RESEARCH ARTICLE

W) Check for updates

ADVANCED
SUST AINABLE
SYSTEMS

www.advsustainsys.com

Cities and Urbanization: Balancing the Environmental and
Socioeconomic Dimensions of Sustainability

Becky P.Y. Loo, Ka Ho Tsoi,* Xinghua Feng, Hongsheng Zhang, Yinyi Lin, Zhiran Huang,

Raffaele Lafortezza, Zhenci Xu, and Hui Lin

With an increasingly urbanized world, there is an urgent need to examine how
cities may evolve and achieve sustainability. This paper systematically looks at
the Greater Bay Area (GBA) and the Poyang Lake Region (PLR) in China to
examine the spatial processes for insights into cities and urbanization,
balancing the environmental and socio-economic dimensions. A total of 226
805 cells are analyzed to unveil the relationship between sustainability
changes in 2015-2019 period and urban form indicators, considering
sociodemographic variables, geographical features, and city size as control
variables. Two tree-based machine learning models (Random Forest and
XGBoost) are developed. This study provides evidence that a monocentric
urban form and a high share of small activity clusters are not good for
sustainability. For each urban form indicator, there is a non-linear relationship
with sustainability. The results of the machine learning models reconfirm the
sustainability benefits of having a strong second activity cluster comparable to
the largest one. When planning cities, some forms of land use buffering are
desirable. There is also support for developing relatively large activity nodes
and promoting compactness in urban form. Beyond urban form
characteristics, the levels of urbanization, economic development, and
population are still highly relevant.

1. Introduction

human settlements. Some examples
are part of the Amazon region and
Antarctica.l'?] Apart from trying to pro-
tect these regions, we urgently need
to examine how cities may evolve and
achieve sustainability by maximizing
the synergy between urban areas and
the surrounding rural areas. On the
one hand, nature is to be preserved
as much as possible by minimizing
environmental damages and threats
of increasing urbanization. On the
other hand, nature serves to support
the human race, whose wellbeing is an
essential component of overall sustain-
ability. With decades of research about
sustainability, it is believed that there are
several key elements of sustainability,
including the three pillars of the envi-
ronment, economy, and society,> as
well as the time dimension, suggesting
the importance of resilience.*”#] With
decoupling— a process that economic
growth is no longer positively linked
to negative environmental and social
externalities, it is possible to achieve

We are living in an increasingly urbanized world. There are few
regions where the natural ecosystem is largely undisturbed by

the simultaneous improvement of environmental, economic,
and social indicators.[* ! There is a fine balance that sustainable
systems should strive to achieve.
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In history, cities have been seen as destroying nature and
are detrimental to natural ecosystems directly through the re-
placement of natural habitats with urban land development and
indirectly through proximate impact.['?! Examples include the
clearing of vegetation for various forms of buildings and infras-
tructure, an increase in the share of impervious surfaces (e.g.,
roads), the destruction of animal habitats, and the pollution of
air, water, and land due to industrialization and urban wastes. An
often-overlooked aspect is that, in the process of urbanization,
nature has been supporting a growing human population. From
2010 to 2021, the global population has increased from 6.99 to
7.91 billion."3] The Earth’s land surface is more or less fixed. To
cater to the increased global population, the spatial alternative
to world urbanization is to spread the increased population to
live in wider rural areas with potentially more profound envi-
ronmental knock-on effects. Hence, the sustainability impact of
cities needs to be understood beyond the urban areas and with
respect to the rural areas as well.

Spatially, we argue that comprehensive sustainability needs
to be considered at the city-region scale, balancing the spatiality
of various environmental, economic, and social considerations.
Cities nowadays typically administer both urban and rural ar-
eas. In China, for example, the “city leading counties” system
suggests that city jurisdictions already encompass nearby rural
towns and counties. Within functional regions consisting of mul-
tiple cities, there can be different forms of spatial complemen-
tarity and trade-offs across urban and rural areas.!'*'*] Consider-
ing sustainability at the regional scale allows for various feedback
loops of the human-environment interaction system beyond city
boundaries. Under the challenges of climate change, cities with
a better natural ecosystem have been more successful in combat-
ing urban heat island effects.['216-18] Conversely, cities can fos-
ter a positive peri-coupling loop by investing in environmental
conservation, education, and research, as well as legislating for
the protection of physical landscapes, flora and fauna within the
region.[1920]

