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Abstract

Interregional cooperation is an important mechanism for promoting regional equal-
ity. The paired assistance policy (PAP) has been broadly used to address regional
inequality in China. In Beijing, developed plain districts have been paired, one-to-one,
with less developed ecological conservation areas (ECAs) in mountainous regions to
promote green development and livelihood improvements. In these pairings, lateral
inputs from developed regions such as financial inputs, industrial assistance, human
resource training, etc., are provided to the ECAs. To analyse the effect of Beijing PAP
implementation, the 2013-2022 vulnerability index from each district in the ECAs
was evaluated with the Vulnerability-Scoping-Diagram (VSD) model to reflect the
changes in the ecological environment before and after PAP implementation. The
Propensity Score Matching Difference-in-Differences model (PSM-DID) was used to
explore the impact of the PAP mechanism on the green development and livelihoods
of rural residents in ECAs. The results revealed that the vulnerability index of the
ECAs decreased from 0.45 in 2013 to less than 0.05 in 2022, with an average annual
reduction of 9%, attributing to the strict implementation of environment preservation
policies. The PAP mechanism also clearly promoted green economy and livelihoods
development in the ECAs. In addition to effectively stimulating development in Bei-
jing ECAs, the PAP mechanism can be referenced by similar metropolitan cities to
develop regional collaboration for ecological protection and balanced development.

1. Introduction

Sustainable development goals (SDGs) have been strengthened to end poverty,
fight inequality and injustice, and address climate change by 2030 [1]. The subna-
tional development inequalities have been a general concern of the international
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community and seen as regional development traps [2]. Examples of such situa-
tions include the North—South Divide in Britain [3], the advanced North and the less
developed South of Italy [4], subnational inequality in Mexico [5], and the uneven
coastal-inland development in China [6]. Moreover, rural-urban inequalities and their
impacts on sustainability have received increasing attention, and complex relation-
ships and interactions have been explored for building links between rural and urban
areas [7].

Many countries have been devoted to alleviating the unbalanced development
between regions and formulating corresponding policies to reduce regional dispar-
ities [8]. Regional development policies, along with redistribution policies [9], have
been formulated by governments to promote balanced development via tax base
sharing and social policies [10] to favour less developed regions. Common measures
to promote balanced regional development include inclusive urbanization systems
that extend infrastructure to less developed regions, the implementation of special
development strategies in priority areas, and the promotion of regionally driven self-
development in less developed regions. However, assistance from external regions
also plays a positive role in increasing interregional economic or market access and
encouraging the sharing of technical expertise and knowledge [11] through partner-
ships such as town pairing mechanisms [12] and Sister Cities [13].

China has great regional differences and has been undergoing an unbalanced
development. The cooperation between developed and less developed provinces has
been encouraged as one of the important policy tools to reduce regional disparities
[14]. Since 1979, China has institutionalized the provincial pairing mechanism [15].
In the 21st century, this mechanism has been reinforced [16]. The eastern provinces
have extended substantial assistance to the less developed provinces. This is con-
ducted within the framework of the Paired Assistance Policy (PAP).

The PAP mechanism performs well in addressing poverty alleviation [17], natural
disaster relief [18], environment management [19]. The PAP mechanism has mainly
been implemented at the provincial level [20], while its applications at the county
and city level are increasing [21]. Regional PAP mechanisms have been established
within Sichuan Province, the Yangtze River Delta, and the Pearl River Delt respec-
tively, with internally developed cities pairing up to support less developed ones [22].
Since 2018, Beijing Municipality has established PAP at the county level, where the
counties in plain areas with stronger economies are paired with the poorer counties
in Ecological Conservation Areas (ECAs), with the former providing lateral financial
support, industrial project cooperation and employment support to the latter.

The PAPs have been successful in reducing regional development disparities [16].
The main PAP measures include the provision of lateral transfer payments, support
for industrial development, and the promotion of the labour employment of under-
developed regions. Most research has focused on the provincial level, including the
role of the government in implementing PAPs, the determination of transfer pay-
ments [23], and the content of cooperation [24]; In recent decades, there has been
a gradual increase in the prevalence of PAPs at the county level, which have not
yet attracted sufficient academic attention. However, these programs have directly
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affected the regional ecology and the inhabitants’ livelihoods at the micro-scale. Most of the counties receiving PAP
assistance are ecologically fragile and economically backward, and PAP focuses mainly on economic and social impacts,
but the ecological impacts it produces have not been adequately understood, which is not conducive to a comprehensive
assessment of the combined effects of PAPs.

The purpose of this study is to analyse the impact of PAP implementation on the assisted areas at county level, and
to provide an important basis for decision-making at the higher levels of government. To this end, the PAP programme in
Beijing ECAs is taken as a case study, and the main focus is to analyse the ecological impacts of PAPs on assisted areas.
Following a systematic review of the implementation process, the ecological impacts of the PAP on ECAs from 2013 to
2022 were assessed using the Vulnerability Scoping Diagram (VSD) framework. A comparison before and after the imple-
mentation of the PAP was carried out to differentiate between the level of development of the green economy and the
level of sustainability of local livelihoods in ECAs.

The contributions of this study are as follows: First, this study introduces the framework of vulnerability analysis to the
field of PAP and evaluates for the first time the impact of the PAP mechanism at the county level on the sustainable occur-
rence of ecological economy in the assisted areas. Second, the time-varying vulnerability analysis highlights the important
role of continuous PAP-based inputs in the development of ecological reserves. Third, this paper establishes a vulnerabil-
ity assessment system based on existing studies, which can provide a useful reference for future research. The results of
this study are expected to be an important reference for the implementation of ecologically oriented and balanced devel-
opment in metropolitan areas.

2. Literature review
2.1. The impact of the paired assistance policy

The paired assistance policy represents a governance mechanism for the lateral transfer of resources and cross-border coop-
eration. The effects of the implementation of PAP have recently been evaluated from a variety of fields and perspectives.

The PAP has been contributing to the social-economic development of the recipient regions. As demonstrated by Li et al.,
the implementation of the PAP has promoted economic growth in Tibet and Xinjiang through the enhancement of infrastruc-
ture and public services [25]. Zhou et al. argued that PAP mechanism is political mobilization rather than institutionalized and
the non-equilibrium of interests of both sides, and should be promoted to collaborative development, changing the political
mobilization to the systematic incentives to meet the profitable need for both sides [26]. Currently, an increasing number of
PAPs conducted in the Yangtze River Delta [27] and the Pearl River Delta [28] collaborate to ensure the mutual benefit while
achieving political goals by engaging in interlocal agreements on environmental protection, tourism, immigrant labour, trade,
and other matters. Wang believes that the process of PAP is accompanied by an extension of power from one city to another
and favouring to fulfil the helping party’s vision of breaking through the limitations of spatial scale [29].

