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Abstract: Green development is the cognition of geography to human-nature nexus under the background of the new era. As China is
facing various  eco-environment  problems,  green development  has  become a  key approach towards  ecological  progress,  and it  is  ulti-
mately an explicit means to respond to support sustainable development in China. Quantifying green development performance is essen-
tial to track efforts towards sustainability and guide policymakers. However, applying the balanced property of ‘Economy-Ecology-So-
ciety’  of  green development to its  performance assessment is  rarely discussed.  Here we elaborated the connotation of green develop-
ment and developed a quantification model with coupling coordination degree to assess green development performance of the largest
old industrial  base of China, Northeast China. We found that the green development performance has been improved from a score of
0.443 in 2003 to 0.530 in 2019 but the disparities of green development performance were enlarging over time, especially for the cities
in  Heilongjiang.  A  positive  spatial  autocorrelation  phenomenon  of  green  development  performance  was  confirmed,  and  Low-Low
clusters in the northeastern Heilongjiang and High-High clusters in the central-eastern Liaoning were discovered.  This study suggests
the need to track the spatio-temporal dynamics of green development performance to provide references for achieving sustainable devel-
opment goals in northeast China and other regions.
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1　Introduction

Development is the eternal theme of human society, and
human  beings’ cognition  of  development  mode  have
changed greatly along with the emergence and degrada-
tion  of  multiple  environmental  problems.  Today,  the

current  environmental  footprint  of  humankind  is  not
sustainable  because  of  the  earth’s limited  natural  re-
sources  and  assimilation  capacity  (Hoekstra and  Wied-
mann,  2014).  As  the  largest  developing  country,  China
plays a critical role in global environmental change. Al-
though  China  has  witnessed  rapidly  economic  growth
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since 1978 (Brandt  and Rawski,  2008; Storesletten and
Zilibotti,  2014),  this  kind  of  development  model  that
gave priority to economic development caused huge re-
source  costs  and  environment  problems  (Vennemo  et
al.,  2009; Bai  et  al.,  2017; Liu  et  al.,  2018).  In  2002,
China  ranked  129th  in  the  environmental  sustainability
evaluation ranking of 142 countries (Liu and Diamond,
2005).

To reconcile the contradiction between economic de-
velopment  and  ecological  environment,  in  2007,  the
Seventeenth National Congress of the Communist Party
of  China  officially  proposed  ‘ecological  civilization
construction’ for the  first  time  and  stressed  that  ecolo-
gical  civilization  should  be  firmly  established  in  the
whole society, which raised the significance of protect-
ing ecological environment to the height of ‘civilization’
(Feng,  2008). In  2012,  the  Eighteenth  National  Con-
gress of the Communist Party of China further clarified
the significance and prior role of ecological civilization
construction and incorporated it into all aspects and the
whole process of advancing economic, political, cultur-
al, and  social  progress.  Henceforward,  green  develop-
ment, as  the  basic  way  to  promote  ecological  civiliza-
tion  construction,  has  drawn  growing  attention  from
both academia and government agencies in China.

There  are  different  definitions  to  green  development
(Liu  et  al.,  2013; Li  et  al.,  2014; Hu,  2017)  and  this
concept is  sometimes interchangeably used with anoth-
er  two  concepts,  green  economy  (UNEP,  2011)  and
green growth (OECD, 2011). These three concepts were
proposed in a certain context as people began to reflect
on the relation between humankind and nature.  Human
beings’ cognition of human-nature nexus is tortuous and
many different views have emerged in different historic-
al stages  like  environmental  determinism,  cultural  de-
terminism, harmony,  etc.  Nowadays,  the  view  of  har-
mony  has  been  accepted  worldwide.  Essentially,  green
development, green economy and green growth are all a
view of  harmony which advocates  that  man and nature
should live  in  harmony,  and  all  of  them  can  be  con-
sidered  as  an  explicit  means  to  respond  to  support  the
initiative of sustainable development.

Green economy  and  green  growth  have  gained  mo-
mentum  in  both  academia  and  policy-making  areas  at
the global scale, but green growth is often interchange-
ably  used  with  green  economy,  overlooking  significant
differences  between  green  economy  and  green  growth

