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This paper proposes a theoretical framework for assessing ecological protection 
and restoration from the perspective of ecological efficiency. We  applied 
the super-efficiency Slack-based measure model to examine the social and 
economic impacts of ecological resource consumption transformation in 
Heilongjiang Province, China. Additionally, a convergence analysis was used 
to evaluate and test the impact of the standard deviation ellipse method on 
regional sustainability. The results indicated that the land use structure was 
unstable; the conversion rate of resource consumption was low; and the 
average Ecological efficiency was only 0.343 in terms of the land use structure. 
Funds for forest ecological restoration have a significant impact on the 
effectiveness of ecological resource transformation. Implementing the Chinese 
ecological restoration project improves the ecological efficiency level of the 
communities. The center of gravity of ecological efficiency moved greatly in the 
years when forestry investment increased. Technological transfer and diffusion, 
experience imitation in environmental regulation, and eventually convergent 
steady-state levels of the ecological efficiency of different regions are necessary 
to improve the economic and social development level of regions with low 
environmental quality efforts should be made to reduce resource consumption 
intensity, increase fund utilization efficiency, and form a comprehensive and 
systematic system of ecological environment governance through reasonable 
enhancement of regional environmental regulations, increased investment in 
technological advancement, and funds for ecological protection and restoration.
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1 Introduction

Ecological restoration (ER) originated in the early 20th century in European and American 
nations (Higgs, 2003). The goal is to assist ecosystems in restoring their original structure and 
function after being damaged (Hira et al., 2023). ER involves assisting ecosystems to sustain 
their healthy historical development path (Gann et al., 2019). Land degradation can be reversed 
and biodiversity and ecosystem services can be improved through ecological restoration (ER). 
Global land degradation and environmental change are substantial risks to biodiversity and 
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ecosystem services, as reported by Pandit et al. (2020). Wortley et al. 
(2013) state that these issues have been widely integrated into local and 
global natural resource management methods.

International organizations are currently focusing on the 
implementation of systematic protection and restoration principles in 
ecological restoration processes (Rey Benayas et  al., 2009). These 
practices include the Brazilian Atlantic Tropical Forest Landscape 
Restoration (Chazdon and Uriarte, 2016), South Africa’s National 
Parks Restoration Project (Moyo et al., 2021), and the wide-ranging 
restoration of riparian systems in the western United  States 
(Oppenheimer et al., 2015). Forest restoration efforts in Nepal utilize 
the approaches mentioned by Laudari et  al. (2022). Chinese 
governments have made significant investments and offered financial 
support in order to address the environmental crisis caused by massive 
land usage (Li et al., 2020; Bi et al., 2021; Yin and Cao, 2022). China 
has carried out 16 major ecological restoration initiatives since the 
1980s, such as restoring farmland back into forests and safeguarding 
natural forests, resulting in substantial advancements (Qu et al., 2020; 
Worlanyo and Jiangfeng, 2021; Zhang et al., 2022). However, most 
countries find it challenging to simultaneously achieve rapid economic 
development and enhanced ecosystem services (Wang et al., 2021).

Previous studies on ecological restoration evaluation primarily 
focused on assessing vegetation structure, ecological processes, and 
biodiversity indicators, contributing to the limited universality and 
applicability of the ecosystem restoration evaluation index system (Yang 
et al., 2013). Hence, it is necessary to enhance research on multi-object 
and multi-scale ecological restoration in order to improve the evaluation 
system of ecological restoration effects. Researchers are turning their 
attention on the significance of evaluating ecological restoration in the 
field of ecology. Consequently, the obstacles encountered in ecological 
restoration evaluation research are gaining more recognition (Ding and 
Zhao, 2014). Researchers have conducted numerous ecological 
restoration evaluation studies regarding China’s ecological protection 
and restoration projects. However, due to variations in research 
methodology, objectives, and perspectives, research areas encompass 
biodiversity, ecosystem services, climate change, land use, and ecological 
restoration theories and technologies. This diversity has led to a wide 
range of research outcomes and a scarcity of universally applicable 
summaries of ecological restoration experiences. Summary of a study on 
ecological restoration with general applicability (Gao and Yang, 2015).

Ecological attributes are the most widely utilized post-
implementation indicators in China and other regions, which represent 
94% of cases, but research on social and economic indicators is relatively 
limited at 3.5%. Ecological conservation and restoration research 
primarily emphasizes high-income countries over countries with 
significant deforestation rates (Wortley et al., 2013), leading to a notable 
scarcity of knowledge summaries for regions requiring extensive 
restoration efforts. Only a limited number of studies have endeavored to 
assess restoration from a social and economic perspective (Zheng and 
Zhuang, 2021). It must be emphasized that there is a significant absence 
of empirical information concerning the social and economic results of 
restoration (Pandit et  al., 2020). Socio-economic factors should 
be included when assessing ecological conservation and restoration efforts.

Extensive research has been conducted on various ecosystems in 
China, such as rivers, wetlands, forests, grasslands, agricultural lands, 
and post-mining lands. However, there remains a need for a 
comprehensive understanding of ecological restoration practices across 
all terrestrial ecosystems (Cui et al., 2021). Although urbanization and 

ER conflict still persist during economic development (Wang et al., 
2019), there are various issues that need to be addressed, including 
insufficient understanding of the systematicity and flowability of 
ecosystem elements, a lack of coordination between socio-economic 
and environmental factors, insufficient recognition of ecosystem 
nature, and a lack of long-term cooperation among departments (Xu 
et al., 2006; Qu et al., 2020). This has resulted in a lack of coordination, 
capacity, and adaptability among elements of the national spatial 
system. As research advances in different areas of ecological restoration, 
and as more ecologists reflect on large-scale ecosystem changes, 
ecological restoration programs should act as a bridge between complex 
and unpredictable changes, helping to restore meaningful and tangible 
relationships between humans and ecosystems (Ives et al., 2017). A new 
theory of progressive ecological restoration has also been proposed by 
scholar Liu (2020), emphasizing the importance of monitoring and 
dynamic assessment. In order to obtain the long-term effects of 
ecological restoration programs, ecological restoration projects must 
be integrated with some form of economic development. In order to 
optimize the effectiveness of ecological restoration efforts, it is essential 
to conduct research on evaluating ecological protection and restoration 
(Erbaugh et al., 2020), establish geographically specific attributes and 
management strategies (Edrisi and Abhilash, 2021), compile lessons 
learned, and formulate restoration models suitable for various scales.

