4) (5) (6) (7) (8)

DID 3.5388*** 

(0.1333)

2.3985*** 

(0.1683)

2.1615*** 

(0.1678)

2.1625*** 

(0.1743)

0.0076*** 

(0.0004)

0.0043*** 

(0.0005)

0.0033*** 

(0.0005)

0.0031*** 

(0.0010)

cons 31.6003*** 

(1.7518)

28.6806*** 

(0.1896)

19.6504*** 

(2.3671)

25.4192*** 

(2.9588)

0.5394*** 

(0.0069)

0.5395*** 

(0.0006)

0.5387*** 

(0.0066)

0.5482*** 

(0.0083)

Controls NO NO YES YES NO NO YES YES

Adj-R2 0.1062 0.1582 0.1424 0.1688 0.0621 0.1026 0.1316 0.1745

City FE NO YES NO YES NO YES NO YES

Year FE NO YES NO YES NO YES NO YES

No. of cities 330 330 330 330 330 330 330 330

***p < 0.01. **p < 0.05. *p < 0.10. Robust standard errors clustered at city level appear in parentheses.
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A

B

FIGURE 3

Parallel trend hypothesis and dynamic effects of NKEFAs on CS (A) and 
EQ (B).

significantly. NKEFAs exert a significant positive impact on CS, indicate 
that the NKEFAs enhanced the CS and EQ of the covered cities 
significantly, and achieve the ecological co-benefits. According to the 
coefficients of DID in columns (4) and (8), compared to that of cities in 
non-NKEFAs, the ATE of cities at the prefecture level is improved by 
about 2.1625 and 0.0031, respectively.

3.2. Parallel trend test and policy dynamic 
effect

The coefficients of the NKEFAs on CS and EQ are all insignificant, 
fluctuated around 0 for each year before 2010 (Figure 3). CS and EQ 
prior this policy was introduced did not differ significantly between 
treatment groups and control groups. Hence, the parallel trend 
hypothesis is satisfied, and the treatment and control groups are 
comparable ex ante, this policy is suitable for evaluation using 
DID model.

For dynamic effects, the coefficients of NKEFAs changed from 
negative to significantly positive, the positive contribution to ecological 
benefits gradually became prominent. After the establishment of 
NKEFAs, the impact on CS and EQ was significantly positive in the 
ATE, which showed a dynamic upward trend with time. For CS, the 
positive effect begins to stabilize 2 years after the establishment of the 
NKEFAs, and the obvious positive contribution after 2017 due to the 
second list of added regions, further contributing to the CS scale. For 

EQ, the positive effect basically maintained a stable upward trend.  
The dynamic effect results further showed that the NKEFAs promoted 
the co-benefits of CS and EQ in the covered areas.

3.3. Robustness test

3.3.1. Placebo test
The purpose of placebo test is to rule out the influence of omitted 

variables, randomness factors, etc., before and after this policy. Then a 
counterfactual framework is used to carry out the placebo test (Cisilino 
et  al., 2019). Specifically, the non-parametric permutation test is 
employed with an unduplicated random sampling of all cities and times 
(Lu et al., 2021). Since there are 171 cities covered by the two batches, so 
171 cities are first randomly selected from the overall samples as the 
treatment group and other cities as the control group. Then a certain 
year is randomly selected from 2001 to 2019 as the establishment time 
of the NKEFAs. Finally a quasi-randomized experiment at two levels of 
city-time is constructed. To improve the explanatory power of placebo 
test, this random process is repeated 500 times, and obtain the kernel 
density distribution map of the DID coefficients under multiple random 
shocks (Figure 4). The coefficient distribution of CS and EQ is slightly 
deviated from 0, most of the p-values are >0.1, and the DID coefficients 
of the baseline regression also are located in the low tail of the kernel 
distribution, which are obvious outliers. So, the placebo test based on 

A

B

FIGURE 4

The placebo test of CS (A) and EQ (B). The X-axis is the coefficients of 
DID for the 500 random processes. The vertical lines on the right side 
are the baseline coefficients of DID, all significantly located in the low-
tailed of the kernel density distribution.
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the counterfactual perspective confirms that the model setting is less 
disturbed by issues such as omitted variables or random factors, and 
does not affect the reliability of the baseline results.