showed  by  statistical  analysis  (Merino-Saum  et  al.,
2020).  Indeed,  the  conceptual  richness  of  both  green
economy  and  green  growth  as  well  as  the  conceptual
blurriness  between  green  economy  and  green  growth
progressively  gathered  attention  across  academic  fields
(Borel-Saladin and Turok, 2013; Smulders et  al.,  2014;
Loiseau et al., 2016; D’Amato et al., 2017; Georgeson et
al., 2017). Meanwhile, detailed methodological and em-
pirical  studies  of  green  economy  or  green  growth  are
prevalent  as  well  (Pitkänen  et  al.,  2016; Droste  et  al.,
2016; Vukovic et  al.,  2019; Banerjee et  al.,  2020; Ban-
iya et al., 2021). We found that the studies of green eco-
nomy or  green  growth  in  Western  countries  mainly  re-
volved  around  definitions  differentiating,  connotations
interpreting,  theories  debating  and  cases  investigating.
But  quantification  of  efforts  made  for  pursuing  green
economy  or  green  growth  (for  example, Acosta  et  al.,
2019)  were  unsubstantially  studied.  Whereas,  domestic
scholars  mainly  focused  on  green  development  in  the
Chinese context and most studies assessed green devel-
opment  performance,  by  means  of  DEA  (Feng  et  al.,
2017; Che et al., 2018; Jin et al., 2019) and comprehens-
ive indicator system (Wang et al., 2018; Cheng and Ge,
2020; Guo  et  al.,  2021).  However,  green  development
performance quantification via the perspective of coup-
ling coordination degree of regional ‘Economy-Ecology-
Society’, which well fits in with the essence of green de-
velopment, still needs to be probed into.

In this article, green development was defined as the
cognition  of  geography  to  human-nature  nexus  under
the  background  of  the  new  era  in  China  where  people
are facing the dual concerns of pursuing continued eco-
nomic  growth  and  promoting  ecological  civilization
progress, and  the  essential  meaning  of  green  develop-
ment is to pursue economic growth coordinated with en-
vironment protection, resources-saving, and human well-
being improvement.  Based  on  the  definition,  we  de-
veloped  a  model  with  coupling  coordination  degree  to
quantify  green  development  performance  of  Northeast
China, a typical old industrial region that undertakes the
mission of comprehensive revitalization. Ample natural
resources, solid industry foundation, and geopolitical re-
lations with the pre-Soviet prompted Northeast China to
become  the  first  industrialized  region  in  the
1950s–1960s  (Li  and  Shi,  1988; Zhang,  2008b).  As
China’s  industrial  cradle,  Northeast  China  has  made
great  contributions  to  China’s socialist  economic  con-
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struction  at  the  cost  of  huge  amounts  of  coal,  oil,  and
timber.  But its  leading place faded since China’s trans-
ition to a market economy. In the 1990s, ‘the Northeast
China  Phenomenon’ mainly  characterized  by  sluggish
industrial  development  and  poor  economic  benefits
emerged (Li, 1996; Li and Li, 1996), which resulted in a
series of social development issues. The central govern-
ment issued the strategy of ‘Northeast China Revitaliza-
tion’ in 2003.  The  strategy  obtained  notable  achieve-
ments in the first  stage,  however,  the economic growth
in  Northeast  China  started  falling  rapidly  in  2013  (Fan
et al., 2016). This sudden setback after a period of eco-
nomic renaissance aroused great attention of the govern-
ment and the society. Additionally, after decades of high-
intensity resources  exploitation,  resources  and  environ-
ment carrying  capacity  of  Northeast  China  has  de-
creased sharply, so it is urgent for the region to adopt a
sustainable  way  to  promote  economic  transformation
and  social  development  while  continuously  improving
overall  ecological  environment.  This  demand  exactly
fits  in  with  the  essence  of  green  development,  and  it
would behoove Northeast China to pursue green devel-
opment  for  sustainability  so  as  to  break away from the
predicament.  Therefore,  the  human-nature  nexus  of
Northeast  China  is  a  topic  of  theoretical  and  practical
significance (Wu, 1991; Lu and Guo, 1998; Fan, 2008).
Here we quantified the green development performance
of  Northeast  China  to  track  efforts  towards  ecological
progress, also hoping for providing implications for sus-
tainability of  Northeast  China  and  references  for  sus-
tainability of other regions. 

2　Materials and Methods
 

2.1　Study area
Northeast  China  (115°32′E–135°09′E,  38°42′N–53°
35′N)  includes  the  three  provinces  (Liaoning,  Jilin  and
Heilongjiang),  as  well  as  the  eastern  part  of  the  Inner
Mongolia  Autonomous  Region  (Hulun  Buir,  Hinggan,
Chifeng, and Tongliao). In this study, we only focus on
the three provinces since they are the core of Northeast
China.  Specifically,  there  are  14  cities  in  Liaoning,  8
cities  and  the  Yanbian  Korean  Autonomous  Prefecture
in Jilin, and 12 cities and the Da Hinggan Ling Prefec-
ture in Heilongjiang. The three provinces cover an area
of  approximately  8.08  ×105 km2 and  account  for  8.4%
of  the  land  area  of  China.  And  the  total  population  is

about 98.25 million, accounting for 6.96% of the nation-
al population  in  2020.  The  Yanbian  Korean  Autonom-
ous Prefecture and the Da Hinggan Ling Prefecture are
excluded  from  our  study  area  in  consideration  of  data
shortage,  so  the  34  prefecture-level  cities  are  our  basic
study objects (Fig. 1). 