The PAP in the field of great projects mainly focuses on the construction of expansive water conservancy projects,
with a particular emphasis on the issues of resettlement and ecological compensation. A case study on the Three Gorges
Project revealed that PAP had a considerable positive impact on the economic and social development of the reservoir
area by financing the reconstruction of schools, hospitals, and other basic infrastructure [30]. The South-to-North Water
Transfer Project represents a case study that focuses on the game process regarding lateral payments based on the PAP
framework [31]. In order to ensure the fairness and legitimacy of the lateral ecological compensation standards within the
PAP framework, it is essential to consider not only the opportunity cost but also the impact of changes in water quality and
the value of water resources [32]. The development of a robust mechanism for regular adjustment of these standards is
crucial to ensure the long-term sustainability [33].

Regarding the ecological and environmental effects of the PAP mechanism. The environmental outcomes in the
assisted regions show mixed performance. From a positive perspective, the PAP mechanism supported sustainable
agricultural development mainly through the fine management of agricultural land resources, and a 1% increase in pairing
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assistance funds is associated with an increase of about 0.5% in the region’s agricultural sustainability index [34]. How-
ever, unexpected negative impacts are also found in the process of PAP. Yu found that while the PAP was intended to
curb carbon emissions in the assisted border regions, it inadvertently exacerbated carbon emissions in these regions.
This effect was realised by breaking market segmentation and forcing high-carbon firms to exit [35]. So, the environmental
effect of PAP mechanism should be well evaluated according to the background.

The effectiveness of PAP policy implementation is influenced by many factors. The number of lateral transfers, the main
uses of the inputs, cooperation mechanisms between regions, etc. Li posited that environmental conditions (institutional
proximity, geographic proximity, organisational proximity) and cooperative arrangements collectively influence the impact
of PAP [27]. A comparative analysis of regional PAP practices has demonstrated that the proximity of the place of assis-
tance to the place of benefit is a significant factor influencing the efficacy of PAP [29].

2.2. Vulnerability in policy influences evaluation

The study of vulnerability has a long history, and the IPCC has clarified the relevant concepts of vulnerability in its reports
[36]. The study of vulnerability involves multiple aspects of system alteration, sensitivity, potential impacts and adaptation.
It covers a number of interrelated areas such as climate change, ecosystem response, and socio-economic development
[37]. Vulnerability originated from a focus on socio-ecological systems [38]. It was subsequently introduced into natural
domains such as climate change and natural disasters. This led to the development of an integrative research framework
that encompasses natural-social and their complex systems. Metzger et al. studied the vulnerability of terrestrial ecosys-
tem services to land use change in Europe [39]. Polsky et al. constructed the Vulnerability Scoping Diagram (VSD), which
was compatible with global change [40].

The VSD model consists of three components: Exposure (E), Sensitivity (S) and Adaptive Capacity (AC). Exposure refers
to the extent to which a system is affected by external disturbances, including natural factors and anthropogenic activities. The
magnitude of exposure depends on the extent of the influence of the stimulus and the spatial location of the system. Sensitiv-
ity refers to the degree to which a system responds to external changes and depends on the natural or social features of the
system. High sensitivity means more vulnerable to external shocks. Adaptive capacity refers to the system ability to mitigate
damage and recover from external pressure, including the available capitals, coping strategies, technical and management
systems. The system with high adaptive capacity can better cope with external pressures and reduce vulnerability.

The VSD framework has been widely employed in vulnerability evaluation in the field of climate change, land use,
natural disasters, coastal zone management, regional development, heritage conservation [41,42]. And the elements of
geospatial mapping, participatory assessment [43], risk evaluation, adaptive management, etc. have been integrated into
the framework. However, the relationship between E, S and AC is intricate [44]. Varieties of quantitative methods are used
to ascertain the relationships in VSD framework, thereby facilitating assessments and enabling cross-sectional compar-
isons between systems and time-series analyses of the evolution of system vulnerability [45]. The evaluation of system
vulnerability, whether quantitative or qualitative, depends upon the construction of an index system.

Overall, PAPs have played a significant role in promoting balanced regional development in China. Existing studies
have focused on the provincial level, mainly through pairing cooperation between developed and less-developed prov-
inces, and the provision of financial, technological, and human resources support to less-developed provinces. The
application of the PAP mechanism at the county level has gradually increased, but its effects have not yet been widely
and deeply studied, and its comprehensive effects and mechanisms of action have not yet been fully revealed. The
methodology of vulnerability assessment plays an important role in studying the ecological effects of regional cooperative
development policies. In this study, we therefore select the PAP mechanism at the county level in Beijing and introduce
the vulnerability assessment methodology to analyse in depth the impacts brought by the implementation of PAP on the
ecological environment of the beneficiary areas and to evaluate its sustainability. We also aim to provide a reference for
the promotion of balanced development through regional collaboration in similar metropolitan areas.

PLOS One | https://doi.org/10.1371/journal.pone.0324817 May 29, 2025 422




PLOS Y one

3. Materials and methods
3.1. Study area

Beijing is located on the northern periphery of the North China Plain, between 115°25-117 © 30’ E, and 39 © 28'-41 ° 25’ N.
Beijing has a land area of 16,410 km?. Beijing Ecological Conservation Areas (ECASs) is in the northeast, north and west
of Beijing, and is a geographical unit consisting of mountainous areas, alluvial plains and basins between the mountains,
accounting for 68% of the Beijing area.

The ECAs is an ecological functional area. However, it is a relatively backward area in terms of economic and social
development. This has a detrimental effect on the overall sustainable development of Beijing. The implementation of the
PAP has been identified as a key factor in promoting the balanced development of ecological protection and economic
and social development at the regional level. The policies and mechanisms employed by the PAP are typical and have the
potential to serve as a valuable reference point for similar areas. This selection of the ECA for the present study is primar-
ily based on the recognition of the PAP as a significant initiative in promoting urban sustainability.