Moreover, the spatial pattern of human settlements and ac-
tivities within cities matters. Tracing through the urban science
literature, researchers have been using different methods to de-
scribe these morphological and functional characteristics as “ur-
ban form.” (2!l The two extremes of urban characteristics are com-
pact cities and urban sprawl, but our understanding of the city’s
evolutionary process is still very limited.?2?3] Empirical evidence
suggests that the agglomeration of people and activities can lead
to a more efficient use of space and an increase in economic pro-
ductivity that helps to conserve natural ecosystems surrounding
cities.[2*2] Yet, as cities become larger, primacy and a monocen-
tric urban form can give rise to traffic congestion and other neg-
ative environmental and social externalities.[?*?’] Hence, a type
of centralized decentralization or polycentricity is desirable. Poly-
centricity of cities generally refers to a more balanced distribution
of urban centers with similar importance.[?#2% Environmentally,
it is envisioned that urban compactness and polycentricity allevi-
ate traffic-related air pollution due to shorter commuting.**! Eco-
nomically, denser urban areas can stimulate local services and
business, enhance the diversity of employers and thus job op-
portunities, and rejuvenate the city centers.[?*! Regarding social
equity, socioeconomic segregations are expected to be reduced by
providing higher accessibility to different types of facilities.[*!!
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While research suggests that compact and polycentric city
development can be a more sustainable approach to urban
development, there is no literature that examines whether
compact cities are good for sustainability beyond the narrowly
defined city boundaries and within functional regions. Such
information is urgently required because of the rapid rate of
worldwide urbanization.3?! In particular, urbanization in China
is notable both due to its unprecedented rate and the massive
spatial extent.’3] The process has been happening most rapidly
in major regions of strategic importance in the country.34%]
Hence, this study examines a core scientific question— Are
compact cities good or bad for sustainability? In answering this
question, this study adopts an innovative approach by intro-
ducing six urban form indicators to measure city compactness
and polycentricity. It evaluates how urban form contributes to
sustainable development at both the grid and city-region levels
that encompass both urban and rural areas. Two major regions
located in different parts of China (one along the coast and
one in the interior) are chosen to examine the spatial processes
of urban development for insights and lessons of developing
cities that are more conducive to comprehensive sustainability,
balancing the environmental and socio-economic dimensions. It
provides empirical, though preliminary, evidence about whether
the process of agglomerating people and activities in compact
urbanized areas is detrimental or beneficial to sustainability.

2. Results

2.1. Environmental and Socioeconomic Dynamics

Figure 1 shows the spatial patterns of sustainability changes
(SDS) in the Greater Bay Area (GBA) and the Poyang Lake Re-
gion (PLR), with the municipality boundaries overlay on top of
the grids. Grids that only consist of virgin land without human
settlements in both 2015 and 2019 are shown in blue. Within
GBA, one sees that the green tone is strong in the central area
and the blue tone dominates in the peripheral area of the region.
The worst red shades are found in the North near the bound-
ary of Zhaoqing (ZHQ) and Foshan (FOS). Within PLR, the blue
tone is overwhelming, suggesting precious virgin land in this re-
gion. Yet, each of the eleven municipalities has sketches of orange
tone, suggesting a deterioration in at least one of the sustainabil-
ity indicators over the study period. Areas having clearly worsen-
ing sustainability performance (red with SDS < —2) are found in
Pingxiang (PIX) and Nanchang (NAC).

Figure 2 shows a summary of the changes at the grid level
in the GBA and PLR. For the former, ~32.8% of the cells
(18.6% + 8.4% + 5.8%) have positive scores of improvements
in at least one sustainability indicator over the study period. The
grids (10.4%) suffered from a decline of at least one sustainabil-
ity dimension. The 10.9% grids with human settlements have
no change. In PLR, ~5.3% of the cells have negative scores of
lower sustainability and 3.3% of cells have positive scores of im-
provements in comprehensive sustainability. About 91.7% are
having no major changes, including areas with human settle-
ments (5.7%) and those without (85.7%).

Next, we briefly describe the SDS pattern at the city level within
each region. Detailed changes in SDS for each city are shown
in Figure S1 of Appendix A (Supporting Information). Focusing
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Figure 1. Spatial patterns of SDS in GBA and PLR.
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Figure 2. Summary of changes of SDS at the grid level in GBA and PLR.

on the highest value of SDS of 3 that all sustainability indica-
tors have improved, the best-performing cities in GBA are Fos-
han (15.2%), Dongguan (10.8%), and Jiangmen (9.0%). In con-
trast, Macau (51.7%), Zhuhai (34.5%), and Zhongshan (32.4%)
have the worst performance with the highest share of negative
SDS scores. Within PLR, the performances are less variable. Only
Xinyu has areas achieving a value of SDS of three in this pe-
riod. The best-performing cities with the highest share of positive
SDS are Xinyu (11.3%), Nanchang (9.4%), and Yingtan (5.8%).
In contrast, those cities with negative SDS or lower sustainabil-
ity are Nanchang (20.9%), Pingxiang (15.3%), and Yichun (7.0%).
In other words, Nanchang has a notably high variability of sus-
tainability performance over its city jurisdiction. Under the “city
leading counties” system, Nanchang administers a number of
districts and counties. Its administered Jinxian County, for in-
stance, has been experiencing an absolute reduction in popula-
tion and poorer economic performance during the study period,
while Xinjian District closer to the urban district has developed
from a county to a new activity node with better facilities and in-
frastructure, leading to higher SDS scores.

2.2. Relationship Between Sustainability Dynamics and Urban
Form Characteristics

Taking cities as study units, what is the relationship of City-level
SDS (City-SDS) with the urban form indicators? Figure 3 shows
the correlation plots of City-SDS with the six urban form (UF) in-
dicators. We see that the environmental sustainability change in
the Enhanced Vegetation Index (EVI) (City-SD1) has a statistically
significant correlation with UF2 (correlation coefficient = —0.53;
p < 0.05) and UF3 (correlation coefficient = 0.66; p < 0.01). The
results suggest a positive relationship between a concentrated
urban form (UF3) and a negative relationship between activity
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Figure 3. Summary of correlations of component city sustainability scores
and six urban form indicators in 2019. Notes: [l City-SD1-3 are the city-
level sustainability dynamic scores of SD1-SD3. UF1-6 are urban form in-
dicators 1-6.21 The number above the line is the correlation coefficient. *
is significant at 0.05 level; ** is 0.01 level.