2.2　Data
Our study period was set from 2003 to 2019 due to stat-
istical  data  limitations.  All  original  annual  data  except
PM2.5 were directly collected from the following author-
itative sources: the China City Statistical Yearbook (Na-
tional  Bureau  of  Statistics  of  China,  2004–2020),  the
China Urban Construction Statistics (Ministry of Hous-
ing  and  Urban-Rural  Development,  2004–2020),  the
Liaoning  Statistical  Yearbook  (Bureau  of  Statistics  of
Liaoning,  2004–2020),  the  Jilin  Statistical  Yearbook
(Bureau  of  Statistics  of  Jilin,  2004–2020) and  the  Hei-
longjiang  Statistical  Yearbook  (Bureau  of  Statistics  of
Heilongjiang,  2004–2020). Some  missing  data  in  indi-
vidual years  were  filled  with  the  method  of  interpola-
tion. PM2.5 concentration datasets were from the Wash-
ington University Atmospheric Compositional Analysis
Group (https://sites.wustl.edu/acag/datasets/surface-pm2-
5/). 

2.3　 Green development  performance  quantifica-
tion model
Based on the definition of green development proposed
above,  we  firstly  constructed  the  green  development
performance  indicator  system  which  consists  of  three
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subsystems covering 15 indicators  (Table 1) for  North-
east  China.  These  indicators  were  also  referred  to  the
government  document  (National Development  and  Re-
form Commission, 2016) under the premise of operabil-
ity. Economic growth subsystem was selected to reflect
economic  growth  strength  and  quality.  Resources  and
environment status subsystem was selected to reflect the
status  of  environmental  pollution  and resources-saving.
Social  progress  subsystem  was  selected  to  reflect  the
improvements  of  people’s  livelihood.  The  initial  data
were  standardized  to  the  range  of  0  to  1  by  the  range
standardized  method.  Next,  the  weight  coefficient  of
each  indicator  was  determined  by  the  entropy  method
that calculate weight according to the strength of the re-
lations between indicators or the amount of information
provided by each indicator (Chen et al., 2009). And the
performance of the three subsystems, namely Economic
Growth Index (EGI), Resources and Environment Status
Index (RESI), and Social Progress Index (SPI) were ob-
tained by weight calculation. Then Green Development
Performance Index (GDPI) was calculated by our green
development  performance  quantification  model  that
constructed with coupling coordination degree.

Coupling  is  a  physics  concept  that  has  been  widely
applied to the field of social science. It refers to the phe-
nomenon  that  two  or  more  systems  interact  with  each
other  and  the  coupling  degree  is  used  to  measure  the
level  of  this  interaction  (Xing  et  al.,  2019).  But  the
coupling degree can not reflect the level of coordinated
development among systems, the coupling coordination
degree model is developed. The formula is as follows:

C = 3
[
(U1 ·U2 ·U3)/(U1+U2+U3)3

] 1
3 (1)

T = aU1+bU2+ cU3 (2)

D = (C ·T )
1
2 (3)

where U1, U2,  and U3 represent EGI, RESI and SPI re-
spectively  in  this  article. C is  the  coupling  degree
among the  three  subsystems. T reflects the  overall  per-
formance of the three subsystems. The coefficients a, b
and c represent the contribution of EGI, RESI and SPI to
T respectively. Here, we think the three subsystems are
equally  important,  so a, b and c are  equivalent,  i.e.,
a=b=c=1/3. D is  coupling  coordination  degree  and  it
ranges from 0 to 1. And we get GDPI:

GDPI = D =

√
[(EGI+RESI+SPI)/3]×

(
3
[
(EGI ·RESI ·SPI)/(EGI+RESI+S PI)3

] 1
3

)
(4)

 
Table 1    Green development performance indicator system of Northeast China
 

System Subsystems Indicators Attribute Weight
Green development performance
indicator system of Northeast China

Economic growth Per capita GDP Positive 0.278

GDP growth rate Positive 0.044

Proportion of the tertiary industry output value in GDP Positive 0.059

The optimization of the industrial structure Positive 0.178

Proportion of expenditure for science and technology in
local general public budget expenditure

Positive 0.440

Resources and environment
status

Industrial waste water discharge intensity Negative 0.040

Sulfur dioxide emission intensity Negative 0.137

Daily water consumption per capita Negative 0.042

GDP density Positive 0.587

PM2.5 Negative 0.195

Social progress Road surface area per capita Positive 0.373

Natural population growth rate Positive 0.077

Number of doctors per 10000 people Positive 0.293

Proportion of expenditure for education in local general
public budget expenditure