Legend

|:| Beijing ECAs Boundary
:I District Boundary

Miyun Reservoir

Elevation/m
s High : 2303

H Low:8

0 10 20 40 km

Fig 1. Location of the study area (Software: ArcGIS 10.8.3/www.esri.com/; the review number of the base map: GS [2019] 3333).
https://doi.org/10.1371/journal.pone.0324817.9001
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The Beijing ECAs (Fig 1) include five full counties (Mentougou District, Pinggu District, Huairou District, Miyun District,
and Yanqing District) and the mountainous parts of two counties (Changping District and Fangshan District). The Mas-
ter Plan of Beijing (2016—-2035) clearly defined the ECAs as ecological shelter and water source conservation areas of
Beijing. Accordingly, the areas are restricted to developing ecological friendly industries, and committed to continuously
improve residents’ livelihood by upgrading the infrastructure and public services.

The Beijing ECAs contain approximately 2.62 million residents, 11.98% of the Beijing population, with a density of
approximately 22 people/km? in 2022. The region has a semi-humid continental monsoon climate, with hot, rainy summers
and cold, dry winters. The terrain declines from both north to south and west to east, and the highest point is the Dongling
Peak, which is 2303 m above sea level. The vegetation type is mainly temperate deciduous forest. Approximately 80% of
the city’s forest resources, 60% of its water resources and 65% of its wetlands are in ECAs. Beijing ECAs, located upwind
of the city and in the upper reaches of the river basin, have historically demonstrated a strong commitment to ecological
protection and environmental construction. This has resulted in significant contributions to Beijing’s urban development
and supported the prosperity of the plain area of Beijing. However, the remoteness of these areas, their unfavourable
locations, and especially industrial limitations have caused them to lag plain areas in economic-social development and
residents’ livelihood. In 2022, GDP per capita in the ECA region was 28.5% of that of the plains, and disposable income
per capita was 62.3% of that in the plains.

The Beijing Municipal Government has strengthened its financial support for ECAs through vertical transfer payments.
However, this is regarded as inadequate. Consequently, the plain areas, which benefit from ecological and environmental
protection, were encouraged to provide direct support to ECAs, including direct monetary payments, ecological protection
support, and talent training. Such compensation mechanisms are also considered as lateral ecological compensation.

To strictly implement the responsibility of ecological conservation and green development, the Beijing municipal gov-
ernment issued the “Implementation Measures on Promoting Ecological Protection and Green Development of Ecological
Conservation Areas (2019-2022)” in 2018, which confirmed that ecological conservation was the top priority of ECAs.
Seven pairs of partnerships between the ECA counties and the plain counties were established. These include the follow-
ing partnerships: Dongcheng District and Huairou District, Xicheng District and Mentougou District, Chaoyang District and
Miyun District, Haidian District and Yanqing District, Fengtai District and Fangshan District, Beijing Economic and Techno-
logical Development Zone and Pinggu District, Shunyi District and Changping District.

The PAP mechanism is innovative for establishing a cross-regional lateral transfer payment system in which the plain
district provides financial funds of 600 million CNY (83.58 million USD equally on July 17, 2024) per year directly to ECAs.
Districts that are entirely within ECAs receive an annual transfer of $100 million CNY, while districts partially located within
ECAs receive an annual transfer amount of $50 million CNY. Furthermore, the plain district provides assistance and guid-
ance in the establishment of green industry projects, while also enhancing the capacity of public services and other forms
of support for the economic and social development of ECAs. The PAP mechanism promotes the cooperation and win—
win development of each paired area, gradually evolving into a novel approach to regional coordinated development.

In 2021, “The Regulations on Ecological Protection and Green Development of Beijing Ecological Conservation Areas”
legalized the above partnership for joint protection of the ecology and environment in the ECAs, which came into force.
To ensure the comprehensive implementation of the Regulations and stimulate development vitality in ECAs, “The Imple-
mentation Plan on High-Quality Promotion of Ecological Protection and Green Development of Ecological Conservation
Areas in the New Era (2023-2027)” has been implemented since 2023, when the first round of PAP collaboration expired
in 2022.

3.2 Regional ecological vulnerability analysis method

3.2.1. Selection of vulnerability indicators. To measure the influence of PAPs on ECAs, the VSD model was utilized
to analyse the dynamic evolution of vulnerability in each district from 2013 to 2022. The construction of the indicators
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adheres to the principles of suitability, representativeness, and scientific rigor. The selected indicators demonstrate a

robust correlation with ECAs referring to previous studies [46], thereby providing a precise and accurate reflection of the
local ecological conditions. 22 indicators of three categories, namely, exposure, sensitivity and adaptive capacity, were

selected to construct the evaluation system and were divided into 10 subgroups (Table 1).

Exposure is closely related to the natural and social environments in which the system operates. It is important to note
that both natural and social risks serve as significant sources of vulnerability [47]. The study starts from the natural and
social context of the Beijing ECAs and selects climatic factors (average annual temperature, average annual precipita-
tion), economic growth (GDP growth rate, share of value added of primary sector and secondary sector in GDP), popula-
tion and urbanization (population density, urbanization rate). Among them, economic growth, population and urbanization
indicators, although not external factors, can be used to indicate the overall policy environment to which the local area is

exposed.

Sensitivity mainly reflects the properties of the system. These intrinsic factors are susceptible to change by external
shocks, which in turn lead to change of the system. Sensitivity indicators include population factor (natural population

growth rate), residents’ livelihoods (per capita income and expenditures), regional finance (local deposits and loans), and
environmental factors (energy consumption, PM10, sewage discharges). These indicators are susceptible to alteration

Table 1. Indicator system of the vulnerability assessment of Beijing ECAs.