China has made ecological conservation, restoration, and 
optimization national strategic priorities (Li et  al., 2020). China 
proposed integrated restoration of mountain-river-forest-farmland-
lake-grassland (MRFFLG) ecosystems in 2013 as an innovative 
approach to advancing territorial space protection using a systemic 
and holistic approach (Gao et  al., 2022). It requires beginning by 
optimizing territorial space layout, adjusting land use structure and 
relationships, and conducting overall protection, systematic 
restoration, and comprehensive governance in accordance with the 
integrity, systematicity, and regularity of the ecosystem (Wang et al., 
2022). China has implemented three batches (25  in total) of pilot 
projects since 2016 for the conservation and restoration of MRFFLG, 
which cover the majority of Chinese provinces (autonomous regions 
and municipalities). It is imperative to develop quantitative methods 
to determine whether or not projects are successful in order to 
rationalize and improve such methods. However, empirical research 
in ecological conservation and restoration lacks methods for analyzing 
social and economic outcomes and summarizing successful 
experiences. This has resulted in a lack of coordination, capacity, and 
adaptability among various elements in the country’s spatial system. 
This has adversely affected the stability of the spatial structure.

There is no doubt that ER success is not simply determined by 
ecological progress but also by the ability to fully utilize its potential 
(Erbaugh et al., 2020), adapt to changes in the ecological environment, 
and improve the need for ER decision-making and policy (Wortley 
et  al., 2013). Clearly, this promotes the development of an 
interdisciplinary research area aimed at assessing the effectiveness of 
restoration strategies from an interdisciplinary perspective and 
conducting a comprehensive analysis of both ecological and 
socioeconomic benefits (Abhilash, 2021).

It presents a theoretical framework for assessing biodiversity 
conservation and restoration based on multi-objective outputs and 
multi-factor inputs. Heilongjiang Province (HP) in China is used as an 
example for measuring and evaluating ecological efficiency (EE) of the 
MRFFLG ecosystem. EE is defined as “creating more goods and services 
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through fewer resources and generating less waste and pollution” 
(Hitchens et al., 1998). This concept can also be used to describe “the 
effectiveness of ecological resources in meeting human needs” (Huang 
et al., 2023). The term EE refers to the efficiency with which MRFFLG 
natural resources are utilized to meet human needs. This creates more 
goods and services at a lower cost and less environmental pollution. It 
is intended to satisfy the multi-objective requirements of the ecosystem. 
In the context of eco-protection and socioeconomic growth, it is 
possible to achieve a win-win situation (Mao et al., 2019). Consequently, 
it is imperative that ecological resources are monitored and evaluated 
to ensure they are converted efficiently into economic and social 
outputs. This is to identify significant reasons for sluggish economic 
development, and to provide a basis for transforming natural resources 
into economic development opportunities.

This study aims to: (1) develop a framework for assessing the EE 
of the MRFFLG ecosystem from a social-ecological systems 
perspective, focusing on transforming ecological resources into 
economic and social development opportunities; (2) establish an 
indicator system that evaluates economic, social, and natural 
resources; (3) analyze the spatiotemporal evolution trend and 
convergence characteristics of the EE in the study area; and (4) offer 
policy recommendations based on the evaluation of changes in EE 
trends and spatial distribution patterns in regional areas.

2 Material

2.1 Study area

Heilongjiang Province (HP) is located in the northeastern forest 
zone of China and is the northernmost and easternmost province on 
mainland China (121°11′ W to 135°05′ E, 43°26′ S to 53°33′ N). It is 
also a key guarantee area for food safety and ecological security of 
China, with a total area of 473,000 km2. It is divided into 12 prefecture-
level cities and one prefecture, as well as 121 county-level administrative 
divisions (Figure 1). It is estimated that HP has 47.3% forest coverage 
and an average annual rainfall of 608.5 mm, with an average annual 
temperature of 4.2°C in 2021. The HP landscape is characterized by 
various types of ecosystems, which include five-types of mountains, 
one-type of water body, one-type of grass field, and three-types of 
farmlands, while the MRFFLG landscape is distributed over a broad 
area. A pilot project for “ecological protection and restoration of 
MRFFLG” is underway in this area. Since HP is a resource-rich 
province, it has great potential to expand ecological space and serves as 
an important carrier of ecological security on a national level (Liu et al., 
2022). Historical development and the exploitation of natural resources 
have left the ecosystem with a lot of historical debt. The quality of the 
ecosystem has not yet been transformed qualitatively. In contrast, HP 
has lagged behind other provinces in China in economic development. 
There appears to be a contradiction between urgent economic growth 
and ecological protection and restoration. Economies and social 
development in the region must also be  balanced with ecological 
protection and restoration. It is difficult to infer successful experiences 
and challenges faced by ecological protection and restoration as there 
is insufficient information regarding spatial changes in land use cover 
and ecosystem services in HP, the need for economic growth and 
economic development, and the mismatch between limited resources 
in quantity, space, and time. In light of the fact that natural resources 

can be converted into financial efficiency, it is worthwhile to explore the 
process. Research is challenging due to the variability of degradation 
types in ecosystems and the specificity of restoration goals. In addition 
to technical progress in ecological preservation and restoration, a 
comprehensive goal-guided framework is urgently required.

The measurement of the ecological value of the MRFFLG life 
community (LC) in HP and the identification of its spatial–temporal 
differences and evolution trends have great practical relevance for 
enhancing regional ecological value and promoting harmony between 
humans and nature.

2.2 Data sources

Specifically, this study examined data for 11 typical ecological 
cities in HP from 2006 to 2019. This included the 11th Five-Year Plan 
for National Economic and Social Development (2006–2010), the 
12th Five-Year Plan (2011–2015), and the 13th Five-Year Plan (2016–
2020). At this time, China’s economic and social development entered 
an exciting phase. The contradiction between natural resources and 
the environment became more evident, indicating a significant gap 
between demand space and resource availability. The study uses 
statistical data collection and calculations based on geographical 
information as its data sources.