3.3.2. PSM-DID
According to the goal of optimizing the spatial pattern of land use, 

the NKEFAs are important areas selected to undertake ecological 
functions and maintain ecological security, so their delineation may not 
be completely random (Lin and Qi, 2021), and prone to endogeneity 
caused by selection bias. If endogeneity exists, Propensity Score 
Matching (PSM) is an effective way to solve the problem under the 
non-randomized experiments (Shi et al., 2018). To reduce the selection 
bias of DID, the PSM combined with DID (PSM-DID) is used to assess 
the ecological co-benefits of NKEFAs. First, the control variables are 
used to predict the probability of each city being set as a NKEFA (Logit 
regression), and the treatment group is delineated. Second, the k-nearest 
neighbor matching method in the caliper (k takes 1, that is, matches 
according to 1:3) is used to match the control group for the treatment 
group, ensure that there is no significant systemic difference between the 
treatment group and the control group before the policy. Third, the 
matching sample is used for DID evaluation.

The regression results are shown in columns (1) and (2) of Table 3, 
the estimated coefficients of DID are 2.2004 and 0.0029 significantly, 
which are consistent with the baseline regression, respectively. So the 
positive promotion effects of NKEFAs on CS and EQ are robust.

3.3.3. Excluding other ecological policy 
interference

Some other ecological policies to improve the environment was 
underway at the same time when the NKEFAs was established. Other 
ecological policies such as the Grassland Ecological Protection Subsidy 
and Incentive Policy began in 2011, the New Round of Plans for 
Returning Farmland to Forests and Grasses in 2014, the Opinions on 
Accelerating the Construction of Ecological Civilization in 2015, may 
also affect the CS and EQ. To exclude the interference of other ecological 
policies, the interaction terms of the grouping variable (treat) with the 
time dummy variables for 2011, 2014, and 2015 are introduced in the 
baseline regression model (Tao et al., 2021). The results in column (3) 

and column (4) of Table 3 show that the impacts of NKEFAs on CS and 
EQ are still all significantly positive, the results are robust.

3.3.4. Substituting explained variables
Ecological improvement is positively correlated with vegetation 

change. Meanwhile, Normalized Difference Vegetation Index (NDVI) is 
closely related to vegetation cover, biomass and productivity, which can 
also indirectly reflect the supply capacity of ecological products. So, 
NDVI can be used as a proxy variable for CS. The EQ is mainly measured 
by the inverse indicator of atmospheric pollution level (Wang and Tang, 
2019). In view of the availability of data, water environment-related 
indicators are not considered for the time being. The level of atmospheric 
pollution is characterized by PM2.5 concentration from RS interpretation, 
and PM2.5 is made positive by taking the inverse. It can be found that the 
estimated coefficients of DID on both NDVI and 1/PM2.5 are 
significantly positive. NKEFAs can significantly enhance NDVI and 
reduce haze pollution, indicating that the positive contribution of 
NKEFAs on CS and EQ remains robust.

3.3.5. Eliminating special samples
The NKEFAs is closely related to the ecological characteristics and 

environmental carrying capacity of the covered areas, while cities such 
as municipalities directly under the central government, provincial 
capitals, special economic zones may have obvious systematic 
differences in ecological endowments from other cities due to their 
own positioning. To further ensure reliability, the baseline models are 
re-estimated after eliminating these special samples (292 remaining). 
The results in columns (7) and (8) of Table 3 show that the coefficients 
of DID are still all significantly positive. After eliminating some 
samples, the positive effect of NKEFAs to CS and EQ remains robust.

3.4. Mechanism analysis

According to the framework system, the transmission mechanism 
of NKEFAs affecting CS and EQ is explored in terms of territorial spatial 
allocation, industrial structure upgrading, and labor force aggregation. 
For the model setting, the stepwise method is borrowed (Baron and 

TABLE 3 Robustness tests.