cluster density (UF2) and environmental sustainability at the city
level. For the social dimension in the mortality rates per 1 000 per-
sons (City-SD2), the correlations with all urban form indicators
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are not strong and are not statistically significant at 0.05 level.
In contrast, the correlations of the economic dimension in the
Gross Domestic Product (GDP) per capita (City-SD3) and vari-
ous urban form indicators are much stronger. The correlations
of City-SD3 with all urban form indicators, except UF4 and UF5,
are statistically significant at 0.05 level. The correlations with UF2
(correlation coefficient = 0.85; p < 0.01) and UF1 (correlation co-
efficient = 0.75; p < 0.01) are the strongest. The finding indicates
that economic sustainability relies heavily on the density of activ-
ity clusters per million population. Also, more substantive activ-
ity clusters with a size larger than the average (UF6: correlation
coefficient = —0.67; p < 0.01) and a wider spatial spread of activity
clusters (UF3: correlation coefficient = —0.62; p < 0.01) correlate
with improvements in economic sustainability.

Figure 4 shows the scatterplots of City-SDS and the six ur-
ban form indicators in 2019. In each scatterplot, there are 22 ob-
servations, corresponding to the municipalities in two regions.
Where clear outliers are detected, they are removed. Linear and
polynomial lines have been tried for the best-fit lines. Power 2 is
chosen based on the highest R-squares achieved. We have also
examined the scatterplots for City-SDS and changes in the ur-
ban form indicators from 2015 to 2019 (Figure S2 of Appendix
A, Supporting Information). The picture is generally the same.
As changes in urban form indicators need to be interpreted with
absolute levels achieved, we focus on analyzing the UF values
that are easier to interpret. Also, a one-way analysis of variance
(ANOVA) was conducted to examine whether there are signifi-
cant differences between City-SDS and the six urban form indi-
cators (UF1-6) in GBA and PLR. The results are summarized in
Table S4 of Appendix A (Supporting Information). Generally, the
values of City-SDSin GBA (M = 0.72, SD = 0.54) are significantly
higher than those in PLR (M = —0.05, SD =0.12) (F(1, 16) =17.1,
p = 0.00). In other words, the sustainability performance of the
two regions differs significantly at 0.05 level, with cities in the
GBA being more sustainable. However, all urban form indica-
tors do not show significantly differences among cities in GBA
and PLR at a 0.05 significance level. They show substantial vari-
ations both within and across the two regions.

Focusing on UF1 (density of activity clusters per million
population by area), there is an invert-U relationship in GBA,
implying that lower compactness or urban expansion (higher
UF1) is positively related to sustainability at first. After the
critical threshold at ~0.5-0.6, higher compactness (lower UF1)
is positively related to comprehensive sustainability (SDS on the
y-axis). For cities to be vibrant and sustainable, the development
of some viable activity clusters is necessary. However, when UF1
becomes high (>0.5-0.6), a less compact urban form (higher
UF1) is associated with worsening sustainability performance.
For PLR, the correlation seems to be weak, with most observa-
tions staying close to the x-axis. The values of City-SDS among
cities in PLR are much less variable during the study period.

For UF2 (density of activity clusters per million population by
number), the curve in the GBA is similar to UF1. However, as
higher values of UF1 suggest lower compactness but higher val-
ues of UF2 suggest more dispersion (i.e., more activity clusters
per million population), the interpretation is different. Here, ac-
tivity node dispersion is first positively correlated with improve-
ment in sustainability and then it turns negative. This is a good
reminder to policymakers and urban planners that polycentricity
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needs to be balanced carefully to ensure centralized decentral-
ization and to avoid turning polycentricity into urban sprawl. In
PLR, the trend is much weaker with almost all observations stay-
ing near the x-axis. For UF3 (Global Moran’s I), there is again a
non-linear relationship. As shown in Figure 4, a higher degree of
spatial concentration (higher UF3) first improves sustainability
and then reduces it. The turning point seems to be ~0.7. In PLR,
though the curve is downward-sloping, the differences are rela-
tively minor with the points clustered along the x-axis. For UF1
to UF3, the R? value is generally low (ranging from 0.02 to 0.54).

For UF4 (ratio between the second largest and the largest ac-
tivity clusters), the relationship is much clearer and stronger in
GBA (R? = 0.67), implying a generally upward-sloping curve with
amore viable second largest activity cluster being associated with
better sustainability performance. Again, similar to UF2, the sit-
uation in PLR is not clear with almost all observations staying
near the x-axis. For UF5 (ratio of the size of thethird largest ac-
tivity cluster to the largest one in the city), the curve in GBA
is upward-sloping and the R? is also high (R?> = 0.61). In other
words, a strong and viable third activity cluster is also favorable to
sustainability. Finally, for UF6 (share of activity clusters with size
smaller than the average), a generally downward-sloping curve
is observed in both GBA and PLR. Thus, positive changes in
the share of smaller-than-average activity clusters suggest poorer
overall sustainability performance.

2.3. Sustainability Dynamics and Determinants

The above analysis on sustainability dynamics and urban form
does not take into account various control and confounding fac-
tors. In this section, we examine the role of urban form con-
sidering other independent variables. To recall, we build two
machine-learning models to explain sustainability dynamics at
the grid level with various grid-level variables (including pop-
ulation, GDP, economic structure, and road network density)
and city-level indicators (consisting of both urban form and
non-urban form variables) (Appendix A, Supporting Informa-
tion). Moreover, the results of the hyperparameter tuning are
also shown in Table S5 of Appendix A (Supporting Information).
Table 1 compares the model fit of the two models. We conducted
the analysis for each region separately and by combining data
from both regions. As our aim is to generalize and to draw scien-
tific conclusions, results of the overall model combining all data
and including the dummy regional variable (i.e., GBA =1 or 0)
are discussed. From Table 1, the performances of random forest
(RF) and XG Boost (XGB) are similar. XGB has a slightly bet-
ter model fit with lower mean absolute error (MAE) and mean
square error (MSE), as well as higher R?. The R? for the combined
dataset is comparable to those of the two regions separately.