Positive 0.182

Green coverage rate of built district Positive 0.074
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2.4　Spatial autocorrelation analysis
By Tobler’s First Law of Geography, ‘everything is re-
lated to  everything  else,  but  near  things  are  more  re-
lated  than  distant  things’ (Tobler,  1970). Spatial  auto-
correlation describes the Law numerically: ‘Given a set
S containing n geographical units,  spatial  autocorrela-
tion refers to the relationship between some variable ob-
served in each of the n localities and a measure of geo-
graphical  proximity  defined  for  all n (n – 1)  pairs
chosen  from S’ (Getis,  2008).  To  explore  the  spatial
characteristics  of  GDPI  score,  the  method  of  spatial
autocorrelation  analysis  was  used  in  this  study.  Indices
used to  measure  autocorrelation  include  global  indicat-
ors of spatial autocorrelation and local indicators of spa-
tial  autocorrelation.  The  former  is  used  to  analyze  the
spatial  dependence  of  the  observations  in  the  whole
study  area  while  the  latter  emphasizes  the  distribution
characteristics of the observation in a locality within the
study  area.  Moran’s I statistic,  initially  suggested  by
Moran (1948) and popularized through the classic work
by Cliff  and Ord (1973),  is  a  commonly used indicator
of global spatial autocorrelation. The equation of Moran’s
I is as follow:

Moran’s I=
n∑

i=1

n∑
j=1

Wij (xi−x)
(
x j−x

)
/

n∑
i=1

(xi−x)2
n∑

i=1

n∑
j=1

Wij

(5)

x
where xi and xj are GDPI scores of the city i and the city
j respectively;  is the average value of GDPI scores in
the study area; n is the number of cities we studied; and
Wij is the elements of the spatial weights matrix.

Local indicators of spatial association (LISA) sugges-
ted  by Anselin  (1995) is  usually  used  to  map  clusters,
and it can be named as Local Moran’s I and its equation
is as follow:

Local Moran’s I =n (xi− x)
n∑

j=1

Wi j(xi− x)2/

n∑
i=1

(xi− x)2, (i , j)

(6)

xwhere xi, xj, , n,  and Wij share the same meaning with
equation of Moran’s I. 

2.5　Coefficient of variation
The  coefficient  of  variation  (CV)  was  used  to  measure
the  degree  of  regional  disparities  in  GDPI  score  of
Northeast China.

CV =
(
1/h

) √∑n

i=1
(hi−h)

2
/(n−1) (7)

h
where n is  the  number  of  cities  studied  in  Northeast
China; hi is  the GDPI score of the city i;  is the aver-
age value of hi. The greater the coefficient of variation,
the greater the disparities. 

3　Results
 

3.1　Temporal characteristics of GDPI score
According to our green development performance mod-
el, GDPI scores of the 34 cities in Northeast China were
calculated  yearly  and  we  classified  the  results  of  each
year into 6 levels based on the phenomenality of sorting
(Li  et  al.,  2014):  0.3–0.4  (Rather  low),  0.4–0.5  (Quite
low),  0.5–0.6  (Medium),  0.6–0.7  (Quite  High)  and
0.7–0.8  (Fairly  high).  The  consistency  of  classification
criteria in different years was guaranteed. Our results in-
dicate  that  Northeast  China  has  improved  its  GDPI
score  at  the  regional  level  over  time  (Fig.  2).  Overall,
GDPI  score  of  Northeast  China  increased  by  about
19.64%, from a score of 0.443 in 2003 to 0.530 in 2019.
Specifically,  the  score  increased  from  0.443  to  0.573
notably  during  2003–2014,  but  decreased  to  0.535  and
trapped  in  anemic  growth,  stabilizing  at  around  0.533
during  2014–2019.  Although  the  upward  achievement
was obvious  before  2014,  the  poor  performance  fol-
lowed  up  was  also  alarming.  At  the  provincial  level,
GDPI scores  of  Liaoning,  Jilin  and  Heilongjiang  in-
creased by  about  18.71%,  23.15%  and  18.4%  respect-
ively. The score of Heilongjiang ranked at the bottom of
the three provinces during the whole study period.

In  general,  the  evolution  of  the  proportion  of  cities
classified  by  GDPI  score  in  Northeast  China  during
2003–2019  proceeded  roughly  in  three  stages  (Fig.  3).
From 2003 to 2006, cities performed at the low level of
GDPI  score  accounted  for  the  majority  of  the  34  cities
and there  were  no cities  performed at  the  high level  of
GDPI score. In the second stage from 2007 to 2014, the
proportion of  cities  scored  below  0.5  descended  signi-
ficantly,  and  the  proportion  of  cities  performed  at  the
high  level  of  GDPI  score  ascended.  However,  in  the
third stage  since  2015,  the  proportion  of  cities  per-
formed at  the  high  level  of  GDPI  score  descended  and
cities performed at the medium level of GDPI score ac-
counted for more than half of the 34 cities. 
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3.2　Spatial patterns of GDPI score
To  explore  spatial  evolution  characteristics  of  GDPI
score, we selected 2003, 2008, 2013 and 2019 as the ob-
servation time  points  and  conducted  spatial  visualiza-
tion  mapping  of  GDPI  score  in  ArcGIS  (Fig.  4).  We
found that GDPI scores of the 34 cities presented obvi-
ous  spatial  differentiation  characteristics  over  time.  On
the whole, most cities have improved its green develop-
ment  performance  during  2003–2019. The  top  five  cit-
ies with rising GDPI score,  in order of greatest  to least

