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H I G H L I G H T S

• Shandong Province consumes numer-
ous stock capital and in an unsustain-
able development state.

• 17 cities widespread showed ecological
deficits, and energy has a positive corre-
lation with footprint depth.

• The relationship between economic de-
velopment and ecological footprint is
roughly "n" Kuznets curve.

• 17 cities are classified to four types
according to the difference in natural
capital utilization.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 24 March 2018
Received in revised form 20 July 2018
Accepted 8 August 2018
Available online 9 August 2018

Editor: P. Kassomenos

This study used the revised three-dimensional ecological footprint model (3DEF), to calculate the status of sus-
tainable ecological development in Shandong Province in 2010–2015, analyze dynamic changes in sustainability
characteristics, and explore factors affecting sustainable development. The results showed the following
(Wackernagel & Rees, 1996). Seventeen prefecture-level cities featured varying degrees of ecological deficits,
and ecological developmentwas unsustainable in all cities (Wackernagel et al., 2004). Footprint sizes differed be-
tween the cities, but changed little over time. Cropland was the main contributor to footprint size, as it was the
main capital flow utilization component (Daly, 1994). For all cities, footprint depth exceeded the original length
of 1; lack of capitalflow caused capital stock depletion. Therewas a significant positive linear correlation between
changes in energy footprint and footprint depth (Zhou et al., 2015). The 17 prefecture-level cities were divided
into four natural capital utilization categories using clustering: zone I (2 cities), in which capital stock consump-
tion greatly exceeded capitalflowoccupancy, contain themost severe ecological stress; zone II (9 cities),wherein
the level of stock capital consumptionwas significantly higher than capitalflow consumption, the regional devel-
opment pressurewas greater, and the ecological sustainability was lower; zone III (4 cities), which featuredmild
natural capital utilization and a relatively high capacity for sustainable development; zone IV(2 cities), which fea-
tured lagging stock capital utilization, relatively, and the highest capacity for sustainable development. These re-
sults would help coordinate resource utilization and economic development in Shandong Province.
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1. Introduction

The rational use of natural resources and protection of the environ-
ment are crucial for sustainable regional sustainable development. The
ecological footprint (EF) model established by Wackernagel and Rees
(1996) provides a new perspective in regional sustainable development
assessment and has been widely recognized and applied by scholars. EF
represents the ecological environmental occupancy in terms of resource
consumption in a certain population. Biological capacity (BC) represents
the ability of the natural capital to supply. Then, the sustainability of
local development is assessed by comparing the natural capital supply
and demand (Wackernagel et al., 2004). Natural capital can be divided
into capitalflows and capital stocks (Daly, 1994). Unfortunately, the tradi-
tional EF model does not distinguish the relationship between natural
capital flows and capital stocks, nor does it reflect the temporal accumu-
lation of ecological overdraft (Zhou et al., 2015). Numerous scholars have
sought to overcome these deficiencies (Dai et al., 2010; Niccolucci et al.,
2009; Niccolucci et al., 2011; Peng et al., 2006; Zhang and Zhang, 2006;
Zhou et al., 2015). Niccolucci et al. (2009) introduced ecological footprint
depth (EFdepth) and ecological footprint size (EFsize) into a new spatio-
temporally resolved three-dimensional ecological footprint(3DEF)
model, in which EFdepth and EFsize reflects the depletion of capital stocks
and use of capital flows, respectively. The original EFdepth value is 1; in
this case, natural capital supply and demand are in dynamic equilibrium,
i.e., a state of sustainable development. EFdepth values exceeding the orig-
inal value of 1, indicate ecological overloading and unsustainable natural
capital use (Niccolucci et al., 2011; Wang and Wang, 2011). To explore
global EFdepth and EFsize values from 1961 to 2006, Niccolucci et al.
(2011) used national footprint date to test and verify the 3DEF model at
the national scale. The 3DEFmodel as a new approach provides amultidi-
mensional perspective fromwhich to explore regional sustainability. Fang
first applied the 3DEFmodel concept andmethod in China, analyzing pro-
vincial capital utilization patterns in China and conducting cluster analysis
for the provinces; the provincial natural capital utilization patterns fea-
ture obvious geographical agglomeration (Fang and Li, 2012). Using Bei-
jing as an example, Peng discussed the multidimensional framework of
“ecological equality and efficiency” by combining natural capital and
Human Development Index (HDI). Based on an analysis of EFsize and
EFdepth, Peng et al. (2015) observed that the consumption of capital
stock and capital flow complement each other. Subsequently Fang ex-
plored the development of the classical EFmodel and the 3DEFmodel, ob-
serving that previous studies did not provide clear calculations of EFsize,
and that offsets in ecological deficits and surpluses for different land
types affected the accuracy of the results; therefore, Fang and Reinout
(2012) optimized the indicator calculation method and suggested that
the improvedmodel required further empirical research. Then, Fang con-
ducted empirical research in China, the world, and the G20 countries,
finding that the revised 3DEFmodelmore accurately reflects natural cap-
ital utilization in these regions (Fang, 2013, 2014, 2015; Fang et al., 2013).
Liu et al. performed research at the city scale using the revised 3DEF
model, calculating the level of sustainable development in Zhangjiakou
City and observing that BC decreases - when 3DEF and deficit increase;
the results were used to predict trends of sustainable development in
2014–2020, providing data to support future development in Zhangjia-
kou (Liu et al., 2016).