Variables

PSM-DID
Excluding other policy 

interference
Substituting explained 

variables
Eliminating special 

samples

CS EQ CS EQ NDVI 1/PM2.5 CS EQ

(1) (2) (3) (4) (5) (6) (7) (8)

DID 2.2004*** 

(0.0043)

0.0029*** 

(0.0005)

2.1679*** 

(0.1781)

0.0032*** 

(0.0005)

0.0185*** 

(0.0011)

0.0010* (0.0005) 1.9909*** 

(0.1895)

0.0028*** 

(0.0005)

cons 27.1356*** 

(3.2617)

0.5537*** 

(0.0089)

25.4126*** 

(2.9581)

0.5482*** 

(0.0083)

0.6039*** 

(0.0195)

0.0917*** 

(0.0102)

21.2040*** 

(3.1719)

0.5553*** 

(0.0088)

Controls Yes Yes Yes Yes Yes Yes Yes Yes

Adj-R2 0.1757 0.1992 0.1696 0.1750 0.4931 0.4195 0.1692 0.1842

City FE Yes Yes Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes Yes Yes

No. of cities 330 330 330 330 330 330 292 292

***p < 0.01. **p < 0.05. *p < 0.10. Remove samples that do not satisfy the common support hypothesis after nearest neighbor matching. NDVI is derived from the Chinese annual vegetation index 
(NDVI) spatial distribution dataset of the Data Center for Resource and Environmental Sciences, Chinese Academy of Sciences, with a spatial resolution of 1 km. PM2.5 is obtained from Surface 
PM2.5 data (V5.GL.02) with 0.01° × 0.01° resolution (V5.GL.02; Aaron et al., 2021), which were made available to the public by the University of Washington.
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TABLE 4 The results of mechanism test.

Variables

TERRI INDUS LABOR

land CS EQ indus CS EQ labor CS EQ

(1) (2) (3) (4) (5) (6) (7) (8) (9)

DID 0.0025*** 

(0.0003)

2.0658*** 

(0.1753)

0.0022*** 

(0.0005)

0.0121* 

(0.0065)

2.1437*** 

(0.1737)

0.0031*** 

(0.0005)

0.0070*** 

(0.0013)

2.1128*** 

(0.1745)

0.0030*** 

(0.0005)

TERRI 38.1633*** 

(8.4921)

0.3392*** 

(0.0236)

INDUS 1.5487*** 

(0.2341)

−0.0008 

(0.0007)

LABOR 7.0843*** 

(1.7342)

0.0140*** 

(0.0049)

cons 0.4885*** 

(0.0045)

6.7750 

(5.0929)

0.3825*** 

(0.0141)

0.3239** 

(0.1638)

24.9176*** 

(2.9491)

0.5485*** 

(0.0084)

0.2968*** 

(0.0222)

23.3168*** 

(2.9993)

0.5441*** 

(0.0085)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes

Adj-R2 0.3338 0.1716 0.2024 0.6547 0.3345 0.1747 0.3305 0.1711 0.1756

City FE Yes Yes Yes Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes Yes Yes Yes

No. of cities 330 330 330 330 330 330 330 330 330

***p < 0.01. **p < 0.05. *p < 0.10. Robust standard errors clustered at city level appear in parentheses. The direct effect + mediated effect is slightly deviated from the total effect is the result of the 
retention of decimal points.

Kenny, 1986; Chan et al., 2012; Tang et al., 2020): first test the impact of 
NKEFAs on mediating variables, second test the effects of NKEFAs and 
mediating variables on CS and EQ (Table 4).

Based on the theoretical framework, the mediating variables 
included territorial spatial allocation (TERRI), industrial structural 
upgrading (INDUS), and labor force transfer (LABOR). Ecological 
space mainly provides functions such as ecological products or 
ecological services, include forest land, grassland, water, et al. TERRI is 
characterized by the proportion of ecological space to the national 
territory. INDUS is characterized by the ratio of added-value of the 
tertiary industry to added-value of the secondary industry, so as to 
reflect the transformation trend of the leading industry to the service 
industry (Yu, 2015). Due to the high overlap in spatial distribution 
between counties covered by NKEFAs and national poverty-stricken 
counties (Wang and Gao, 2018), LABOR is characterized by the 
proportion of labor in agriculture, forestry, animal husbandry and 
fishery to the total population year-end, to reflect the rural labor 
mobility among urban–rural areas and industries.