2.2.1 Statistical data
The urban gross domestic product (GDP) data is derived from the 

“China Urban Statistical Yearbook” (published by the China Statistical 
Publishing House); the public finance revenue and expenditure data 
(in ten thousand yuan), the pollution emissions data, the labor force 
population, and the area of green space per capita (in m2) of urban 
roads and parks are all reported. All other economic data from 2006 
to 2019 are derived from the “Heilongjiang Statistical Yearbook” 
(published by China Statistical Publishing House); urban CO2 
emissions data (in million tonnes) from 2006 to 2019 are derived from 
China city emission data in the Chinese Carbon Accounting Database1 
(Shan et al., 2022).

2.2.2 Geographic information data
In order to obtain the HP 2019 elevation data (Digital Elevation 

Model, DEM), the Geospatial Data Cloud website2 sourced the 
SRTMDEM 90 M original elevation data; ESACCI (European Space 
Agency Climate Change Institute) provided the land use and land 
cover data from 2006 to 2019.

2.2.3 Extraction of geographic information data
In conjunction with the actual situation and research needs of 

HP, ArcGIS software was used to perform supervised classification 
and visual interpretation of remote sensing images. Land use types 
were reclassified and extracted based on the land classification 
standards of the third national land survey in China. Reorganizing 
“wetlands” as a primary land category alongside cultivated land, 
forest area, grassland and waters. For each prefecture-level city in HP, 

1 http://www.ceads.net.cn/data/

2 https://www.gscloud.cn/
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water area, forest area, cultivated land area, grassland area, 
construction land area, wetland area, and unused land area were 
calculated from 2006 to 2019. Specifically, forest types include 
deciduous forests, bamboo forests, shrub forests, and others. It 
consists of rivers, lakes, reservoirs, ponds, canals, water engineering 
land, glaciers, and permanent snow. Rice fields, irrigated lands, and 
dry lands constitute farmlands. Natural grassland, artificial grassland, 
marsh grassland, and other grasslands are mainly included in 
grassland. Construction land consists primarily of urban and rural 
areas. Unoccupied lands include fallow lands, terraced lands, and 
bare lands. Wetland habitats consist of mangrove forests, forested 
swamps, shrubby swamps, salt flats, marshland, and tidal flats. The 
specific classification criteria for the various types of land are shown 
in the Table 1. In cases where some land use types were found to 
be outside the main land use types expected to be classified during 
the actual classification process, they were corrected according to the 
actual utilization status, e.g., bare areas such as 200, 201, and 202 were 
classified as other types. The reclassification was done according to 
the above criteria through the ArcGIS Spatial Analysis tool, after 
which the area of each land type was extracted from the different 
areas in the area analysis module of the Spatial Analysis tool.

3 Research ideas and methods

3.1 The theoretical framework of research 
ideas

This article presents a detailed workflow (Figure  2). Assuming 
MRFFLG constitutes a LC from the perspective of EE, a theoretical 
framework is proposed that involves multi-objective outputs and multi-
factor inputs in order to evaluate ecological protection and restoration.

3.2 Research methodology

3.2.1 Research methodology for measuring 
ecological efficiency in the community of life

The purpose of this paper is to measure EE in 11 cities in HP 
using the super-efficiency (SE) Slack-Based Measure (SBM) model, 
which has obvious improvements over traditional methods. In 
contrast to the radial SBM model, the SE-SBM model proposed by 
Tone (2001) integrates both the SE and SBM models, solving the 
problem that standard efficiency models cannot further compare the 

FIGURE 1

Study area in Heilongjiang Province (HP) in China.

TABLE 1 Criteria for reclassification of different land use types.

Primary land use type Codes representing land-use types Secondary land-use types

Water area 210
Rivers, Lakes, Reservoirs, Ponds, Canals, Water engineering land, Glaciers, 

and Permanent snow

Forest area 50/60/61/70/80/90/100/110/120/121/122 Deciduous forests, Bamboo forests, Shrub forests, and others

Cultivated land area 10/11/20/30/40 Rice fields, Irrigated lands, and Dry lands

Grassland area 130/140 Natural grassland, Artificial grassland, Marsh grassland, and Other grasslands

Construction land area 190 Urban and Rural areas

Wetland area 200/201/202
Mangrove forests, Forested swamps, Shrubby swamps, Salt flats, Marshland, 

and Tidal flats.

Unused land area 180 Unutilized bare areas
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efficiency of decision-making units when multiple decision-making 
units are efficient. Ultimately, this article selects the SE-SBM model 
with undesirable outputs for research because it has stronger 
practicality for measuring the EE within the MRFFLG 
LC. Equation (1) illustrates the construction of the SE-SBM model.
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FIGURE 2

Framework for the evaluation of ecological protection and restoration that takes into account multi-objective outputs and multi-factor inputs.
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In the SE-SBM model, represents the optimal solution of the 
model, which is the EE value of the LC calculated by the model, with 
a value range of 0 to 1. i represents the number of input variables, 
which range from 1 to m, assuming there are m inputs. Si− represents 
the slack variables of inputs, indicating the meaning of reduction if 
inputs are excessive. Xio represents the o decision unit. Yro represents 
the output of the o decision unit. o is the evaluated object. λ is the 

weight variable.
 

j

n
j ijX

�
�

1
�

 
is a virtual effective decision unit that serves

 

as a reference point for the optimal solution. Constraints on 
non-desired output b are added based on this reference point. The 
summation of λb represents the effective decision units constructed 
using different non-desired outputs, which is also a reference 
system.Sk− represents the slack variable of unexpected output, which 
is the amount that unexpected output needs to be  reduced; bko

b  
represents the k  unexpected output of the o decision unit. For the o 
-th decision unit, if its unexpected output is to be effective, it needs to 
be reduced by Sk−, and if its expected output is to be effective, it must 
increase output by. It is also required that both the slack variables of 
inputs and outputs must be  greater than or equal to 0. � j � 0 
represents the assumption of constant returns to scale.