Subindices Factor Label Variables Reference Symbol Unit Weight Sign.
Exposure Population and Population density [46,49] X, /km? 0.099 (+)
(E) Urbanization Urbanization rate [50] X, % 0.034 +)
Economic Growth GDP growth rate [46,51] X, % 0.006 (-)
% primary sector value added in GDP | [52] X, % 0.057 (+)
% secondary sector value added in X % 0.030 (+)
GDP
Meteorological factors Average annual temperature [45,53] Xq °C 0.051 (-)
Average annual precipitation X, mm 0.007 (-)
Sensitivity Population factor Natural population growth rate [54] Xg % 0.021 (+)
(S) Residents’ livelihood Per capita income of residents [55] Xq CNY 0.016 (-)
Per capita consumption of residents [56] X0 CNY 0.015 ()
Regional Finance Balance of deposits in local currency | [57,58] Xy 10* CNY 0.007 ()
Balance of loans in local currency Xy, 10* CNY 0.006 (-)
Environmental factor Total energy consumption [59] Xq 104t 0.236 (+)
(standard coal)
Average concentration of respirable X, ug/md 0.038 (+)
particulate matter (PM10)
Volume of sewage discharged [60] 15 104 m® 0.083 (+)
Adaptive Social services Number of health facilities [44,45] " individual 0.055 (+)
Capacity Number of students in primary and X,, 10* people | 0.069 (+)
(AC) secondary schools
Economic ability Fiscal expenditure [45,61] " 10* CNY 0.041 (+)
% of the tertiary industry in GDP [62] 19 % 0.020 (+)
Environmental protection | Decline rate of energy consumption [63] Xy0 % 0.010 (+)
measures per 10* CNY GDP
Sewage treatment capacity [64] ” 104 md 0.077 (+)
% Vegetation coverage [65] X, % 0.024 (+)
Note: “+” means that the indicator is positive, and “-” means that the indicator is negative.
https://doi.org/10.1371/journal.pone.0324817.t001
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when the system is affected by shocks from the external environment. For instance, energy consumption is sensitive to
climate change and residents’ livelihoods are highly sensitive to changes in the regional economy.

Adaptive capacity is derived from the resources available to the system and its ability to cope with external shocks [48].
Based on the data availability in Beijing ECAs, the indicators of social service supply (number of health facilities, number
of students in primary and secondary schools), economic ability (fiscal expenditure, service sector share of GDP), and
environmental protection measures (decline rate of energy consumption, sewage treatment capacity, and vegetation cov-
erage) were selected. These indicators are employed in conjunction to respond to the region’s ability to cope with natural
and economic risk and shocks.

3.2.2. Ecological vulnerability attributes normalization. The data were standardized first, and the indicators in the
positive and negative directions were standardized according to formulas (1) and (2), respectively. The larger the positive
indicators, the higher the vulnerability, and the greater the negative indicators, the smaller the vulnerability.

Xj=min{X}) )

. .y ;
Positive Indlcator, )(U = (W

(1)

Negative indicator, Xj; = (max {X;} — W) 2

where Xj; and ij represent the actual value and the normalized value (0—1) of the indicators in the j" column of the
line, respectively, and Max {X;} and min {X;} represent the maximum value and the minimum value of the /" indicators,
respectively. The weights (w) of each variable (j) were determined via entropy analysis.

3.2.3. Weights determination. The entropy method was employed to determine the weights of each indicator [66].
The entropy weight method offers the advantage of automatically adjusting the weights of the criteria in accordance with
the uncertainty of the data. It does not need to rely on subjective judgment or expert experience as the AHP method, and
it does not require dimensionality reduction and eliminates cumbersome calculations.

3.2.4. Vulnerability index. The vulnerability index for each district was formulated via the model shown in eq. (3) and eq. (4).

V=E+S-AC 3)

m n k
E= ZX,UWI’ S= ZX/,}WJ‘, AC = ZX’,}Wj. "
I I ]

where V, E, S and AC represent the vulnerability index, exposure index, sensitivity index and adaptive capacity index,
respectively, and where i represents the order of the factor variables.

3.3. PAP effect analysis

The implementation of the PAP mechanism in 2018 was treated as a milestone to improve the coordinated development
of ECAs, with the introduction of additional capital and other factors of production, the advancement of a green economy,
the improvement of local infrastructure, and the enhancement of ecological construction.

To compare the impact of the policy implementation on ECAs, data from several years before and after the implementa-
tion date were selected. The concept of the ECA was officially formalized in 2012. The management system for ecological
conservation areas in Beijing commenced its gradual establishment and implementation since 2013. Thus, the period
20132022 was selected for the analysis of time series. The study utilised a before-and-after approach, examining the
impact of the policy implementation on ecological vulnerability.
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The implementation of the PAP mechanism has the effect of incentivising the transformation of ecological advantages
into economic improvements in ECAs. Therefore, Hypothesis 1 (H1) is proposed: the implementation of the PAP mecha-
nism can promote the development level of the green economy in ECAs.

The initial phase of the PAP mechanism was implemented from 2019-2022. A cross-regional lateral transfer payment
system was established and implemented. The wealthier plain district promoted the economic and social development
of the paired ECA district by providing financial funds directly or by introducing and establishing green industry projects,
increasing the capacity of public services, providing vocational training support, etc. These measures were intended to
improve local livelihoods. Therefore, Hypothesis 2 (H2) is proposed: the sustainable level of people’s livelihood in ECAs
can be obviously improved by PAP implementation.

3.3.1. Effect assessment model. Based on assumptions H1 and H2, the green economy development (GED) and the
livelihood (LVD) was selected as the dependent variables to reflect the impacts of the PAP mechanism on of ECAs.

GEDjs = By + S1Mechanismj; + B Controli + \; + pj + €; (5)

where HGED; represents the green economic development level of the i" district in the t" year. As the core explanatory
variable, Mechanism; represents the implementation of the PAP mechanism of the i district in the t year. If the i district
implements the PAP mechanism in a certain year, it is 1; otherwise, it is 0. Controliis a control variable that includes popu-
lation density, industrial structure, financial expenditure, education and medical care facilities, etc. J; is the individual fixed
effect. u; is the time fixed effect. ¢; is a random disturbance term.

The influence of ecological conservation-related factors on residents’ livelihoods in ECAs can be alleviated, and the
local livelihoods can be improved. Therefore, the livelihood factor was included as a new dependent variable.

LVDy = By + B1Mechanismj + Sz Controly + \j + pj + €; (6)

where LVDj; represents the factor of residents’ livelihood level in the i district in the t" year.

The DID modelling is a commonly used non-experimental method for policy evaluation. To mitigate the potential impact of
the bias due to sample selection and heterogeneity bias caused by the unobserved variables, the Propensity Score Matching
method (PSM-DID) was employed to estimate the impact of PAP policy on ecological vulnerability by examining the level of
green development and the residents’ livelihoods in ECAs (treatment group) and neighbouring areas (control group).

3.3.2. Variable description.

(1) Dependent variables

The green economic development factor (GED) and residents’ livelihoods (LVD) were taken as dependent variables. GED
was constructed with five indicators, including gross regional product (GDP), local currency savings, local currency loans,
the sewage treatment rate, and the green coverage rate. The entropy method and the weighted average method were
combined to calculate GED. LVD was obtained by a weighted average of residents’ income and expenditures.