As the model results of RF and XGB are similar, we show
the permutation importance of the explanatory variables for both
models in Figure 5. The descending order of importance is ar-
ranged based on the XGB model. The permutation importance
of the top-ranking factors is discussed with insights from the
detailed partial dependency plots shown in Figure 6. Based on
the feature importance, various factors are at play in explaining
sustainability changes. Among them, urban form indicators are
highly relevant. As urban form is the focus of this study, urban
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Figure 4. Scatterplots of City-SDS and six urban form indicators.
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Table 1. Model fits of random forest (RF) and XG Boost (XGB) compared.

www.advsustainsys.com

Dataset Random forest (RF) XGBoost (XGB)
MAE MSE R? MAE MSE R?
GBA Training 0.71 0.73 0.55 0.55 0.45 0.72
Testing 0.75 0.81 0.49 0.69 0.70 0.57
PLR Training 0.67 0.67 051 0.47 036 0.74
Testing 0.71 0.74 0.43 0.65 0.62 0.53
Al Training 0.73 0.77 0.53 0.53 0.43 0.73
Testing 0.75 0.83 0.49 0.67 0.66 0.60
important independent variables. Overall, being more distant to
AUF42015.2019 L e
AGDP the nearest activity clusters suggests better overall sustainability
2015-2019 performance. In urban planning, this finding implies that some
APOP2015.2019 form of buffering using, for example, natural habitat or green
AdNC2015.2019 spaces is desirable to ensure the achievement of comprehensive
POP2919 sustainability. Among the top ten explanatory factors, there are
dNC2019 three other urban form variables. They are UF6, AUF6,,;5.019,
GDPa2g19 and UF1. As changes in urban form indicators are difficult to in-
UF6 terpret without respect to the absolute levels, we focus the inter-
AUFB2015.2019 pretation on UF6 and UF1. For UF6, a higher share of small ac-
UF1 tivity clusters is not conducive to sustainability. For UF1, a larger
UE4 average area of activity clusters per million population by area is
UF2 not good for sustainability. The results provide evidence support
UF3 for compactness in urban form as a policy goal.
Next, we turn to other variables. AGDP,;5 5919, APOP ;5 20105
AUF15015.2019 POP,),y, and GDP,,,, are among the top ten variables. This sug-
RdD2o19 gests that population and the level of economic development are
AUF52015.2019 still key explanatory factors for sustainability dynamics. From the
ADIV 20152019 partial dependency plots, economic growth is conducive to com-
DIV2019 prehensive sustainability. Yet, population growth is clearly exert-
UF5 ing pressure on SDS. GDP has a weak negative relationship with
SDS but there is hardly any change from 500 Yuan onwards at the
ARdAD015.201 . YA Cang :
AVIR 2015-2019 grid level. Large population size is also having a generally nega-
AUF22015—2019 tive relationship, but there is hardly any change beyond about
2015-2019 4000 people per grid.
VIR2019
Cszg . .
3. Discussion
AUF32015.2019
NRS2919 «RF = XGB While the above analysis reveals how urban form can affect sus-
GBA tainability, it does not consider the urbanization stage of cities.

0 005 01 015 02 025 03
Permutation importance

Figure 5. Permutation importance.

form variables are discussed first in descending order of impor-
tance.

AUF4,p;5501 is the most important explanatory variable.
Based on the partial dependency plot, there seems to be a posi-
tive relationship that a more viable second-largest activity cluster
(relative to the largest) is favorable to overall sustainability im-
provements. Then, the change of distance to the nearest activ-
ity cluster (AdNC,;5.59;0) and the distance to the nearest activity
cluster in 2019 (dNC,,,,) also matter as the fourth and sixth most
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Focusing on the urbanization rate (% of the total population
living in urban areas) of the two regions, GBA has generally
reached a mature development stage, with a high urbanization
rate of 87.6% already in 2015. In 2019, it has risen slightly to
87.7%. Since the establishment of the Pearl River Delta Eco-
nomic Zone in the 1990s, the urbanization rate of the region
has accelerated. After decades of development, the urbanization
rate has already stabilized in the recent decade. Conversely, PLR
has still been under rapid changes after the establishment of
the Poyang Lake Economic Region in 2010. The region’s urban-
ization rate was 52.1% in 2015, and it has increased to 58.7%
in 2019. In other words, the annual change in urbanization
shows a negative relationship with the urbanization rate (Figure
S3 of Appendix A, Supporting Information). The relationship
is observable when GBA (R? = 0.31) and PLR (R? = 0.32) are

© 2024 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85UB0| SUOLIWIOD BANERID) 3| dde a1 Aq peuaAob 218 SN YO '8N JO SBNJ 40} AReld1 T 8UIIUO AB|IM UO (SUORIPUOD-PUB-SWLBIWI0D /B | 1M ARe.q1 U |uo//Sd1U) SUORIPUOD PUe WS L U} 885 *[202/2T/80] U0 A%igITulluO ABIIM INOH ON NH ALISYIAINN DINHOTLATOd ONOX ONOH Ad TOY00EZ0Z SPe/200T OT/I0p/L00"A8 1M AReid U UO//SARY WO papeojumoq ‘L *v20Z ‘98729962