3.4.1. Territory spatial allocation effect (TERRI)
The NKEFAs has a markedly positive impact on TERRI, and TERRI 

has an obvious positive influence on CS and EQ. Therefore, the territory 
space allocation positively mediates the co-benefits of NKEFAs on CS 
and EQ. NKEFAs can enhance CS and EQ by enhancing the share of 
ecological space to optimize the spatial allocation structure of the 
territory, thus achieving ecological co-benefits.

3.4.2. Industrial structure upgrading effect (INDUS)
NKEFAs has a remarkably positive influence on INDUS. However, 

INDUS only exerts a positive effect on CS but failed to obviously 
contribute to EQ in the covered areas. This indicates that INDUS only 
positively mediates the CS enhancement in NKEFAs. The industrial 
structure upgrading by increasing the tertiary industry proportion in 

the national economy only promotes the enhancement of CS in 
NKEFAs, instead of EQ, thus failing to realize ecological co-benefits.

3.4.3. Labor force aggregation effect (LABOR)
NKEFAs has a significant positive impact on the LABOR, which can 

increase the labor proportion in agriculture, forestry, animal husbandry, 
and fisheries. Meanwhile, NKEFAs makes a significant positive 
contribution to both CS and EQ. Therefore, labor force agglomeration 
positively mediates the effect of NKEFAs on CS and EQ. NKEFAs can 
enhance CS and EQ through inter-industrial mobility and labor 
agglomeration to achieve ecological co-benefits.

In summary, the NKEFAs can achieve ecological co-benefits of CS 
and EQ through territory spatial allocation and labor force aggregation, 
and industrial structure upgrading only plays a positive mediating role 
in the impact of NKEFAs on CS.

3.5. Heterogeneity analysis

The ecological co-benefits of NKEFAs vary according to ecological 
foundation, endowment conditions, geographical location and other 
factors, and it is necessary to understand them through heterogeneity 
analysis. Heterogeneity analysis is carried out from the following 
perspectives: different ecological function types, different geospatial 
locations, different quantiles of CS and EQ.

3.5.1. Differences in ecological function types
According to the differences in ecological product supply and 

functional positioning, NKEFAs can be classified into four types: water 
conservation, soil conservation, windbreak sand fixation, and 
biodiversity maintenance (Table 5). In summary, the NKEFAs of water 
conservation, soil conservation and biodiversity maintenance achieve 
co-benefits of CS and EQ. In contrast, the windbreak sand-fixation type 
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only has the strongest enhancement effect on CS, followed by the soil 
conservation type. The soil conservation type showed the greatest 
improvement effect on EQ, followed by the water conservation type.

3.5.2. Differences in geospatial locations
According to the different geographical locations, the country is 

divided into six geographic regions, i.e., Northeast China (NEC), North 
China (NC), Northwest China (NWC), Southwest China (SWC), Middle 
and Lower Reaches of the Yangtze River regions (MLY), and Southeast 
Coastal regions (SEC). Among them, NEC, NC, and NWC belong to the 
North, while the SWC, MLY, and SEC are part of the South (Table 6).

Among the NKEFAs in the six geographic regions, the NKEFAs in 
SWC, MLY, and SEC of the South achieve co-benefits of CS and EQ, 
while NEC, NC, and NWC of the North only significantly enhance the 
CS. In comparison, NKEFAs represent the strongest enhancement effect 
on CS in NWC, followed by NEC; the NKEFAs show the strongest 
promotion effect on EQ in SWC and SEC, followed by MLY. Taken 
together, the enhancing effect of NKEFAs on CS is stronger in the North, 
while that on EQ is more obvious in the South.

3.5.3. Differences in quantiles of CS and EQ
There are differences in the degree of policy dependence and 

response among regions with different endowment conditions. The 
heterogeneity distribution of CS and EQ of NKEFAs is further examined 
by a panel quantile regression model (Table 7).

The NKEFAs show a rising and then declining positive effect on CS 
with the increasing quantile, and represent an overall growing trend. The 
highest positive effect appears near the 75% quantile, in areas with good 
ecological endowment base, the positive enhancement effect of NKEFAs 
on CS is higher. Regions with excellent ecological endowment have a 
larger scale of CS and can better absorb and store CO2. The NKEFAs 
promote the optimization of national land space, limit large-scale and 
high-intensity urbanization and industrialization, which help to release 
more potential of carbon sink.