(2) Explanatory variables

The PAP mechanism (Mechanism) was taken as the core explanatory variable. Mechanism was obtained by multiplying
the ECA districts with the mechanism before and after implementation. The values of Mechanism before and after PAP
implementation were set to 0 and 1, respectively, for ECA districts and were set to 0 for non-ECA districts.

(3) Control variables

The control variables were selected mainly from three aspects: industrial structure, infrastructure and public facilities.
These variables included the share of the secondary sector in regional GDP (SEG_), the share of tertiary industry to GDP
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(TEG_), the student number in primary and secondary schools (Student) and the number of regional medical facilities
(Medi_). The indicators of population density (Density) and financial revenue and expenditure (FRE_) were also intro-
duced in the analysis.

The 7 ECA districts were considered the treatment group, and the 3 neighbouring districts (Tongzhou, Daxing, and Shunyi)
in the Beijing Plain area were considered the control group. To facilitate the comparison, another 26 districts from neighbouring
Hebei Province and Tianjin city were also included in the control group. The data of all 36 districts in this period were acquired
and used to analyse the PAP effect before and after its implementation. All the variables are described in Table 2.

3.4. Data sources

The data of 22 variables used in the vulnerability analysis were obtained from the Beijing Regional Statistical Yearbook
(2014--2023), statistical year books, and official statistical bulletins of the related 7 ECA districts. With respect to the effect
analysis of PAPs, the variable data of the control group were obtained from the Beijing Regional Statistical Yearbook, Bei-
Jing Statistical Yearbook, Tianjin Statistical Yearbook and Hebei Statistical Yearbook. The environmental data come from
the eco-environmental statistical bulletins of Beijing, Tianjin and Hebei Provinces. The interpolation method was employed
to fill in the missing values of several variables for specific years.

4 Results
4.1. Vulnerability analysis

4.1.1. Spatial-temporal variation in the vulnerability of ECAs. The vulnerability indices of all ECA districts showed a
decreasing trend from 2013 to 2022 (Fig 2), indicating a notable enhancement in the level of ecological sustainability. Despite
the notable decline in the level of vulnerability following the implementation of the PAP mechanism in 2019, time series analysis
revealed that the downward trend would have continued even without the PAP. In addition, the vulnerability indices of all districts
except Changping exhibited a marked decline, reaching below 0.1 in 2020. The vulnerability of Beijing ECAs decreased to a
relatively low level, reflecting a regional elevation of sustainability. The decline in the vulnerability index is attributed to Beijing’s
strict ecological protection policies in ecological conservation zones, which delineate red lines for ecological protection, limit the
scope of urban expansion, and restrict the development of industries such as manufacturing and water-intensive agriculture, as
well as encourage the development of eco-agriculture, tourism, and other environmentally friendly industries.

The linear fittings were performed using data from the past 10 years. Segmental linear fittings were performed with the
data for 2013—2018 and 2019-2022, and the slopes of the fitted curves provided an indication of the trend variation in the
vulnerability index. As shown in Table 3, four of the five complete regions presented significant increases in the slope of
vulnerability reduction after the implementation of PAPs, which were greater than those before implementation. The other
two regions had their data excluded because only part of the region belongs to the ECAs.

Table 2. Descriptive statistics of the variables.

Variable type Variable name Express Mean Standard deviation
Dependent variable Green economy development factor GED 717.52 585.95
People’ s livelihood level LVD 6.88 3.80
Core explanatory variable Ecological compensation mechanism Mechanism 0.08 0.27
Control variable Budgetary revenues and expenditures FRE_ 245.21 243.63
Proportion of output value of secondary production to GDP SEG_ 0.37 0.16
Proportion of output value of tertiary industry to GDP TEG_ 0.59 0.18
Population density Density 4725.43 9737.26
Number of students in primary and secondary schools Student 32.95 47.73
Number of medical institutions Medi_ 2611.30 3576.13

https://doi.org/10.1371/journal.pone.0324817.t002
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Fig 2. Interannual vulnerability level of each district from 2013-2022.

https://doi.org/10.1371/journal.pone.0324817.9g002

Table 3. Slopes of simple linear fitting curves for different ECA districts.

Durations Pinggu Yanqing Mentougou Miyun Huairou
Before PAP (2013-2018) -0.051 -0.025 -0.049 -0.028 -0.038
After PAP (2019-2022) -0.055 -0.066 -0.020 -0.029 -0.043
Overall duration (2013-2022) -0.040 -0.025 -0.039 -0.036 -0.036

https://doi.org/10.1371/journal.pone.0324817.t003

From the perspective of the districts, Huairou District had the lowest vulnerability index value (0.009) in 2022, followed
by Changping (0.013), Yanging (0.022), Pinggu (0.025) and Miyun (0.028), while Mentougou (0.044) and Fangshan
(0.037) had relatively high values. The vulnerability index of Changping District decreased most obviously among all 7
districts. Its exposure declined from 0.19 to 0.14, the sensitivity decreased from 0.3 to 0.12, and the adaptive capacity
increased from 0.06 to 0.25. Since 2013, Changping District recalibrated its industrial structure, adopting more ecolog-
ically orientated development, resulting in the substantial enhancements in environmental indicators and improving the
regional facilities and improving a vigorous economic development.

4.1.2. Analysis of subindexes of the ECA vulnerability over time. As shown in Fig 3, the exposure index and
sensitivity index of the ECAs before 2018 were higher than the adaptive capacity index, and the sensitivity index was the
highest among the three indices. This situation was attributed to strict industrial limitations related to the unfavourable
impact of ecological protection policies. After 2018, adaptability, in turn, showed a rising trend and exceeded the other
two indices. However, the exposure level demonstrated a fluctuating trend, with a notable decline observed in 2019.

The sensitivity level started to decrease significantly (<1) in the second year after PAP implementation. Therefore, the
implementation of the PAP mechanism apparently reduced the unfavourable impacts on ECAs by introducing more
administrative resources and policy support.

The slopes of the linear fitting curves of exposure, sensitivity and adaptive capacity in Fig 3 were -0.0131, -0.126 and
0.1225, respectively. This reflects that the increase in the adaptive capacity indicator was accompanied by significant
overall decreases in the exposure and sensitivity indicators in Beijing ECAs. This trend was also consistent with the
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Fig 3. Annual variation in subindexes of vulnerability in Beijing ECAs from 2013-2022.
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changes in the individual ECA districts. This finding also reaffirms that the PAP mechanism and the included policy sup-
port had significant positive effects for the reduction of the ecological vulnerability level of the ECAs.