3.2.2 Methodology for constructing an ecological 
efficiency measurement indicator system

The purpose of this paper is to construct an EE input–output 
evaluation indicator system for the MRFFLG LC in HP in four 
dimensions (Table  2). Firstly, the indicator system emphasizes the 
systematization and integrity of communities by using four dimensions 
of inputs, such as natural resources, social and economic inputs, and 
unanticipated and expected outputs. Secondly, natural resource 
elements involved in production and living in the research area have 
been included in the data selection, thereby enriching the indicator 
system for assessing the effectiveness of ecological conservation and 
restoration. From the perspective of a socio-ecological system, this 
study constructs an evaluation framework and focuses on the 
consumption of ecological resources during the transformation of 

ecological resources into economic resources and the challenges that 
are associated with regional sustainable development. As a function of 
output, the study considers how efficiently natural resources are 
utilized under conditions of economic growth.

A compelling argument is made by Kondo and Nakamura (2005) 
that the use of resources is the fundamental cause of environmental 
pressure and that policies designed to improve efficiency are often 
easier to adopt than policies that restrict economic activity levels. 
Although there are many input and output indicators for EE, few of 
these reflect the close relationship between economic, social, and 
natural ecological systems. It is difficult to directly apply the results of 
EE estimation to ecological system protection or restoration practices 
since indicator selection tends to focus more on the inputs and outputs 
of the social and economic system. GDP and CO2 emissions are 
commonly used as output indicators (Grand, 2016). The scale of 
material inputs is increasingly becoming more important when it 
comes to issues related to waste generation and emissions (Behrens 
et al., 2007). As a result, unexpected CO2 emissions have become an 
important indicator that cannot be ignored. Research on EE evaluation 
has shown that input indicators are diverse, with a greater emphasis 
on capital stock, labor quantity, and energy consumption being used 
as key input indicators for determining environmental efficiency 
(Kondo and Nakamura, 2005; Behrens et al., 2007; Yu et al., 2013). EE 
studies cannot be directly applied to ecological system governance if 
there is a lack of understanding of the local ecosystem and its close 
relationship with the natural ecological system (Hukkinen, 2001).

Several major resource types are considered in this article using a 
balanced multiple input approach, which includes natural elements 
such as MRFFLG and considers the importance of land demand in 
terms of ecological pressure for several major resource types. 
Combined with existing research on social and economic input 
indicators, CO2 emissions are added as an unwelcome output indicator 
that identifies the quality of the environment. This indicator system is 
intended to represent the direction of regional EE development while 
incorporating the system thinking of the MRFFLG LC and also to 
respond to the spillover effects of differential policies on space through 
interregional correlation. Stock indicators are used to highlight the 
overall input of the MRFFLG LC resources for the purpose of 
designing indicators. Natural resource input stock indicators in HP 
include the supply of several major resource types such as MRFFLG 
while social and economic input indicators include labor input and 
public fiscal expenditure. In summary, this article provides a 
comprehensive system of inputs and outputs for evaluating EE.

TABLE 2 The ecological efficiency evaluation index system of the life community of mountain-river-forest-farmland-lake-grassland (MRFFLG) systems.

Dimension of indicator selection Tier 1 indicators Secondary indicators Variable description

Fixed asset investment mountain-river-forest-

farmland-lake-grassland (MRFFLG) life 

community natural resources input variables

Resource input indicators Forest resources Forestland area/m2

Farmland resources Farmland area/m2

Grassland resources Grassland area/m2

Water resources River area /m2

Socio-economic input variables for the life 

community of MRFFLG

Social input indicators Workforce Number of people employed in urban 

units at the end of the year/person

Economic input indicators Capital Public finance expenditure /RMB million

Output variables of the community of life of 

MRFFLG

Non-desired outputs Environmental pollution Carbon dioxide emissions/million tonnes

Desired output Economic benefits GNP per capita/yuan
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3.2.3 Method for spatial evaluation of ecological 
efficiency

In this study, the standard deviation ellipse method and the 
convergence analysis method are used to analyze and evaluate the 
spatial variation of the EE centroid. They are also used to determine 
whether there is any spatial convergence of EE based on the MRFFLG 
LC EE measurements.

3.2.3.1 Evaluation method for the spatial migration model 
of ecological efficiency centroid

This study utilizes the standard deviation ellipse method to 
determine how the EE centroid of the MRFFLG LC has migrated and 
distributed over time in HP between 2006 and 2019. Its advantages 
over previous research methods are that it overcomes the 
disadvantages that resulted from the division of administrative regions 
in previous research methods. An integral part of spatial statistics, it 
quantitatively describes global and spatial properties, including 
centrality, dispersion, directionality, spatial morphology, and timely 
spatial evolution processes within the distribution of the research 
object (Zhang et  al., 2022). Among its advantages is its ability to 
compare spatial patterns over time within the same dimension and to 
visualize research indicators for each year in a manner that accurately 
and intuitively illustrates the main regions and relative trends in the 
spatial distribution of geographical elements over time.

We calculated the main parameters of the standard deviation 
ellipse of the EE of the MRFFLG LC in HP from 2006 to 2019 using 
the ArcGIS measure geographic distribution module to better 
understand its spatial evolution characteristics and accurately describe 
its spatial distribution trend. The EE is shown as an ellipse with the EE 
as the weight, and the general characteristics of the spatial distribution 
can be observed through changes in the parameters such as centroid, 
azimuth, major axis, and minor axis (Equation 2). Here is the formula 
for calculating each of the above parameters:
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x−  and y−  are the average centroid coordinates of the elements; wi 
is the weight of the study unit; θ  is the orientation angle of the ellipse; 
xi and yi are the central coordinates of the elements in each study area; 
xi and yi are the coordinate deviations of the centroid from the central 

coordinates in each study unit; σ x and σ y are the standard deviations 
along the X and Y axes, respectively; and n  is the total number 
of elements.