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

09
08 |
07 |
o 06
(=]
@ 05
—— RF
— XGB
03 |
200 0 200 400 600
AUF42015.10
09 r
8 —— RF
07\ —— XGB
0
(=)
0]

L 1 n2 1 1 1 J
400 -50 0 50 100 150 200
APOP015.2019

09
08 |
07
008 |
[m]
P05
04 RF
03 | —— XGB
02 . . . . .
0 2000 4000 6000 8000 10000
popZO‘lQ
09
—— RF
08 r —— XGB
07 |
06 f
(=)
N o5 t
04 |
03 |
02 . . ,
0 500 1000 1500
GDP201Q
09
08 |
[m]
@ 05
04 | —— RF
5 L — XGB
40 20 0 20 40 60
AUF62015.19

Figure 6. Partial dependency plots.
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Figure 6. Continued

analyzed separately, and it is even stronger (R*> = 0.62) when
data of the two regions are combined. Further analysis of the
urbanization rate and sustainability clearly shows that a more
mature stage of city development (i.e., higher urbanization rate
and a more gradual change of urbanization rate) is associated
with better sustainability performance (higher City-SDS) (Figure
S4 of Appendix A, Supporting Information).

Focusing on different cities within the two regions, in GBA,
many cities (e.g., Hong Kong, Shenzhen, Macau, Foshan, and

Adv. Sustainable Syst. 2024, 8, 2300401 2300401 (11 of 15)

Dongguan) have been major population and economic centers
since the 1990s (including hubs for secondary and tertiary indus-
tries). By 2015, these five (out of eleven) cities have achieved a very
high level of urbanization (>90%) with well-established urban
cores. In other words, about half of the cities (45.5%) in the re-
gion are highly urbanized. With a stabilized urbanization growth,
most cities in GBA managed to achieve a higher degree of com-
pactness (UF3) and less urban sprawl (UF6) (Figure S5 of Ap-
pendix A, Supporting Information). Following the establishment

© 2024 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85UB0| SUOLIWIOD BANERID) 3| dde a1 Aq peuaAob 218 SN YO '8N JO SBNJ 40} AReld1 T 8UIIUO AB|IM UO (SUORIPUOD-PUB-SWLBIWI0D /B | 1M ARe.q1 U |uo//Sd1U) SUORIPUOD PUe WS L U} 885 *[202/2T/80] U0 A%igITulluO ABIIM INOH ON NH ALISYIAINN DINHOTLATOd ONOX ONOH Ad TOY00EZ0Z SPe/200T OT/I0p/L00"A8 1M AReid U UO//SARY WO papeojumoq ‘L *v20Z ‘98729962


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

of GBA in 2017, Huizhou, Jiangmen, and Zhaoqing have accel-
erated their urbanization in the recent decade, where most of
the virgin land and natural reserves are located.

In contrast, cities in PLR are generally less urbanized. Nan-
chang, the capital city of Jiangxi, is the most urbanized city in
PLR. Many cities have undergone rapid rural transformation in
the last decade after the establishment of the Poyang Lake Ecolog-
ical Economic Zone in 2009 and the New Urbanization Develop-
ment Plan (2014-2020). The rapid growth of urbanization among
PLR cities was, unfortunately, associated with a larger extent of
urban sprawl (UF6), reduced compactness (UF3), and a single
dominant urban cluster with less decentralization of economic
activities (UF4) (Figure S5 of Appendix A, Supporting Informa-
tion).

The above observations are consistent with the broader litera-
ture on urbanization and sustainability, suggesting that a city’s
sustainability performance is partially related to its urbanization
level and development stage.'*34%] Generally, cities undergo-
ing rapid urbanization (i.e., a substantial increase in annual ur-
banization rate) face challenges of intensive land consumption
for economic development.[*] This leads to significant land use
changes, which often result in lower ecological and social sus-
tainability. In contrast, cities reaching a higher maturity stage of
urbanization (i.e., a lower increase in urbanization rate) tend to
achieve better environmental, economic, and social sustainability
performance by employing different compact city development
strategies.?*3¢] In particular, they include an agglomeration of
higher value-added industries and more proactive environmen-
tal conservation policies to control urban expansion. Our analysis
provides additional insights into the relationship between urban-
ization levels and sustainability by examining various urban form
indicators (UF1-UFG).

As a sustainable development strategy must strike a balance
between economic growth and other social and environmental
concerns, the above results provide policy implications in formu-
lating specific strategies based on the cities’ development stages
and spatial patterns. In GBA (or regions with high urbanization
and better economic development), cities should focus more on
environmental and social sustainability. In fact, GBA has started
to address ecological and social concerns in the recent decade
(e.g., Pearl River Delta National Forest Urban Agglomeration
Construction Plan). This implies that in a more advanced state
of urbanization, protecting natural areas and developing green
corridors as natural buffers to prevent urban sprawl are prior-
ities for sustainability. Maintaining the city’s compactness and
developing competitive activity clusters are also of prime im-
portance. Finally, coordinated development among cities in ur-
banization that fosters cooperation and synergies is critical to
sustainability.[3’]

In regions that are still undergoing rapid urbanization and eco-
nomic growth, more attention should be put on avoiding uncon-
strained urban sprawl by stipulating stronger land use regula-
tions while fostering strong and vibrant activity nodes to boost
economic development. The size of these activity nodes should
be comparable to the main urban core for the sustainability bene-
fits to be realized. In recent years, PLR has also adopted a series of
ecological conservation policies and strengthened environmental
protection regulations in wetlands, lakes and ecological areas in
the past decade.®®! These can help avoid unplanned changes in
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land use under rapid urbanization. Nonetheless, more efforts to
foster a polycentric urban form, with at least two or three largest
activity nodes of comparable size within each city, are urgently
needed to stop the trend towards urban sprawl.