4.2. Empirical analysis of PAPs

4.2.1. Balanced test of Propensity score matching. As shown in Table 4, for the two dependent variables, GED
and LVD, most of the interfering variables in the treated and control groups were significantly different before matching.
After matching, the standard errors of all covariates except the medical level and the financial revenue and expenditure
were less than 20%, which indicated that the selected covariates and the matching method were reliable. And the results
of t-test did not reject the original hypothesis that there was no systematic difference between the treatment and control
groups. PSM had a good effect for green economy development factor and livelihood factor.

4.2.2. Benchmark regression analysis. The DID model was employed to explore the differences in regional
green economy development and residents’ livelihoods before and after the implementation of PAPs. In Table 5, for the
development effect of the green economy (GED), the PAP (Mechanism) had a positive effect at the 5% significance level,
demonstrating an incentive effect on the green economy development factor of PAP implementation in ECA districts. After
the control variables were introduced, the Mechanism coefficient was reduced, and a significant positive effect remained;
meanwhile, two variables, density and FRE_, also had positive effects on GED. The PAP was carried out mainly through
lateral financial support and green industry development, and the policy improved the economic development by increasing
financial income, expenditures, regional GDP and the number of green industries, thus confirming Hypothesis 1.

The implementation of the PAP mechanism was significantly positively correlated with the livelihoods, and obviously
higher than the green economy development. The PAP increased the financial revenue to ECA districts, leading to an
increase in the income of residents and in job opportunities via shared employment opportunities with wealthy plain
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Table 4. Balanced test of Propensity score matching (PSM).

Dependent variables Variable Matched Treated Control %bias t-test p
LVD Density u 5.176 5.393 -26.7 -1.19 0.000
M 5.246 5.274 -2.9 -0.22 0.827
FRE_ U 13.280 12.740 46.4 3.22 0.000
M 13.153 13.216 -6.0 -0.49 0.621
SEG_ U 0.343 0.438 -67.0 -6.94 0.000
M 0.349 0.348 1.3 0.09 0.929
TEG_ U 0.516 0.392 81.2 8.46 0.000
M 0.512 0.496 10.8 0.75 0.454
Medi _ u 7.188 6.965 39.3 3.60 0.000
M 7.357 7.224 23.5 1.77 0.079
student u 10.169 10.827 -84.1 -1.68 0.000
M 10.332 10.220 18.6 1.19 0.235
GED Density U 5.176 5.393 -26.7 -1.19 0.000
M 5.248 5.262 -1.4 -0.10 0.919
FRE_ U 13.280 12.740 46.4 3.22 0.000
M 13.136 12.920 20.6 1.94 0.053
SEG_ u 0.343 0.438 -67.0 -6.94 0.000
M 0.350 0.338 5.6 1.03 0.303
TEG_ U 0.516 0.392 81.2 8.46 0.000
M 0.494 0.502 -8.3 -1.23 0.219
Medi U 1431.500 1365.300 7.2 0.62 0.536
M 1470.600 1411.500 6.4 0.48 0.631
student U 10.169 10.827 -84.1 -1.68 0.000
M 10.218 10.115 17.0 1.12 0.262

Notes: U and M were short for unmatched and matched respectively.

https://doi.org/10.1371/journal.pone.0324817.t004

districts. Additionally, the PAP improved the infrastructure of ECAs, which led to the increase of the green industry invest-
ment. The implementation of PAPs effectively improved the sustainability of ECAs, which proved Hypothesis 2.
4.2.3. Robustness test.

(1) Parallel trend test

The parallel trend test was employed to test the validity of the DID. The method basically compared the trends of the treat-
ment group and the control group before and after the implementation of PAP. According to Table 6, before PAP imple-
mentation, there were mostly positive impacts on GED and LVD, but none of them were significant. There was no trend
difference between the treatment group and the control group before the implementation of the mechanism. The year in
which the mechanism was implemented had a significant positive effect on the GED and LVD variables. The regression
coefficients of GED and LVD were significantly positive after the implementation year and thereafter, indicating that the
PAP mechanism obviously increased green economy development and local livelihoods.

(2) Change in the PAP implementation year

To eliminate the errors caused by different means of identifying the time of policy implementation, the replacement of imple-
mentation time was often used for robustness analysis in two ways. The first way was placebo tests, adjusting the time of imple-
mentation of the policy by advancing or lagging the policy timing for certain years. The second was to shorten the time window.
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Table 5. Benchmark Regression Results.

Variable GED LVD
Fe Fe Re Fe Fe Re
Mechanism 0.037" 0.042" 0.044" 0.189™ 0.108™ 0.058
(0.022) (0.023) (0.023) (0.042) (0.038) (0.037)
Density -0.007" -0.005 -0.032 0.120™
(0.021) (0.018) (0.035) (0.021)
FRE_ 0.020" 0.024" 0.399™ 0.368™
(0.011) (0.011) (0.019) (0.017)
SEG_ -0.087 -0.072 0.732"™ 0.882
(0.062) (0.062) (0.105) (0.098)
TEG_ -0.024" -0.026 -0.155 0.083
(0.066) (0.066) (0.111) (0.104)
Medi_ -0.015 -0.009 -0.082"™ -0.044
(0.014) (0.014) (0.024) (0.048)
Student 0.023" 0.033" -0.415™ -0.403™
(0.014) (0.014) (0.022) (0.021)
_cons 8.889™ 8.630™ 8.413™ 9.037™ 5.838" 8.672"
(0.012) (0.237) (0.226) (0.023) (0.307) (0.303)
Region Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes
N 290 290 290 290 290 290
R? 0.052 0.053 0.008 0.740 0.789 0.638
Notes:
“p<0.05,
“p<0.01,

“*p<0.001. The values in parentheses are standard errors of the estimated values. The same applies below.

https://doi.org/10.1371/journal.pone.0324817.t005

First, the placebo test method was used to examine robustness. Table 7 showed that the coefficients of Mechanism_1 were
positive but not significant when the implementation time of the mechanism was advanced by one year, indicating that the first
two years of the implementation of the PAP mechanism had no significant effect on the GED and LVD variables in ECAs.