3.2.3.2 Evaluation methods for eco-efficient spatial 
convergence analysis models

This article employs the β-convergence and β-absolute 
convergence methods to examine EE convergence in a LC. Spatial 
convergence models are widely used to examine whether per capita 
GDP of countries or regions converges or diverges. This approach can 
also be used to test for EE convergence and divergence across different 
regions during the sample period. The application of the β-convergence 
concept is more widely adopted and has stronger policy implications 
in empirical analysis. Neoclassical growth models assume that all 
economies have the same technology, but their initial factor 
endowments differ (Yu et al., 2013). Green spaces have been found to 
enhance human health and well-being (Wheeler et al., 2015). The 
control variables in this study included the area of park green spaces 
per capita, the area of urban roads per capita, the compliance rate with 
pollution discharges, and the fixed asset investment as variables that 
impact EE.

β convergence refers to the phenomenon where the rate of EE 
growth in regions with low EE levels is higher than that in regions with 
high EE levels. Absolute β convergence requires strict assumptions, 
such as uniform environmental conditions across evaluation units, 
including the same fixed asset input and per capita green area. Over 
time, different regions’ EE will converge to the same level. The testing 
model for absolute beta convergence is as follows (Equation 3):
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T represents the research period, xio represents the EE of the 
ecosystem of MRFFLG in the i-th area at the beginning and end of the 
research, α  represents the constant term, β  represents the regression 
coefficient, and ε  represents the random disturbance term. When β
<0 and is significant, it indicates that the area with lower EE of the 
ecosystem of MRFFLG has a larger EE growth rate than the area with 
higher EE.

If the condition of β -convergence holds, the conditional 
assumption is eliminated, and taking into account the differences 
between cities in population, income levels, fixed asset investment, per 
capita green area, and other aspects, the growth rate of the EE of the 
LC will converge to their respective steady-state levels over time 
through different growth paths. The testing model for β -convergence 
is as follows (Equation 4):
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T represents the research period, xio represents the EE of the 
MRFFLG LC in the i-th region at the beginning and end of the study, α  
represents the constant term, β  represents the regression coefficient, 
ε  represents the random disturbance term, and γ j represents the 
regression coefficient of the added j-th control variable. When β<0 and 
is significant, it indicates that the EE of the MRFFLG LC in the study 
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area will converge to their respective stable levels based on their own 
conditional characteristics, and the difference in EE between different 
regions will persist in the long term.

Finally, this paper selects the Spatial Durbin Model to test β  
absolute convergence and β  conditional convergence. Considering the 
spatial correlation of the study area, a spatial econometric model for 
the convergence of EE growth in the MRFFLG LC is constructed. The 
empirical test and analysis of the EE of the MRFFLG LC in HP are 
carried out, and the model is presented in Equation (5).
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In the formula, ln /, ,AEE AEEi t i t�� �1  represents the natural 
logarithm of the EE growth rate of the MRFFLG LC in the study area 
i from t  to t +1. α  and ρ  are the parameters to be estimated, � � 0  
represents absolute convergence. wij is an element in the spatial weight 
matrix, while ρ  and λ are spatial correlation coefficients, ρand λ 
reflects the influence of adjacent areas on the attribute values of the 
local area. φi represents the regression coefficient of the spatial 
interaction effect, and εi t,  is the random error term. Based on previous 
research, this paper selects fixed asset investment, the rate of 
wastewater discharge compliance, per capita urban road area, and per 
capita park green area as control variables to determine absolute 
convergence and conditional convergence. If the coefficient θk  of each 
control variable is 0, the above model is absolutely convergent, and if 
θk is not 0, it is conditionally convergent. The paper examines the level 
of environmental regulation, the intensity of government macro-
control, the level of urban development, and the degree of 
urban greening.

4 Results

4.1 Results of EE level measurement under 
the time dimension

Based on the existing social and natural resource inputs, the 
average EE of the MRFFLG from 2006 to 2019 was only 0.34, 
suggesting there is still room for improvement. The input–output 
balance has reached the optimal level when EE is 1, ensuring an 
effective balance between environmental protection and resource 
conservation. When the EE is close to 0, it indicates a lack of 
coordination between economic development and ecological 
protection because of the imbalance between input and output. HP 
has a relatively low level of EE. Figure 3 shows the average EE for the 
MRFFLG in HP during the period 2006 to 2019.

The overall EE level of Heilongjiang Province in 2006–2019 
showed an M-shaped fluctuating change, and despite the large level of 
fluctuation, on the whole, the EE level in recent years has still shown 
an increase. The level of EE fluctuates substantially under the existing 
social and natural resource inputs, and 2009, 2011, and 2014 are the 
3 years that have seen the greatest growth in EE. Throughout the entire 
study period, the main years with large changes were 2009, 2011, and 

2014, in which a complete cessation of commercial logging of natural 
forests was implemented in the key state-owned forest areas of HP in 
2014, and a pilot project for ecological protection and restoration of 
MRFFLG was launched in HP after 2018, The EE level in 2019 was 
about 0.07 higher than that in 2016, and the fluctuation of EE has 
gradually become smaller since 2016, with the overall level of change 
showing a steady increase. While around 2011 was the period of 
implementation of the second phase of the natural forest protection 
project. It can be seen that with the gradual improvement of China’s 
ecological protection and restoration actions, the quality of the 
regional ecological environment has subsequently been improved.

4.2 Evaluation results of EE levels under the 
spatial dimension

The results show that the highest level of EE is located in the key 
state-owned forest areas, indicating that the level of EE is relatively 
higher in forest resource-rich areas. Table 3 shows the characteristics 
of the spatial distribution of the EE. It is clear from the center of 
gravity coordinates that the movement direction of the geographic 
center of gravity of HP’s biotic community in each year indicates the 
“high density” areas of HP, which vary between 128.75°E to 130.05°E 
and 46.10°N to 47.08°N, which indicate that HP is a key state-owned 
forest area. During the study period, there were mainly two stages of 
significant movement directions among the EE in HP. In particular, 
the trend was to the northwest during 2006–2008, 2009–2011, and 
2015–2018, while it was to the southeast during 2011–2012, 2014–
2015, and 2018–2019. Between 2010 and 2013, the EE in HP shifted 
to the northwest direction from the perspective of the development 
direction of EE, indicating a greater degree of improvement in EE in 
the northwest region of HP than in the southeast region during 
this period.