The effect of NKEFAs on EQ shows a “positive → negative → positive” 
U-shaped trend with the increasing quantile, with an obvious negative 
effect near the 25% quantile and a gradual change to a positive effect 
after the 40% quantile. This identifies that the NKEFAs do not 
tremendously improve the EQ in areas with relatively poor ecological 

endowment and high ecological vulnerability, consistent with the results 
of the windbreak sand-fixation area and NWC. Additionally, NKEFAs 
can better improve the EQ in areas with excellent eco-environment.

4. Discussions

4.1. Ecological co-benefits of NEKFAs and its 
mechanism

As a command-and-control ecological policy (Blackman et al., 2018), 
the distribution of NKEFAs forms an important ecological barrier of 
China. DID analysis can effectively capture the co-benefits of ecological 
product supply and the eco-environment quality of NKEFAs, consistent 
with Pan and Tang (2020). The coefficient of CS turned significantly 
positive in 2009. We found in 2009, China has begun to pilot ecological 
transfer payments in some important ecological regions to enhance 
environmental investment, relevant government departments responded 
in advance following the policy guidance. That is, the NKEFAs can 
produce an expected effect on CS and EQ (Du et al., 2020). Moreover, the 
improvement of CS is superior to that of EQ, and thus the environment 
quality improvement still has a long way to go, this is similar to Liu et al. 
(2022). In general, the co-benefit enhancement of CS and EQ is a long-
term process that evolves gradually. The ecological effect of transfer 
payment and policy rollout to NKEFAs is relatively weak in the short term, 
but gradually increase in the long term. Through providing continuous 
vertical ecological compensation to NKEFAs, the co-benefits can 
be effectively promoted in a sustainable manner (Zhu and Chen, 2021).

The NKEFAs can achieve co-benefits of CS and EQ by optimizing 
the territory spatial pattern and promoting the labor force 
transformation. The expansion of ecological space is the primary means 
of NKEFA establishment, which inevitably require urbanization and 
industrial development to match the carrying capacity of resources and 
the environment (Huang et  al., 2021). It also provides carriers and 
opportunities for industrial aggregation and labor mobility. However, 
restrictive development and industrial upgrading make it challenging 
for ecological functional areas to carry a larger labor force. Although the 
overloaded population has transferred in an orderly manner, the active 
population migration policy can increase population aggregation and 

TABLE 5 Heterogeneity analysis: differences based on function type.

Variables

Water conservation Soil conservation Windbreak sand-fixation
Biodiversity 

maintenance

CS EQ CS EQ CS EQ CS EQ

(1) (2) (3) (4) (5) (6) (7) (8)

DID 1.1967*** 

(0.2137)

0.0026*** 

(0.0006)

2.0411*** 

(0.2815)

0.0048*** 

(0.0008)

7.7708*** 

(0.3853)

−0.0098*** 

(0.0011)

0.6964*** 

(0.2543)

0.0023*** 

(0.0007)

cons 22.4709*** 

(2.9962)

0.5430*** 

(0.0168)

26.7325*** 

(3.0078)

0.5528*** 

(0.0084)

25.1438*** 

(2.8970)

0.5443*** 

(0.0083)

24.2242*** 

(2.9958)

0.5472*** 

(0.0084)

Controls Yes Yes Yes Yes Yes Yes Yes Yes

Adj-R2 0.1516 0.1716 0.1546 0.1742 0.2020 0.1800 0.1482 0.1705

City FE Yes Yes Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes Yes Yes

No. of NKEFAs 95 95 40 40 18 18 52 52

No. of cities 330 330 330 330 330 330 330 330

***p < 0.01. **p < 0.05. *p < 0.10. The sum of functional areas number included in each type is not equal to 171, because some cities belong to two types.
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absorption capacity, and the development of ecological industries can 
also attract the return of outflowing labor. The NKEFAs encourage 
industries development to be compatible with the positioning of the 
main functional areas. Industrial upgrading enhances the ecological 
product supply capacity but minimally improves EQ in the short term.