The coefficients for the Mechanism_1 were 0.043 and 0.077, respectively. Both were significant, indicating that the
implementation of the PAP mechanism for one year could significantly improve the level of GED and LVD variables in
ECAs. This further proves the robustness of the benchmark regression results in the previous section.

Second, to diminish the deviation arising from specific data on the model estimation, the DID regression model with a
shortened time window was employed to compare the effects on GED and LVD variables before and after the PAP imple-
mentation. Two-time windows were chosen for analysis, including 3 years before and after implementation (2016—2021),
4 years before and after implementation (2015-2022). Table 8 showed significantly positive coefficients of GED and LVD,
indicating that the effect of the PAP mechanism remains unchanged regardless of the time window chosen. The imple-
mentation of the PAP mechanism significantly increased the livelihood and green economic development in the ECAs,
thereby reaffirming the accuracy of the hypotheses.

(3) Changing matching methods

The study employed three matching methods, nearest-neighbour matching, radius matching and kernel density match-
ing, and selected the share of output value of secondary industry in GDP (SEG_), the share of output value of tertiary
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Table 6. Results of the parallel trend test.

Variable GED LVD
(1) (2) (1 (2
Pre_6 -0.057 -0.051 -0.222 -0.127
(0.024) (0.023) (0.107) (0.098)
Pre_5 -0.000 0.005 -0.002 0.049
(0.008) (0.007) (0.038) (0.039)
Pre_4 0.018* 0.020* -0.010 0.030
(0.010) (0.010) (0.030) (0.032)
Pre_3 0.015 0.015 0.005 0.038
(0.004) (0.004) (0.025) (0.027)
Pre_2 0.003 0.003 0.027 0.050
(0.007) (0.006) (0.017) (0.018)
Current 0.004 0.002 -0.021* -0.021*
(0.006) (0.006) (0.012) (0.013)
Post_1 0.002** 0.001** 0.002** 0.011**
(0.003) (0.002) (0.031) (0.027)
Post_2 0.006** 0.005** 0.028* 0.003**
(0.006) (0.006) (0.034) (0.032)
Post_3 0.007* 0.004** 0.067 0.018*
(0.005) (0.004) (0.042) (0.038)
Control variable NO Yes NO Yes
District Yes Yes Yes Yes
Year Yes Yes Yes Yes
N 290 290 290 290
R? (0.920) (0.919) (0.892) (0.859)

Notes: Pre_ and Post_ indicated before and after the implementation of the mechanism, respectively, e.g., post_1 means 1 year after implementation.
Current represented the year of implementation.

https://doi.org/10.1371/journal.pone.0324817.t006

Table 7. Replacement mechanism time.

Variable GED LVD
Q) () ()] (2
Mechanism _1 0.040 0.081
(0.025) (0.033)
Mechanism 1 0.043" 0.077*
(0.020) (0.041)
_cons 8.650™ 8.616™ 10.087*** 10.145%**
(0.236) (0.237) (0.388) (0.386)
Control variable Yes Yes Yes Yes
Region Yes Yes Yes Yes
Year Yes Yes Yes Yes
N 290 290 290 290
R2 0.053 0.053 0.802 0.802
Notes: Mechanism _1 and Mechanism 1 mean advancing and deferring by one year, respectively.
https://doi.org/10.1371/journal.pone.0324817.t007
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industry in GDP (TEG_), the number of primary and secondary school students, the number of medical institutions, pop-
ulation density, and the financial revenue and expenditure status (FRE_) as the covariates. Following the matching of the
indicators as covariates, regression analyses were conducted to verify the robustness of the baseline regression.

The findings in Table 9 indicated that, apart from the green economy development level, which demonstrated no signifi-
cance in the DID regression following radius matching, all other matching outcomes showed a significantly positive correla-
tion. This further substantiated the hypothesis that the PAP mechanism had a favourable impact on the enhancement of
green economy development and the livelihoods in the ECAs. This outcome served to corroborate both hypotheses H1 and
H2. However, the findings also demonstrated that the degree of green economic development in the ECAs was not invariably
stable and was considerably associated with the matching outcomes. A certain degree of fluctuation was observed, and its
regression coefficients (0.025, 0.058, 0.046) were lower than those of the livelihood (0.148, 0.127, 0.139). This indicated that
the stability of the level of green economic development in the ECAs required further enhancement.

5. Discussions

Transregional management issues present a significant challenge. In recent decades, China has enforced multiple regula-
tions regarding ecological protection compensation, which are expected to help solve these issues [67]. The PAP is a very

important starting point for ecological compensation. It adheres to a problem-oriented approach and establishes a direct
correspondence, characterized by high-level coordination, between ecological beneficiaries and those who protect the

environment. This relationship can help resolve difficulties and obstacles in lateral ecological compensation [68].

Table 8. The estimated results of robustness test based on shortening the time window.

Variable Before and after 3 years Before and after 4 years
GED LVD GED LVD
Mechanism 0.127* 0.160%*** 0.141%* 0.218***
(0.074) (0.021) (0.064) (0.025)
_cons 8.866%** 10.524%** 8.880%** 10.496%**
(0.017) (0.049) (0.015) (0.056)
Region Yes Yes Yes Yes
Year Yes Yes Yes Yes
N 202 202 264 264
R2 0.029 0.950 0.024 0.915
https://doi.org/10.1371/journal.pone.0324817.t008
Table 9. Results after changing the matching method.
Nearest neighbour matching Radius matching Kernel Matching
GED LVD GED LVD GED LVD
Mechanism 0.025* 0.148%*x 0.058 0.127™ 0.046" 0.139™
(0.014) (0.097) (0.058) (0.050) (0.028) (0.069)
_cons 9.025%** 10.852%** 5.784%** 7.232%%x 8.313%x* 9.403***
(0.114) (0.817) (0.173) (0.151) (0.187) (0.291)
Control Variable Yes Yes Yes Yes Yes Yes
Region Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes
N 142 142 290 290 218 218
R? 0.094 0.226 0.103 0.652 0.011 0.343
https://doi.org/10.1371/journal.pone.0324817.t009
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Beijing, as a megacity, has adopted two approaches to ecological compensation in ECAs. First, the municipal govern-
ment makes transfer payments to the ecological zones for local ecological protection, infrastructure and public service
construction, and farmers’ livelihood improvements. This approach is known as vertical ecological compensation. Second,
the PAP mechanism has been implemented under the guidance of the municipal government, with each beneficiary area
providing compensation, which is known as lateral ecological compensation [69].