4. Conclusion

Cities worldwide should aim at sustainability, balancing the en-
vironmental and socioeconomic dimensions. Nonetheless, char-
acteristics of urban form have seldom been seen as variables in
the sustainability “equation.” [22] The problem partly lies in the
lack of good indicators to generalize across different geographi-
cal contexts. With increasing world urbanization, this discussion
on urban forms needs to be urgently and carefully considered
to enhance sustainability. This study provides more evidence on
urban form and sustainability, which is driven by the coupling
between human and environmental systems within city bound-
aries. Cities are not homogenous built-up areas, and the ways that
the development and population or activity clusters are arranged
are important.

Through this study, we find evidence of improved environ-
mental sustainability associated with higher compactness (UF3)
and fewer activity clusters (UF2). The relationship of social sus-
tainability with urban form is weak. In contrast, better economic
sustainability is associated with concentrated decentralization or
polycentricity, which reflects a fine balance of the density of ac-
tivity clusters per million population (UF1 and UF2), the propor-
tion of activity clusters larger than the average size (UF6) and the
spatial distribution of activity clusters (UF3). For each of the ur-
ban form indicators, there is a non-linear relationship with sus-
tainability. In particular, lower compactness or urban expansion
(higher UF1) is positively related to sustainability at first. How-
ever, the relationship reverses after the critical threshold at ~0.5-
0.6, suggesting that higher compactness (lower UF1) is positively
related to comprehensive sustainability. For UF2, an increase in
the number of activity clusters is first positively correlated with
improvement in sustainability and then it turns negative. Then,
UF3 suggests that a higher degree of spatial concentration of ac-
tivity nodes (higher UF3) first improves sustainability and then
reduces it. The turning point seems to be ~0.7. Besides, larger
and more viable second (high UF4) and third (high UF5) largest
activity clusters are beneficial to sustainability performance. Fi-
nally, a higher share of larger-than-average activity clusters (lower
UF6) suggests improved overall sustainability performance.

Overall, polycentricity needs to be balanced carefully to
ensure centralized decentralization. A monocentric urban
form and too many small activity clusters are not good for
comprehensive sustainability. The results of the machine
learning models reconfirm the critical importance of having
a stronger second activity cluster comparable to the largest
one (AUF4,,;550;0)- When planning cities, some forms of land
use buffering, such as natural habitat or green space, are de-
sirable (AANC,y;5.5010)- There is also evidence for developing
relatively large activity nodes (UF4, UF6, and AUF6,;5.1)
and promoting compactness in urban form (UFI) as policy
goals. Beyond urban form characteristics, the findings sug-
gest that the level of economic development (AGDP,;55010
and GDP,y,,) and population (APOP,y;s ;9 and POP,y,,) are
still highly relevant. While economic growth is conducive
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to comprehensive sustainability, the pressure of population
growth on sustainability is strong. At the regional level, higher
sustainability has been associated with about half of the cities
being in the mature stage of city development (i.e., higher
urbanization rate and a more gradual change of urbanization
rate). In the GBA, five out of the 11 municipalities have been
highly urbanized by 2019.

However, this study has also some limitations as we only ex-
amine two major regions in China. Moreover, each dimension
of sustainability is only represented by one indicator associated
with one Sustainable Development Goal (SDG). After demon-
strating the feasibility and value of this conceptual framework
and methodology, the analysis can be widened with more sus-
tainability indicators to encompass more SDGs at the target level.
Also, future research can conduct cross-country comparisons so
that the results are more generalizable. Nonetheless, the data col-
lected and analyzed in these two regions (over 200 000 grids) are
already massive, and the findings of this study provide valuable
empirical insights for achieving sustainability related to SDG 15,
SDG 3, and SDG 8. Last but not least, future research should
be directed at examining and strengthening mutually supportive
city-region interactions so that there can be a balance of all three
sustainability pillars at the city-region scale.

5. Experimental Section

Study Area: This paper systematically looks at the Greater Bay Area
(GBA) in South China and the Poyang Lake Region (PLR) in Central China.
People living in each of the two regions shared similar local dialects
and cultures, and have close economic ties as a functional regions in
history.[343%] The former, being a strategic region in national development,
covers nine municipalities in Guangdong and two Special Administrative
Regions (SAR). They are Dongguan, Foshan, Guangzhou, Huizhou, Jiang-
men, Shenzhen, Zhaoqing, Zhongshan, Zhuhai, Hong Kong SAR, and
Macau SAR. The total area is over 56 000 km?2. The latter, centers around
Poyang Lake, covers eleven municipalities, including Fuzhou, Ganzhou,
Jian, Jingdezhen, Jiujiang, Nanchang, Pingxiang, Shangrao, Xinyu, Yichun,
and Yingtan in Jiangxi province. The total area is 166 000 km?. Table S1
of Appendix A (Supporting Information) shows a summary of the study
area and the abbreviations of city names. To properly consider the spa-
tial dimension of cities and regions, the study area was divided into
1 km x 1 km cells. The numbers of cells were 57 913 and 168 892 for
GBA and PLR, respectively. The projection systems applied in this study
are WGS84_UTM49N and WGS84_UTMS50N for GBA and PLR, respec-
tively.