rise, were  Heihe,  Yingkou,  Dalian,  Panjin  and  Songy-
uan.  While  the  bottom  five  cities  with  rising  GDPI
score,  in order of least  to greatest  rise,  were Huluodao,
Fushun, Suihua, Dandong and Qiqihar. The CV of GDPI
score  showed  that  the  disparities  of  GDPI  scores  in
Northeast  China  were  enlarging  over  time,  increasing
from 0.095 in 2003 to 0.123 in 2019, with an increase of
29.5%.  The  disparities  of  GDPI  scores  in  Heilongjiang
were the most striking, followed by Liaoning and Jilin.
In 2003, only three cities performed at the medium level
of  GDPI  score,  and  they  were  Shenyang,  Dalian  and
Daqing,  in  order  of  ranking.  The  rest  cities  all  had  a
poor  green  development  performance,  especially  the
edge cities like Yichun, Baishan, etc. In 2008, the three
cities  that  performed  earlier  at  the  medium  level  of
GDPI score have further improved their green develop-
ment performances and Dalian came first this time. And
most  cities  performed  at  the  medium  level  of  GDPI
score  exclude  Fuxin  of  Liaoning,  Baishan  of  Jilin,  and
quite a few cities of  Heilongjiang.  In 2013,  more cities
have  improved  their  green  development  performances
like  Harbin,  Changchun,  Tieling,  Dandong,  Yingkou,
etc.  Several  high  value  zones  of  GDPI  scores  have
formed  and  the  polarization  characteristics  of  GDPI
scores  among  the  34  cities  were  visible.  In  2019,  the
size of the high value zones shrank and the agglomera-
tion  effect  seemed  to  disappear.  Quite  a  few  cities
presented regressive  performances  of  green  develop-
ment like Shenyang, Dalian, etc.

To further  explore  the  spatial  distribution  character-
istics of GDPI score in Northeast China, the method of
spatial autocorrelation was applied to this study. From a
global perspective, Moran’s I, the global spatial autocor-
relation  index  was  calculated  in  GeoDa  platform.  And
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Fig.  3    The proportion  of  cities  classified  by  Green  Develop-
ment Performance Index (GDPI) score in Northeast China during
2003–2019
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Fig. 4    Spatial distribution of Green Development Performance Index (GDPI) scores in 2003, 2008, 2013 and 2019 for Northeast China
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the  significance  test  was  carried  out  by  the  method  of
randomization of 999 permutations. The value of Moran’s
I ranges  from –1  to  1,  and  the  closer  it  gets  to  1,  the
stronger is  the positive correlation,  namely geographic-
al units with similar properties are clustered. On the op-
posite, the closer it gets to –1, the stronger is the negat-
ive  correlation  namely  geographical  units  with  distinct
properties  are  clustered.  And  zero  value  of  Moran’s I
means geographical units randomly scattered. As shown
in Table  2,  the  value  of  Moran’s I was  greater  than  0
and the results passed the significance test with the spe-
cific  confidence  coefficient,  indicating  the  cities  with
similar  green  development  performance  quantified  by
GDPI  score  were  clustered  in  Northeast  China  so  the
spatial  distribution pattern of GDPI score did appear to
be  significantly  different  than  random.  To  reveal  and
map the  specific  clusters,  we  carried  out  the  local  spa-
tial  autocorrelation  analysis.  We  can  perceive  from
Fig.  5 that  a  majority  of  cities  as  shown  in  gray  failed
the significance  test,  which  means  they  distribute  ran-
domly without  significant  spatial  clustering  phenomen-
on. High-High cluster means the city’s GDPI score was
high  and  the  GDPI  scores  of  the  cities  around  it  were
also  high.  The  rest  three  clusters  can  be  understood by

the same manner. High-High clusters mainly located in
central  Liaoning  and  eastern  Liaoning.  Low-Low
clusters mainly  concentrated  in  the  northeastern  Hei-
longjiang.  Low-High clusters  were  found in  Songyuan,
Benxi,  Yingkou  and  Fushun,  and  the  latter  three  cities
located  just  next  to  the  High-High  clusters.  High-Low
cluster  was  found  in  Heihe.  The  latter  two  types  of
clusters were not stable compared to High-High clusters
and Low-Low clusters  during the study period.  From a
holistic view, it was obviously that there existed spatial
clustering differentiation phenomenon of GDPI score in
Northeast China from the north to the south. 