The annual funding of the vertical ecological compensation is 4 billion yuan [70], which is approximately 6.7 times of
the amount of lateral ecological compensation. The objective of vertical compensation is to improve the supply of eco-
logical services and improve regional ecological security; the objective of lateral compensation is to solve the problem of
reciprocity of rights, responsibilities and benefits between regions, and to promote inter-regional ecological environment
co-construction and green development and benefit sharing. This study mainly focused on the changes of ecological
effects in the ECAS before and after the implementation of lateral ecological compensation, and further analysis is needed
to optimize the superimposed effects of lateral and vertical compensation, as well as the ratio of the direct amount of lat-
eral and vertical compensation in the future. Meanwhile, a new idea of comprehensive compensation mechanism combin-
ing vertical and lateral compensation has been brought forward, and the construction of this mechanism needs to further
strengthen the role of lateral compensation.

The PAP mechanism establishes a compensation relationship between areas that do not have direct adjacency. The
mechanism is coordinated by the municipal government, regulated by a set of laws and regulations, and administered by
a specialized municipal department, which regulates the criteria and content of the compensation and monitors the imple-
mentation effects. In this process, administrative and market-oriented mechanisms work together [71]. The former is used
mainly to determine relationships between regions. The latter is employed primarily by plains areas that enjoy ecological
benefits. Local enterprises are guided to utilise market-oriented mechanisms in areas with ecological benefits to invest in
ECAs and develop industries suitable for ECAs.

A variety of approaches have been used in the vulnerability assessment process [72], including those based on spatial
mapping and indicator weighting. In this process, the equal weighting approach is typically used to evaluate exposure,
sensitivity and adaptive capacity [53]. This process may neglect the variability of the various study subjects and the differ-
ences in the importance of each factor in the vulnerability system. Therefore, in this study, the entropy value method was
adopted to determine the weights of the indicators within the vulnerability evaluation system. This approach represents a
further attempt to utilize existing evaluation methods.

The development of a green economy and the enhancement of the residents’ livelihoods are significant for the vul-
nerability reduction. This study investigated the impact of the PAP mechanism on the green economy development and
the livelihoods using PSM-DID method. The findings substantiate the notion that the PAP mechanism has been exerting
favourable influences on the vulnerability alleviation. Nevertheless, the PSM-DID analysis was inadequate in its depth,
thus necessitating the inclusion of additional mediating variables to more comprehensively assess the PAP mechanism’s
impacts. Additionally, the study did not incorporate a heterogeneity analysis due to the limited sample size observed in the
ECAs region.

It is anticipated that the PAP Mechanism will gradually mature into a stable framework for cooperation, capable of
evolving as needed. The first round of the PAP in Beijing ECAs primarily centred on the institutionalization of financial
support and the delineation of cooperation areas. The 100 million RMB/year of funds directly transferred from the plain
counties could only cover a small share of the inputs needed of the recipient counties in promoting future ecological con-
struction, green industry development, and livelihood support. To further enhance the collaboration, it is essential for the
ECAs counties to introduce more market-oriented enterprises, further revitalizing local resources and participating in the
green industries, thereby facilitating industrial upgrading. Regarding social security within ECAs, it is of the utmost impor-
tance to reinforce the social security system, augment investment in education, skill training and employment through
the PAP mechanism. Furthermore, both parties can leverage their respective strengths to jointly advance the ecological
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conservation, foster industrial cooperation, and facilitate resource sharing across regions, thereby achieving mutually
beneficial advantages.

6. Conclusion

The elements presented in the results illustrate the variations in vulnerability and effectiveness of the PAP mechanisms. In
the long run, the level of vulnerability has decreased since the establishment of the ECAs. The exposure level tended to
be staggered during 2013-2022, whereas the sensitivity generally decreased, reflecting a reduction in exogenous factors
that stimulate ecological vulnerability. Furthermore, the adaptive capacity tended to continuously increase, which was
attributed to long-lasting ecological conservation and infrastructure construction in recent decades.

A decrease in vulnerability was observed to be associated with the influence of numerous factors and was not notably
correlated with the PAP program. Since the establishment of the ECAs, the government has enforced rigorous ecological
conservation policies and industrial restrictions to ensure the continuous improvement in local ecological functions. The
PAP program, which has been in place since 2019, was only one of many such programs. However, it contributed posi-
tively to reducing vulnerability and obviously contributed to the development of a green economy and improvements in the
livelihoods of residents in the ECAs. However, its effect on the sustainability of the livelihoods of residents seems to be
greater than that on the development of the green economy in ECAs.

PAP, a decades-long practice in China, has yielded remarkable results. It has effectively addressed resource shortages
in underdeveloped regions through comprehensive support in funding, talent, and technology, fostering resource aggrega-
tion and development. Simultaneously, PAP significantly advances the SDG goals of these regions, narrowing the regional
development gap and fostering harmony and solidarity among regions.

The success of this mechanism would have been inconceivable without the coordination of the Beijing Municipal
Government. This situation suggests that economically developed cities and regions can facilitate the sustainable devel-
opment of their own functional ECAs through intraregional collaboration. In this process, it is imperative that high-level
governments need to designate sound policies and effective implementation safeguards to ensure the smooth implemen-
tation of this mechanism and the attainment of the desired results. This research could provide useful lessons for similar
regions, especially large cities and urban agglomerations. It could assist in formulating suitable policies aimed at promot-
ing balanced development between developed and less developed regions (including ecological functional areas) within
their boundaries. This could be achieved through mutual collaboration in the following areas: financial subsidies, technol-
ogy transfers, human resources training, and employment support.

This study provides a solid theoretical foundation for implementing the PAP mechanism in Beijing’s ECAs. However,
it’s crucial to acknowledge its limitations, especially concerning regional scope and vulnerability indicator construction.
Focusing solely on Beijing’s ECAs might affect the representativeness and generalizability of our findings. Future research
should broaden its regional scope to include a variety of ecological systems, enhancing the applicability of findings in
diverse contexts. In addition, the selection of ecological vulnerability indicators in our study, while grounded in region-
specific contexts and previous research, may not be comprehensive in its scope. Future investigations should broaden
research horizons, integrating more variables into analyses to capture the multifaceted nature of ecological vulnerability.
Ultimately, future study should concentrate on assessing the long-term ramifications of the PAP mechanism and evaluat-
ing the efficacy of various implementation strategies.
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