The MRFFLG of HP during the study period is not stable enough. 
The results show that the eastern and southern regions of HP have 
higher levels of EE. The years with the largest movement of the EE in 
terms of distance traveled are 2010, 2011, 2014, and 2015 (Figure 4). 
There was a noticeable shift in the EE between 2010 and 2011, with a 
transfer direction toward the northwest and a significant offset. In 
contrast, during the period of 2014–2015, there was a greater change 
in factors and a greater distance of center of gravity movement. In 
terms of distance and speed of movement, the EE shifted toward the 
southeast. In both the north–south and east–west directions, the 
center of gravity movement distance increased significantly, and the 
straight-line movement distance also increased significantly. Thus, the 
EE level in the eastern and southern regions of HP improved more 
significantly during this period than in the western and 
northern regions.

4.3 Results of standard deviation ellipse 
analysis of EE

The results from the standard deviation ellipse again verify that 
the spatial distribution pattern of EE levels is not stable enough. EE 
standard deviation ellipses in HP were mainly located in the 
southeastern part of the central region from 2006 to 2019 (Figure 5). 
This larger flattening ratio indicates that the development level of EE 
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is unevenly distributed throughout the region. It was 2010 that had the 
most directional distribution of the ellipse, while other years did not 
exhibit much change in the flattening ratio. From 2006 to 2019, the 
area of the standard deviation ellipse generally increased first and then 
decreased. Over the years 2006 to 2014, the circumference and area of 
the standard deviation ellipse gradually increased and then gradually 
decreased. Additionally, the variation in the long and short semiaxes 
was also increasing in the beginning and then decreasing in the end, 
indicating that spatial agglomeration characteristics have gradually 
become more evident in the east–west direction since 2014, while the 
degree of spatial agglomeration has been gradually increasing in the 
north–south direction. In 2013 and 2014, the ellipse coverage area was 
significantly larger than in previous years, while in 2006 and 2007, the 

ellipse coverage area was the smallest. EE ranges in 2018 and 2019 
were higher than those in 2006 and 2007. The rotation of the azimuth 
angle showed a large variation. In 2011 and 2014, the azimuth angle 
increased by 5.70° and 3.59°, respectively. This indicates that the 
spatial distribution pattern of EE is deviating in a noticeable manner. 
The spatial distribution pattern of EE in HP shifted from southeast to 
northwest by 5.70° in 2011, and from northwest to southeast by 3.59° 
in 2014 and 2015.

In the MRFFLG in southern cities of HP, the average EE of the LC 
is higher than that in northern cities based on the spatial distribution 
pattern and movement path of the EE center of the LC during the 
research period. In general, the spatial distribution of EE in the 
MRFFLG of HP exhibits a northwest-to-southeast pattern and a 

FIGURE 3

Trends in the mean ecological efficiency in HP for the years 2006–2019.

TABLE 3 Direction and distance of the shifting gravity center of ecological efficiency of (MRFFLG) systems in Heilongjiang Province (HP), China.

Year Barycentric 
coordinates

Angle of 
ellipse 

direction

The 
perimeter 

of an 
ellipse

Area of 
an 

ellipse

The 
coordinates 

of the 
midpoint x

The 
coordinates 

of the 
midpoint y

The 
length 
of the 
x-axis

The 
length 
of the 
y-axis

Flat 
rate

2006 (129.66°E,46.45°N) 95.68 16.89 16.58 129.66 46.45 3.69 1.43 0.61

2007 (129.65°E,46.50°N) 95.35 17.00 16.46 129.65 46.50 3.74 1.40 0.63

2008 (129.29°E,46.65°N) 93.79 18.41 19.31 129.29 46.65 4.05 1.52 0.63

2009 (129.61°E,46.10°N) 96.78 16.54 17.93 129.61 46.10 3.45 1.65 0.52

2010 (129.38°E,46.50°N) 93.74 18.18 17.78 129.38 46.50 4.06 1.39 0.66

2011 (128.91°E,47.08°N) 99.44 18.16 21.00 128.91 47.08 3.84 1.74 0.55

2012 (129.32°E,46.82°N) 97.16 19.26 21.95 129.32 46.82 4.19 1.67 0.60

2013 (128.75°E,46.88°N) 96.34 19.73 23.77 128.75 46.88 4.24 1.78 0.58

2014 (128.90°E,46.92°N) 99.93 19.29 23.65 128.90 46.92 4.08 1.84 0.55

2015 (130.05°E,46.47°N) 99.09 17.88 18.01 130.05 46.47 3.95 1.45 0.63

2016 (129.57°E,46.69°N) 97.76 17.79 19.16 129.57 46.69 3.84 1.59 0.59

2017 (129.67°E,46.67°N) 97.98 17.22 18.14 129.67 46.67 3.70 1.56 0.58

2018 (129.51°E,46.60°N) 96.18 17.68 18.41 129.51 46.60 3.85 1.52 0.60

2019 (129.52°E,46.60°N) 96.72 17.56 18.24 129.52 46.60 3.82 1.52 0.60
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tendency to shift toward the southeast. Initially, the length of the X 
semi-axis decreases from the length of the major axis of the standard 
deviation ellipse, then increases, decreases again, and increases again, 
indicating that the EE of the LC in the MRFFLG of HP continues to 
vary. It appears that dispersion first occurs, followed by agglomeration, 
then dispersion again, followed by agglomeration. It can be seen that 
the length of the Y semi-axis increases and decreases over time, 
suggesting that the spatial distribution pattern of the EE center of the 
LC in the MRFFLG of HP during the study period is not stable 
enough, which indicates that the spatial spillover effect has not yet 
become apparent.

4.4 Results of spatial convergence analysis

The existence of spatial convergence pattern of EE of MRFFLG in 
HP was verified by convergence analysis method. First, the 
convergence analysis indicates that EE has reached absolute 
convergence in the MRFFLG research area of HP, which means that 
the levels of EE in the various research areas will eventually reach a 
steady state level. The second effect is that constraints on fixed asset 
investments and an increase in investments in environmental 
optimization have the potential to enable regions with lower EE to 
achieve relatively higher growth rates. As a result, the EE gap between 
regions is likely to gradually decrease in the future.