In summary, the research findings make theoretical and 
methodological contributions to the scientific assessment of policy effect 
on ecological engineering. This article focuses on the ecological goals 
achievement of NKEFAs, and provides a complete framework for 

assessing the implementation effect of ecological engineering by 
integrating the co-benefits of ecological products supply and 
environment quality improvement. The assessment framework and 
policy insights can provide methodological reference and application 
value for ecological engineering in other countries. However, it should 
be noted that the selected indicators of policy assessment depend on the 
specific ecological engineering and socio-economic development reality 
in China. Once this framework is extended to other countries or regions, 
an appropriate assessment framework that fits the ecological conditions 
needs to be constructed according to the special operating dynamics of 
ecological engineering in this country or region.

4.2. Localization and precision in the 
management of NKEFAs

NKEFAs undertake important ecological functions, such as water 
and soil conservation, windbreak sand fixation, and biodiversity 
maintenance (Pan et al., 2021). The difference in the leading ecological 
function determines the direction of development and protection of 
each NKEFA (Zuo and Gao, 2021). The water conservation type can 
realize precipitation retention, runoff regulation, soil desertification 
control and vegetation restoration. The soil conservation type has the 
function of avoiding soil erosion through watershed management, 
restriction of resource development, returning farmland to forest and 
grass, etc. The biodiversity maintenance type has the function of 
maintaining and restoring the balance of wildlife species, preventing 
habitat changes due to ecological construction. All three types of 
NKEFAs can achieve co-benefits of CS and EQ, and similar to Liu et al. 

TABLE 6 Heterogeneity analysis: regional differences based on geographic space.

Variables

NEC NC NWC

CS EQ CS EQ CS EQ

(1) (2) (3) (4) (5) (6)

DID 2.4679*** (0.4665) 0.0021 (0.0015) 2.0233*** (0.2149) 0.0001 (0.0009) 3.7120*** (0.7461) −0.0007 (0.0011)

cons 41.7258*** (9.8409) 0.6805*** (0.0320) 26.0882*** (4.9821) 0.5214*** (0.0231) 16.5328*** (10.7054) 0.44445*** (0.0161)

Controls Yes Yes Yes Yes Yes Yes

Adj-R2 0.3559 0.5762 0.5711 0.2147 0.2611 0.1990

City FE Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes

No. of cities 36 36 59 59 63 63

Variables SWC MLY SEC

CS EQ CS EQ CS EQ

(7) (8) (9) (10) (11) (12)

DID 0.7847* (0.4041) 0.0069*** (0.0012) 0.5737*** (0.1501) 0.0055*** (0.0008) 0.6091*** (0.2186) 0.0069*** (0.0011)

cons 53.7831*** (8.1748) 0.4621*** (0.0235) 28.3889*** (3.5909) 0.6579*** (0.0195) 38.7921*** (4.5361) 0.6245*** (0.0234)

Controls Yes Yes Yes Yes Yes Yes

Adj-R2 0.3891 0.4182 0.3576 0.3834 0.2888 0.5850

City FE Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes

No. of cities 47 47 67 67 58 58

***p < 0.01. **p < 0.05. *p < 0.10. The six geographic regions specifically include the following provinces: Heilongjiang, Jilin and Liaoning in NEC, Beijing, Tianjin, Hebei, Henan, Shandong and 
Shanxi in NC, Inner Mongolia, Shaanxi, Gansu, Ningxia, Qinghai and Xinjiang in the NEC, Sichuan, Chongqing, Guizhou, Yunnan and Tibet in the SWC, Jiangsu, Shanghai, Anhui, Jiangxi, Hubei 
and Hunan in MLY, and Zhejiang, Fujian, Guangdong, Guangxi, Hainan and Hong Kong, Macao and Taiwan in SWC.

TABLE 7 Heterogeneity analysis: differences in distribution based on 
quantile levels.