3.3　 Identification  of  green  development  lagging
areas
Economic growth  subsystem,  resources  and  environ-
ment status subsystem, and social progress subsystem of
our  green  development  performance  indicator  system
are  three  basic  subsystems  which  intertwined  together.
Spatial and  temporal  dynamics  of  GDPI  score  quanti-
fied by revealing the interior state among the three sub-
systems with the coupling coordination degree were ex-
plored above. But what performance of the three subsys-
tems resulted  in  the  specific  green  development  per-
formance of  each city  remained unclear.  Therefore,  we
focused on the  performance of  the  three  subsystems so
that  we  can  identify  green  development  lagging  areas
with  different  limitations  of  the  three  subsystems.  The
judgements  criteria  were  established  as  follows.  A  city
was defined as a development lagging area when meets
one  of  the  criteria:  economic  growth  index  score  was
lower than  the  average  level;  resources  and  environ-
ment  status  index  score  was  lower  than  the  average
level;  and  social  progress  index  score  was  lower  than
the average level. ArcGIS spatial query tool was used to
extract  the  cities  conformed  to  the  above-mentioned
three  criteria.  And the  development  lagging  areas  were
specifically  classified  into  seven  basic  types  according
to the performance of the three subsystems. E, RE, and
S denote economic growth subsystem, resources and en-
vironment status subsystem, and social progress subsys-
tem respectively, then the seven basic types were E lag-
ging, RE lagging, S lagging, E-RE lagging, E-S lagging,
RE-S  lagging,  E-RE-S  lagging.  Our  results  indicated
that there were 28, 29, 27, and 30 development lagging
areas in 2003, 2008, 2013, and 2019 respectively (Fig. 6),
accounting for  a  considerable  proportion.  Among these

 
Table  2    Moran ’s I of  GDPI  scores  during  2003–2019  for
Northeast China
 

Year Moran’s I P-value z-score Confidence coefficient / %

2003 0.242 0.009 2.5380 95

2004 0.298 0.003 3.0969 99

2005 0.305 0.002 3.2251 99

2006 0.313 0.003 3.2535 99

2007 0.241 0.005 2.5661 95

2008 0.240 0.011 2.5489 95

2009 0.358 0.001 3.6225 99

2010 0.289 0.004 2.9281 99

2011 0.345 0.001 3.3645 99

2012 0.333 0.001 3.2646 99

2013 0.331 0.001 3.2410 99

2014 0.289 0.007 2.8780 99

2015 0.276 0.007 2.7573 99

2016 0.250 0.01 2.5559 95

2017 0.212 0.02 2.2264 95

2018 0.222 0.017 2.3154 95

2019 0.164 0.046 1.7880 90
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problem  areas,  E-RE-S  lagging  type  accounted  for  the
biggest proportion and the number presented an increas-
ing trend.  These  cities  mainly  located  in  the  northeast-
ern  Heilongjiang  and  western  Liaoning  like  Yichun,
Hegang,  Fuxin, etc.  The  number  of  non-problem  areas
or  green  development  demonstration  areas  remained
stable,  and  these  cities  were  developed  cities  like
Shenyang,  Dalian,  Changchun,  Harbin, etc. The  num-
ber of multifold systems lagging type increased from 16
in 2003 to 19 in 2019. Further, we found that five cities
have  deteriorated  from  non-problem  type  or  onefold
system lagging  type  to  multifold  systems  lagging  type,
and  they  were  Jilin,  Tieling  Suihua,  Baicheng,  Siping;
only  two  cities  have  advanced  from  multifold  systems
lagging  type  to  onefold  system  lagging  type,  and  they
were Baishan and Yingkou. 

4　Discussion and Implications

City  is  a  complex system dominated by human beings,

and  its  development  is  a  culmination  of  multitude  of
feedback interactions formed by various social, econom-
ic,  and  environmental  components  (Güneralp  and Seto,
2008).  The  benign  coupling  interaction  evolution  of
these components is what the green development mode
pursues.  However,  most  relevant  studies  revolved
around the three aspects of ‘Economy-Ecology-Society’
to  give  a  relatively  comprehensive  assessment  to  green
development performance,  ignoring  the  balanced  prop-
erty  of  ‘Economy-Ecology-Society’ of green  develop-
ment. We  tried  to  assess  green  development  perform-
ance from the  perspective  of  coupling coordination de-
gree of the three subsystems, namely, economic growth,
resources  and  environment  status,  and  social  progress.
Our assessment  approach  was  consistent  with  the  con-
notation of green development proposed in this article.