As shown in Table  4, all convergence models for AEEit have 
significant coefficients of negative convergence, and most of them pass 
the significance level test at 1%. The conditional β-convergence results 
in Table 4 indicate that overall, EE in the MRFFLG region of HP 
exhibits significant conditional convergence under the joint influence 

of environmental regulation, government macro-control, urban 
development level, and resource endowment level. In other words, EE 
will show a trend of annual decline with an increase in environmental 
regulations, an improvement in government macro-controls, an 
acceleration in urbanization, and changes in the endowment of 
resources per capita. It is worth mentioning that the amount of 
investment in fixed assets passed the negative significance test, 
indicating that the amount of investment in fixed assets has a negative 
impact on the improvement of EE. Among the items of fixed asset 
investment, the top ones according to the proportion from high to low 
are manufacturing industry, real estate industry, transportation, 
storage and postal industry and so on. It can be seen that some inputs 
that need to rely on consuming a lot of resources to promote industrial 
development may have a negative impact on EE. On the other hand, 
the increase of parks and green areas per capita has a promoting effect 
on the regional EE, indicating that the optimization of the ecological 
environment and the increase of public green areas can help to 
improve the Eco-output.

5 Discussion

5.1 The EE levels from a socio-economic 
perspective

The problem of high evaluation indexes is corrected by the super-
efficiency SBM model, and the results show that the overall EE level 
of HP is low, and Analyzing the overall situation, the average value of 
the ecological efficiency of MRFFLG in the 11 cities of HP during the 
period of 2006–2019 is 0.34, which means that there is still a lot of 

FIGURE 4

Migration trajectory of the ecological efficiency gravity center of (MRFFLG) systems from 2006 to 2019.

https://doi.org/10.3389/ffgc.2024.1382198
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Ren et al. 10.3389/ffgc.2024.1382198

Frontiers in Forests and Global Change 11 frontiersin.org

room for improvement of the ecological efficiency with the existing 
inputs of social and natural resources, which indicates that the 
imbalance of inputs and outputs has led to the lack of a better 
coordinated development between economic development and 
ecological protection, and the EE of many cities in different periods 
still has obvious differences and shows certain spatial heterogeneity.

From the time distribution of the mean value of ecological 
efficiency of MRFFLG in HP, the overall fluctuating trend shows a 
large fluctuation trend, and the years in which changes in ecological 
efficiency have been substantially improved are 2009 (0.351), 2011 
(0.532) and 2014 (0.483). A circular economy perspective reveals that 
the EE of an ecosystem reflects a separation between economic growth 
and environmental pressure (De Pascale et al., 2021; Liu et al., 2022). 

HP environmental pressures are still relatively high and cannot fully 
accommodate economic growth. Moreover, it falls within the area of 
ineffective EE in the ecosystem. The highest value recorded in previous 
years was only 0.523, indicating that ecological resources are not 
adequately converted into tangible advantages. Sustainable 
development in the region is threatened by ecological resource loss. 
Despite significant improvements in EE levels over the past 2 years 
(2011 and 2014), significant fluctuations have been observed in the 
overall trend. The reason is that China’s constraints on resource 
protection have been alleviated by some forestry subsidy funds. This 
has temporarily improved the HP ecosystem’s ecological efficiency. 
With time, policy investment and implementation will inevitably 
reach a point of fatigue, and EE will decrease until a new round of 

FIGURE 5

Frame diagram of the spatial–temporal evolution of ecological efficiency in HP, China.
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financial investment or strong policy constraints will once again lead 
to a significant increase in HP’s ecosystem’s EE in the short term. 
Clearly, this illustrates the dependence on government regulation and 
fund investment, which are unpredictable.

5.2 Spatial variation in the center of gravity 
of EE

From the coordinates of the geographic center of gravity of the 
EE on the map, the movement of the geographic center of 
gravity in each year points to the “high-density” part of the 
ecological efficiency, which varies between 128.75°E ~ 130.05°E, 
46.10°N ~ 47.08°N. Although the center of gravity shows an irregular 
trajectory, its main moving range is located in the key state-owned 
forest area of HP. In terms of moving distance, the years with larger 
moving amplitude were in 2010, 2011, 2014, and 2015, which 
corresponded to the end of the first phase of the Practice and Prospect 
for Natural Forest Protection Projects, the start of the second phase of 
the natural forest protection project, and the implementation of the 
policy of stopping commercial logging of natural forests in the key 
state-owned forest areas of HP, respectively. The center of gravity 
moved the largest distance and the fastest speed from 2014 to 2015, 

and the magnitude of elemental changes was more obvious, indicating 
that the full cessation of commercial logging of natural forests in key 
state-owned forest areas of HP produced a relatively large spatial 
difference in the EE of the community of life of MRFFLG.

Over time, EE levels and ER investment funds are related. EE 
levels in the ecosystem show similar trends due to national 
investments in ecological protection and restoration funds. China is 
expected to increase its investment in ecological protection and 
restoration funds for forestry. This will directly affect the MRFFLG 
ecosystem. It is anticipated that this will result in an increase in EE 
levels. Consequently, the ecosystem of MRFFLG will be improved, 
making it more sustainable. The above results indicate that the 
government’s centralized investment in ecological protection and 
restoration has achieved positive results. In addition, the 
implementation of ecological protection and restoration actions 
concentrated in localized areas has led to large spatial differences in 
the overall level of EE in the study sample areas. Although the level 
of EE in HP has continued to improve, cities with lower levels of EE 
face challenges such as high investment in ecological resources, 
insufficient expected outputs, and excessive unintended outputs. The 
spatial distribution pattern of regional EE centers in HP shows a 
northwest-southeast bias. The spatial spillover effect has not 
yet appeared.