Quantiles Explained variable: 
CS

Explained variable: 
EQ

DID DID

0.05 4.2911*** (0.1783) 0.0114*** (0.0004)

0.25 6.0542*** (0.1052) −0.0089** (0.0039)

0.50 17.4855*** (0.2128) 0.0018*** (0.0003)

0.75 35.0966*** (0.2275) 0.0132*** (0.0004)

0.95 16.5249*** (1.1962) 0.0156*** (0.0001)

Controls Yes Yes

City FE Yes Yes

Year FE Yes Yes

No. of cities Yes Yes

***p < 0.01. **p < 0.05. *p < 0.10. Bootstrap 1,000 times to obtain the coefficient covariance, and 
the optimization technique selects the adaptive MCMC method.
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(2020), the soil conservation type has the greatest improvement effect. 
In contrast, the windbreak sand-fixation type only positively contributes 
to CS, probably because deserts, as an important part of terrestrial 
ecosystems, can sequester large amounts of carbon dioxide and play a 
key role as carbon sinks (Yang et al., 2020). However, the windbreak 
sand-fixation type is generally located in fragile ecosystems with high 
desertification and severe grassland degradation, with limited 
environmental benefits and still has a long way to go.

NWC presents a more consistent performance of the windbreak 
sand-fixation type. The functions of different types in the NWC are 
intertwined, which can improve the capacity of CS. Nevertheless, most 
areas of NWC show arid and semi-arid climate characteristics, with a 
poorer ecological endowment base and more prominent environmental 
problem. In contrast, areas with better ecological conditions are mainly 
located near the Qinling Mountains in Shaanxi. Differently, NC is a 
traditional agricultural production area, where the contradiction 
between population, economy, and environmental carrying capacity 
induces prominent haze problems. Although air quality has gradually 
improved in recent years, improving EQ is an evolutionary process that 
needs sustained effort in the long term.

The performance of different ecological function areas and 
geospatial locations conform to the quantile heterogeneity law of the 
ecological environment. Areas with richer ecological foundation and 
environmental conditions are the key areas restricted and prohibited 
from development. NKEFAs with higher environmental carrying 
capacity can provide more ecological goods and services, then improve 
ecological co-benefits. In contrast, it is difficult for NEKFAs with poorer 
ecological endowment base to improve EQ greatly in a short time, and 
the improvement of environmental benefits is a lasting and stable 
process. In short, there is a need for differentiation and precision in the 
institutional arrangement of NKEFAs (Gao et al., 2021).

5. Conclusion

This study considers the NKEFAs as quasi-natural experiment, a 
time-varying DID model is used to assess the impact of NKEFAs on CS 
and EQ. In conclusion, the NKEFAs enhance both CS and EQ and 
achieve the ecological co-benefits. Compared to those of non-NKEFAs, 
the CS and EQ of NKEFAs are elevated by 2.1625 and 0.0031 in ATE, 
respectively. The NKEFAs can enhance CS and EQ through the positive 
mediating role of territory spatial allocation and labor force aggregation. 
Nevertheless, the NKEFAs only enhance CS by industrial structure 
upgrading. The policy effects of NKEFAs are heterogeneous across 
ecological function types, geospatial locations, and quantiles. Except 
for the NKEFAs of windbreak sand-fixation type, northwestern region 
and low quantiles where only promote CS, all other function areas can 
achieve the ecological co-benefits.

The conclusions have abundant policy implications: (1) Improving the 
sustainability and stability of NKEFAs. While the establishment of NKEFAs 
has achieved ecological co-benefits currently, effective sustainability 
incentives depend on local government action in ecological governance 
and protection. In order to form a long-term positive incentive, avoid the 
ecosystem rebound in NKEFAs, a mechanism of continuous support and 
supervision is necessary nation widely. (2) Implementing a more dynamic 
and efficient industrial policy. The covered areas can actively develop 
eco-agriculture and service industries. More policies about the active 
population migration and household registration management should 
be introduced to attract transferred labor to new industries. By doing this, 

market-oriented and cross-regional mobility of labor and other factors will 
be promoted. (3) Building a diversified and precise ecological governance 
and compensation system. Due to the existence of heterogeneity, the 
institutional arrangement of NKEFAs should be more adapted to local 
conditions and more precise. The NKEFAs need to focus on areas with 
lower ecological endowment base to maintain synergy between land 
utilization and eco-environment. For example, the northwestern region in 
China mainly belongs to the ecological functional area of windbreak sand 
fixation, the transfer funds of the central government need to be tilted 
more toward these areas. In this way, ecological governance and service 
functions are expected to be strengthened.
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