Under the context of China’s ‘new normal’ that refers
to a new situation that the Chinese economy has finally
slowed  down  (Tung,  2016),  GDPI  score  of  Northeast
was in accordance with GDP growth in a way, showing
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Fig. 5    The clusters of Green Development Performance Index (GDPI) scores in 2003, 2008, 2013 and 2019 for Northeast China
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Fig. 6    Spatial distribution of green development lagging areas in Northeast China in 2003, 2008, 2013 and 2019. E, RE, and S denote
economic growth subsystem, resources and environment status subsystem, and social progress subsystem respectively
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a  downward  trend  since  2014  (Fan  et  al.,  2016).  The
green development of a city is full of complexities as all
elements within the city system are mutually connected
by  the  existed  exchanges  of  information,  material  and
energy among them.  And economy is  a  key to  shape  a
city’s  development  as  economic  foundation  determines
superstructure.  Significantly,  Northeast  China  has  been
suffering from  the  influence  of  the  past  planned  eco-
nomy  system  and  state-owned  enterprises  still  play  a
key role in its economic development model, which res-
ult in  the  insufficient  vitality  of  economic  growth;  be-
sides,  the  lags  behind  in  tertiary  industrial  leads  to  the
insufficient  impetus  of  economic  development  (Zhang
et  al.,  2008a).  These  two issues  were  bound to  weaken
the  regional  economy  competitiveness  of  Northeast
China, thus directly affected the regional green develop-
ment performance.

The observation that most cities in Heilongjiang were
the  ‘lowlands’ of  GDPI  score  was  well  worth  probing
into.  According  to  the  government  document  ‘the  plan
for the Sustainable Development of Resource-based Cit-
ies  in  China  (2013–2020)’ issued  by  the  State  Council
(2013),  these  cities  are  all  resource-based  cities  whose
industries  are  heavily  dependent  on  natural  resources
like  coal,  oil  and  forestry  except  for  Jiamusi,  Suihua,
and Qiqihar. Yichun and Heihe are forestry-based cities
while Qitaihe, Jixi, Shuangyashan and Hegang are coal-
based  cities.  Because  of  the  considerable  reliance  on
natural resources endowments or in other words, the ef-
fect of what we call ‘resource curse’ (Auty, 2007), it is
more arduous for these resource-based cities to acceler-
ate the  transformation  of  the  mode  of  economic  devel-
opment and optimize the economic structure than other
cities.  Especially  for  cities  like  Yichun,  Qitaihe,
Shuangyashan  and  Hegang,  since  they  are  in  the  stage
of recession and facing the severe problem of resources
exhaustion. The GDPI scores of these cities were there-
fore affected. On the other hand, according to the major
function  zoning  scheme  (Fan  et  al.,  2019)  that  frames
four function zones namely urbanization zones, food se-
curity zones, ecological security zones and heritage pro-
tection  zones,  most  districts  of  these  resources-based
cities  are  districted  into  the  type  of  ecological  security
zones or  food security  zones.  Their  development  status
quo and prospects rest on this scheme that adopted and
implemented  by  the  Chinese  central  government  to  a
large  extent.  As  policies  and  projects  drive  land  use

changes  (Dong  et  al.,  2021),  which  affect  the  nexus  of
human and land. According to National Major Function
Zoning (The State Council, 2010), the main functions of
food  security  zones  and  key  ecological  zones  are  to
provide  agricultural  products  and  ecological  products
respectively, so as to ensure the security of national ag-
ricultural products  supply  and  the  stability  of  the  eco-
system.  These  regions  are  restricted  to  promote  large-
scale and  high-intensity  industrialization  and  urbaniza-
tion.

So  far,  a  key  issue  concerning  equity  emerges.  Both
equity and sustainability need to be understood as multi-
dimensional and from diverse  perspective,  and they in-
teract with  each  other  in  transformational  pathways  to-
wards  equitable  sustainability  (Leach  et  al.,  2018).  For
resources-based cities in the ecological security zones, it
is inequitable  for  them to  pursue  sustainability  suppor-
ted by the explicit means of green development as their
industries of  timber  mining  and  manufacturing  are  re-
stricted  to  develop  in  spite  of  the  fact  that  they  are
forestry-based cities, and the example of Yichun well il-
lustrate  this  point.  Thus,  the  efforts  that  Yichun  has
made  for  green  development  were  putting  itself  into  a
situation of  stepping  towards  inequitable  unsustainabil-
ity.  This  issue  of  equity  might  be  dealt  properly  with
gross  ecosystem  product  (GEP).  GEP  moves  beyond
conventional  economic  measures  like  gross  domestic
product (GDP) and it  is  a measure that summarizes the
value of  the  contributions  of  nature  to  economic  activ-
ity,  and it  is  tractable  with  currently  available  data  and
methods (Ouyang et al., 2020). We can incorporate GEP
indicator  into  the  metrics  of  ecological  performance.
This idea remains to be explored in the future studies of
green development performance assessment.