Sustainability Measures and Data Sources: First, indicators were se-
lected with respect to the SDGs and the three pillars of sustainability. As
a pilot study, the indicators included were limited and primarily based on
data availability. This was a limitation of the study that needs to be ad-
dressed in future studies. Nonetheless, by focusing on one indicator to re-
flect each dimension of the environment, society, and economy, this study
manages to examine the relationship between urban development (no-
tably urban forms) and comprehensive sustainability in a more in-depth
manner at fine spatial resolution. The framework can be extended to more
indicators of SDGs once the feasibility and value of the approach have
been established. Through considering different directions of change of
SDGs, it also aims to identify whether there was any complementarity or
trade-off among different dimensions of sustainability in a city region.

In relation to SDG 15 of Life on Land, the key environmental indica-
tor chosen was the Enhanced Vegetation Index (EVI) (SDT), which indi-
cated the level of vegetation greenness with correction factors for atmo-
spheric conditions. Again, more specific indicators of SDG at the target
level (rather than the higher goal level) were desirable at a later stage be-
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yond this pioneer study. The data were compiled from the database of
MOD13A2.006 Terra Vegetation Indices 16-Day Global 1 km (LP DAAC,
20271). Summer mean data (June, July, and August) were extracted between
2015 and 2019 on the 1kmx T km grid. It was measured in a range of —1-1.
A larger value represents a higher level of greenness in the area.

Based on SDG 3 on Good Health and Well-being, the basic social indi-
cator was the mortality rates (number per 1000 persons) (SD2). The mor-
tality rate indicates the ratio of an actual number of deaths to the total
population. The total population and number of deaths between 2015 and
2019 were extracted in the most disaggregated administrative unit avail-
able from government statistical yearbooks. To derive the mortality rates
at a grid level, the values of both variables were distributed to each cell
based on the nighttime light data using the pro-rata method. Specifically,
the annual nighttime light data (in the unit of "W cm™2 sr~1) between 2015
and 2019 were derived from enhanced vegetation index adjusted NTL in-
dex (EANTLI) of 2000-2013, composited NPP-VIIRS NTL data from 2012
to 2018 and DMSP-OLS radiance-calibrated NTL (RNTL) data using auto-
encoder network and cross-sensor calibration on Google Earth Engine and
CUDA parallel computing platform.[40] Hence, the total deaths (D;) and
population (Pop;) in grid i were calculated by the following equations:

NL,;
D;=D, X 5 M
y
NL;
Pop; = Pop, x NL. (2)

14

where D, and Pop, indicate the number of deaths and population in ad-
ministrative unit y respectively, NL; refers to the nighttime light index in
grid i, and NL, refers to the total nighttime light index in administrative
unit y.

In relation to SDG 8 on Decent Work and Economic Growth, the eco-
nomic indicator was Gross Domestic Product (GDP) per capita (SD3),
which was the ratio of actual GDP (in real 2015 Yuan) to population. Both
population and real GDP were summarised in the most disaggregated ad-
ministrative unit from government statistical yearbooks. Then, the value
of real GDP was distributed to each grid based on nighttime light data us-
ing the pro-rata method. This was to reflect that economic activities were
strongly correlated with the intensity of nighttime light.[*142] In general,
the real GDP in grid i (GDP;) was calculated as follows:

GDP. = GDP, x ki 3)
Pi= y N
NL,

where GDP, and NL, indicate the GDP and nighttime light index in ad-
ministrative unit y, and NL; refers to the nighttime light index in grid i.

Urban Form Measures: The degree of urban compactness and poly-
centricity was the focus of this study. The concept of “natural cities” was
first adopted,[“*] which was a spatial model that demarcates urban clusters
based on street networks and street nodes. The rationale behind this was
that human activities were constrained to street nodes, and this bottom-
up approach directly reflects urban aggregations with reference to human
activities, rather than administrative boundaries.[*>#4] Another advantage
of this method was that it only used road network data which are open and
could be accessed easily and measured objectively.

The spatial boundaries and road network were extracted from the
Database of Global Administrative Areas and National Catalogue Service
for Geographic Information.[*>46] The road network data of 2015 and 2019
were used in generating the natural cities in each city. Essentially, the aim
was to capture areas of high economic density, morphological density, and
mixed land use.[21:27:36.47-50] A5 sych, natural cities were referred as activ-
ity clusters or nodes, which are more commonly known in the urban liter-
ature. This approach had been empirically tested in recent studies where
the activity nodes reflected the aggregation of traffic and human activities
in urban areas.[?3]

Based on the activity clusters derived from the natural city model, a to-
tal of six indicators were derived. For easy reference, the descriptions of
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these urban form indicators are also summarized in Table S2 of Appendix
A (Supporting Information). It is noteworthy that all urban form indica-
tors are at the city (not grid) level. First, two direct indicators capture the
main features of urban agglomeration. They both represented the den-
sity of activity clusters per million population. The first indicator was the
density of activity clusters per million population in terms of area (UFT).
For UF1, a smaller value indicates a higher degree of compactness in a
city since each person consumes less land area for urban development.
As a monocentric compact city can give rise to heavy traffic congestion
and crowding issues in a small area, it is generally considered that a form
of decentralized concentration or polycentricity is desirable. The second
indicator measured the density of activity clusters per million population
in terms of the number of activity nodes (UF2). A larger value over time
suggested more activity nodes in the city.