5.3 Characteristics of spatial convergence 
of EE

The MRFFLGs LCs in HP will eventually reach a steady-state level 
of EE, and regions with lower EE will experience relatively faster 
growth rates. It has been confirmed that the EE of the MRFFLGs LC 
in HP has passed the convergence test. Even though there are 
significant regional differences in the EE level of the LC, fixed asset 
investment has passed the negative significance test. This indicates 
that fixed asset investment negatively affects EE. Increasing per capita 
park and green space area through fixed asset investments promotes 
regional-EE. It is expected that the EE gap between regions will 
gradually narrow in the future.

Nevertheless, if fixed asset investments are increased in industries 
with high resource and pollution consumption, regional EE may 
be reduced although the overall level of EE in MRFFLGs LC in HP is 
low, places with significant levels of EE can provide experiences and 
references for places with lower levels of EE, including better 
government regulations and pollution limits.

According to the theory of technology transfer and diffusion, 
the greater the technological gap between different regions, the 
greater their technological reserves, and the diffusion of new 
products or technologies as well as cooperative innovations will 
lead to the rapid diffusion of technological advances and related 
experiences among different regions. This kind of experience 
imitation is less costly than spontaneous innovation, and the 
possibility of successful realization is higher. Therefore, regions with 
backward level of eco-efficiency will accumulate more experience 
imitation of eco-efficiency progress, and thus show faster 
improvement in practice, and can rapidly improve the eco-efficiency 
of their own ecological community of life in the MRFFLG by 
imitating the policies or measures of the neighboring regions at a 
low cost. Moreover, the ability of these regions to emulate and learn 

TABLE 4 Spatial correlation test of ecological efficiency (MRFFLG) 
systems in HP, China.

Test 
parameters

Spatial absolute β 
convergence

Spatial condition 
β convergence

lnAEEi,t −0.372***

(0.068)

−0.517***

(0.073)

Fixed asset investment −0.041***

(0.015)

Wastewater discharge 

compliance rate

−0.077

(0.051)

Urban road area per 

capita

0.137

(0.085)

Green space per capita 0.130**

(0.056)

W*lnAEEi,t −0.347***

(0.107)

−0.201

(0.149)

W*Fixed asset 

investment

0.028

(0.043)

W*Wastewater 

discharge compliance 

rate

−0.180

(0.117)

W*Urban road area 

per capita

−0.002

(0.125)

W*Green space per 

capita

0.075

(0.101)

ρ −0.307***

(0.105)

−0.291***

(0.109)

R2 0.152 0.330

N 143 143

*, **, and *** indicate the significance differences at the 10, 5, and 1% levels, respectively; 
values in brackets are standard errors.
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from each other is likely to grow over time, reducing the cost of 
borrowing more complex technologies, and may itself create “social 
capacity” in the development process, thus maintaining the level of 
eco-efficiency up to a certain level of sustainability and stability.

5.4 Research outlook

In the existing research on ecological restoration, the number of 
social science-based research fields is far lower than that of Science 
Technology, Physical Sciences and Life Sciences Bio-medicine 
research heat. As restoration ecologists increasingly respond to 
changes in large-scale ecosystems, a broader range of stakeholders will 
be included in the ecological restoration process, advancing the need 
for interdisciplinary communication. In the process of integrated 
ecosystem management there are bound to be  conflicting 
contradictions between development and utilization and resource 
protection, and determining ecological protection and restoration 
management goals is a process that requires trade-offs. Assessing and 
managing new ecosystems from a more holistic perspective and 
considering socioeconomic factors that may have an impact on them 
will be  worthwhile research in the future. Integrated ecosystem 
management inevitably involves conflicts between resource 
development and utilization and ecological protection and restoration. 
Managing both economic development and ecological protection is a 
multi-objective decision-making process, and different land use types 
have different ecosystem service functions. Currently, most research 
is focused on the relationship between changes in resource utilization 
types and ecosystem service functions, with little attention paid to the 
impact of alternative land use combinations. Research can 
be conducted in the future to investigate the relationship between the 
proportion of different resource utilization types and the improvement 
of ecosystem services.

6 Conclusion

In this study, the level of EE in HP was measured and evaluated. 
It presents a theoretical framework for evaluating ER based on multi-
objective production and multi-factor inputs. EE indicators for 
ecological and socioeconomic aspects are included in the framework 
for assessing life communities’ EE. To provide a reference for 
constructing an evaluation index system of ecological restoration 
efficiency that also includes socioeconomic dimensions. The research 
findings that: (1) The overall EE level is generally low, with the highest 
value of 0.523  in all the years, and most of the time Heilongjiang 
Province still belongs to the EE non-effective region, but in recent 
years it has begun to show a steady upward trend. (2) The spatial 
distribution of the EE in HP demonstrates a northwest-southeast 
pattern. The pattern was not stable enough during the research period, 
and spatial spillover effects were not significant. (3) The 
implementation and enforcement of policies related to ecological 
protection and restoration in China have significantly promoted the 
improvement of EE. The migration trajectory of the center of gravity 
of ecological efficiency shows that its main moving range is located in 
the key state-owned forest area of HP, and during the implementation 
of the natural forest protection project. (4) There are obvious 
differences in the EE levels of different types of cities, with 

resource-mature cities generally higher. (5) There is spatial 
convergence of EE levels in HP. In the future, regions with lower EE 
levels will have relatively higher growth rates, so that the EE gap 
between regions will gradually narrow in the future.

Research results have important implications for regional 
ecological protection and restoration, enrich theoretical frameworks 
and feasible paths for assessing the operational efficiency of the 
MRFFLG system both theoretically and practically, and serve as 
valuable references for the practice of protecting, restoring, and 
governing ecological systems. Most of the current research focuses on 
the impact of resource utilization type shift on the relationship 
between ecosystem service functions, while there are fewer studies on 
the impact of the combination of different land categories, and in the 
future, we  can consider increasing the empirical research on the 
relationship between the enhancement of ecosystem service functions 
under the study of the weight of different resource utilization types. 
On the other hand, due to the limitations of data availability and the 
study area and period, the effects of some factors are not yet significant; 
with the deepening of the ecological protection and restoration 
process, a longer-term study can be carried out through continuous 
follow-up surveys.
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