Actually,  19  cities  are  resource-based  cities  among
the 34 cities we studied, and they belong to the four dif-
ferent  stages  according  to  their  resources  reserve  and
exploiting situation, namely growth stage, mature stage,
recession  stage  and  regeneration  stage.  Only  Songyuan
is  in  the  stage  of  growth.  Six  cities  are  in  the  stage  of
mature,  including  Benxi,  Jilin,  Heihe,  Daqing,  Jixi  and
Mudanjiang.  Eight  cities  are  in  the  stage  of  recession,
including  Fuxin,  Fushun,  Liaoyuan,  Baishan,  Yichun,
Hegang, Shuangyashan and Qitaihe. And four cities are
in the stage of regeneration, including Anshan, Panjing,
Huludao  and  Tonghua.  Our  research  findings  indicated
that  these  cities  were  basically  at  the  medium  level  or
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the low level of GDPI score, which were originally pre-
conceived  and  also  well  understood.  These  resource-
based  cities  still  have  serious  problems  left  over  from
the era of planned economy, and transformational devel-
opment  is  indeed  tough  for  them.  Worse  still,  most  of
these resources-cities are facing the severe challenge of
population loss and natural population decline (Li et al.,
2020; Ma  et  al.,  2021),  which  certainly  make  it  more
difficult for  them  to  progress  towards  green  develop-
ment.

We  put  forward  the  following  green  development
suggestions  for  Northeast  China.  Considering  the  fact
that  Northeast  China  has  not  reached  a  high  level  of
GDPI score, we think all the cities are very necessary to
promote  a  high-quality  development  path  rather  than
merely  pursuing  the  quantity  of  economy.  Under  the
background  of  ‘Revitalizing  Northeast  China’, this  re-
gion  has  withstood  a  great  deal  of  pressure  from  the
central government and the local people. But the truth is
that  the  revitalization  strategy  has  achieved  tangible
achievements by now, and Northeast China has stepped
out of the most difficult period. It is the right time to re-
form the government performance appraisal system that
use  GDP  growth  rate  as  the  core  of  assessment,  and  a
comprehensively evaluation  system  with  multidimen-
sional indicators is warranted. (Lu, 2014). GEP might be
a reasonable choice to the green GDP appraisal  system
contributed  to  the  comprehensively  evaluation  system.
Moreover,  regarding  economic  growth  subsystem,  the
state-owned enterprise  reform  and  the  industrial  struc-
ture upgrading are the two deep-rooted issues which re-
quire unflagging efforts. For resource-based cities, long-
term  policy  supports  from  the  central  government  are
needed for  their  transformational  development.  Espe-
cially  for  forestry-based  cities  like  Yichun,  GEP  can
also provide  the  basis  for  determining  financial  com-
pensation for  the provision of  ecosystem services since
‘lucid waters and lush mountains are invaluable assets’.
Also, it is much pressing for themselves to actively seek
a transformation pathway to green development, such as
improving business environment,  etc.  For the four sub-
provincial  cities,  Dalian,  Shenyang,  Changchun  and
Harbin, they  are  green  development  demonstration  cit-
ies and they should play the leading role, promoting the
program of metropolitan area strategy to drive surround-
ing  cities  within  the  metropolitan  area  vigorously,  also
effectively. 

5　Conclusions

Green  development  is  a  new  development  philosophy
for practicing the initiative of  sustainable development.
Our work provides an equilibrium perspective of ‘Eco-
nomy-Ecology-Society’ for assessing regional green de-
velopment performance to tract  efforts  made for  ecolo-
gical progress, or sustainability, grandly speaking. Over-
all, Northeast  China  has  improved  its  green  develop-
ment performance, increasing by about 19.64% of GDPI
score,  but  the  later  backwards  trend was alarming.  The
disparities of GDPI scores in Northeast China were en-
larging over time, and the disparities of GDPI scores in
Heilongjiang were the most striking, followed by Liaon-
ing and Jilin. From a global scale, Moran’s I confirmed
the existence of positive spatial autocorrelation of GDPI
scores  in  Northeast  China.  From  a  local  scale,  Local
Moran’s I indicated  that  there  existed  stable  Low-Low
clusters  in  northeastern  Heilongjiang  and  stable  High-
High clusters  in  central-eastern Liaoning.  Based on the
judgements criteria  established,  28,  29,  27,  and  30  de-
velopment lagging areas in 2003, 2008, 2013, and 2019
were identified respectively,  which provided references
for  city  managers.  and  we  found  that  some  cities  have
deteriorated  from  non-problem  type  or  onefold  system
lagging  type  to  multifold  systems  lagging  type,  facing
more complex issues of coupling development of ‘Eco-
nomy-Ecology-Society’.  This  research  suggests  the
need to track the spatio-temporal dynamics of green de-
velopment  performance towards SDGs in other  regions
and provides  implications  for  sustainability  of  North-
east China and references for sustainability of other re-
gions.

The limitation  of  this  research  should  be  acknow-
ledged. Green  development  studies  should  consider  re-
gional differences. As implied above, there are obvious
differences  among  the  19  resource-based  cities.  Also,
the differences between the 19 resource-based cities and
the rest 15 cities are palpable. The city level research of
green  development  like  case  studies  or  comparative
studies  will  deepen  the  green  development  theory  and
provide  targeted  guidelines  for  green  development
mode.  Also,  improved  green  development  performance
indicator system with detailed data such as GEP indicat-
or  of  ecological  performance  are  needed.  These  sheds
light to the further study of green development. 
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