The third indicator captured the degree of spatial concentration of ac-
tivity clusters by the Global Moran’s | (UF3) index, which measures the
spatial autocorrelation according to feature values and feature locations
simultaneously.’11 The equation is listed as follows:

% Z,”= 1 Z;L 1 Wi,jzizj

2
p Z

I = *)

SE

where n is the total number of features, W is the aggregate weight of all
spatial weights, w;; refers to the spatial weight between feature i and j,
and z; is the deviation of an attribute of feature i and its mean. The in-
dex identifies the degree of clustering of the spatial data, ranging from —1
to 1. A value closer to 1 indicates a higher degree of clustering, whereas
closer to —1 represents a higher degree of dispersion, and 0 indicates a
completely random spatial pattern. It is expected that a totally dispersed
pattern approximating urban sprawl (I < 0) is not good. Generally, a pos-
itive value but below 0.75 would more closely approximate decentralized
centralization or polycentricity in urban form.

The last three indicators captured the relationship of the size of ac-
tivity clusters in relation to each other. According to Zipf's Law, activity
clusters tend to have a heavy tail distribution, with far smaller than larger
NCs.[32] The fourth indicator was the ratio between the second-largest and
the largest activity clusters (UF4). If the ratio is high, it indicates that the
difference in the areas of the two largest natural cities is small, suggest-
ing the development of dual city centers or CBDs, and hence a higher de-
gree of polycentricity. On the contrary, a small ratio represents the dom-
inance of one single urban center which suggests a monocentric urban
form. The fifth indicator was the ratio of the size of the third-largest activ-
ity cluster to the largest one in the city (UF5). Polycentricity is difficult to
achieve in urban planning. While some cities now clearly with two urban
cores (e.g., Tsim Sha Tsui and Central in Hong Kong), grooming a third
viable and comparable urban core is challenging. This indicator quantifies
whether the third activity cluster is similar in size to the largest. A high
value suggests concentrated polycentricity with three viable urban clus-
ters. The sixth and final indicator was the share of activity clusters with size
smaller than the average (UF6). Given the rank-size rule, it was expected
that the share of smaller-than-average activity nodes would be bigger than
50%. Nonetheless, beyond this, a larger share suggests a tendency to-
wards urban sprawl. Together, these six indicators quantify the degree of
concentrated polycentricity.

At the grid level, a grid’s relative position in the urban form was mea-
sured by its distance to the nearest activity cluster ({NC). This method was
developed in a recent study.[5? In this study, the aim is to see whether the
proximity of a grid to existing activity clusters is beneficial to its overall
sustainability or not.

Sustainability Dynamics in the Spatial/Regional Context: Over time,
changes in sustainability (SD7to SD3) were captured by integrating the dy-
namics of the three selected sustainability indicators. From 2015 to 2019,
any change within £5% is considered as no change and has a score of 0.
The reason for including the margin of 5% for identifying changes was to
recognize that statistical data in cities were often collected from various
surveys that incorporate errors. Based on the general rule of statistical
significance at 0.05 level, 5% was chosen to detect changes in this analy-
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sis. Thus, deterioration refers to a decline of 5% or more and was given a
score of —1. An improvement of 5% or more was given a score of 1. There-
fore, for each grid, the total score ranges from 3 to —3. Three is the best
scenario that illustrates improvements in all three sustainability aspects,
that is, an increase in EVI, a decline in mortality rates, and an increase in
GDP per capita in the grid area over the study period. In contrast, —3, with
deterioration in all three indicators, is the worst. This variable at the grid
level is called the Sustainability Dynamic Score (SDS). When the analysis
was aggregated at the city level, the sum of SDS was divided by the total
number of grids of the city to reflect the city size. In this way, the general
sustainability dynamics could be analyzed for each city. To avoid confu-
sion, the aggregated and weighted SDS at the city level is called City-level
SDS (City-SDS).

A core objective of this study was to examine the role of urban form
in sustainability dynamics at the regional level. Are city compactness and
polycentricity beneficial to sustainability? To answer this, this study applies
two tree-based machine learning models to analyze the relationship at the
grid level. Both models consider the SDS in each grid as the dependent
variable, and various urban form indicators (UF1,p;9-UF6,079, ANCy019,
and AUF T ,9;5.79-AUFG;5.19) as independent variables. This included the
key sociodemographic variables (i.e., population, GDP, economic struc-
ture, and their changes from 2015-2019) and geographical features (i.e.,
the ratio of activity cluster area in a grid, distance to the nearest activity
cluster, road density, designated natural reserves, virgin land, and their
changes), and the overall city size as control variables. The list of control
variables, as well as their variable names, is shown in Table S3 of Appendix
A (Supporting Information).

Machine learning models, such as Random Forest (RF) and XGBoost
(XGB), are known to provide better model fit when compared with other
traditional statistical models, especially when examining non-linear re-
lationships. In running these models, hyperparameter tuning was con-
ducted by splitting the data into both training (70%) and testing datasets
(30%). A randomized fivefold cross-validation was used to derive the most
suitable combinations of hyperparameters that maximize model perfor-
mance. The mean absolute error (MAE), mean square error (MSE), and
R? were used as the metrics for evaluating model performance.>334] Fi.
nally, permutation importance was examined to identify critical variables
that were having stronger influences on the sustainability dynamics.
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the author.
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