Using the revised 3DEF model, scholars have examined the factors
affecting the ecological footprint. Fang et al. (2013) observed that fossil
fuels are the most important means of capital stocks utilization and a
dominant driving force behind ecological overload. Resource-rich
countries have higher capital flows, less need for capital stocks, and
they always have higher EFsize and lower EFdepth; the opposite is true
for resource-poor countries. According to an analysis of G20 countries,
natural capital flow occupancy and capital stock consumption are com-
plementary; and sustainable development is constrained by resource
endowments and economic development (Fang, 2014). There is a neg-
ative correlation between capital flow occupancy and capital stock

consumption in 11 countries worldwide, and the natural resource
flow occupancy level is mainly constrained by renewable resource en-
dowments, while the consumption of natural capital stock is driven by
the level of socio-economic development (Fang, 2015). Using the
3DEF model, Du et al. observed that all 13 cities in the Beijing-Tianjin-
Hebei urban agglomeration showed ecological deficits. EFdepth is affected
by the quantity and structure of energy consumption and shows an
“inverted N-type” Kuznets curvewhen plotted against the regional eco-
nomic development level (Du et al., 2016). Research results from the
3DEF model were reviewed, and the revised 3DEF model was found to
be more accurate for calculating regional sustainable development
levels; in addition, economic development and energy consumption
were found to have substantial impacts on the footprint. However,
many previous studies analyze only single samples or compare different
regions within a single year; few studies have compared different re-
gions over different periods.

China has undergone continuous urbanization, and the urbanization
rate in Shandong Province increased from 49.71% in 2010 to 59.02% in
2016 (Shandong Provincial Bureau of Statistics, 2011, 2016), at an average
annual growth rate of 1.55%. As the second largest province of China, in
terms of population, Shandong Province ranks third in the country in
gross domestic product (GDP). Because theypose a great challenge to sus-
tainable ecological development, energy consumption andwaste disposal
cannot be ignored. AlthoughQingdao andWeihai have been listed among
the top 10most livable cities in China formany consecutive years, the ex-
tensive, energy resource-based development model in Shandong Prov-
ince has become a bottleneck, restricting economic development; and
creating great pressure on the ecological environment.

Shandong Province, an important economic region in northern
China, and faces serious ecological fragility, environmental pollution,
and resource consumption issues; faces the challenge of replacing old
growth drivers with new ones. In order to improve the level of ecolog-
ical environment and promote regional coordinated development, this
paper explored the level of sustainable development, the relationship
between economy, population and natural resources utilization, sus-
tainable level of natural capital utilization and causes of differences in
natural capital consumption. This study uses the revised 3DEF model
to provide scientific and objective ideas for green development, ana-
lyzed the composition of and differences in per capita EFdepth and EFsize,
and distinguishes and tracks capital flow consumption and capital
stock depletion. The results will provide a reference for the coordinated
development of social economy and ecological environment.

2. Overview of research area

Shandong Province (114°47.5′E to 122°42.3′E, 34°22.9′N to
38°24.01′N) is located along the eastern coast of China and lower reaches
of the YellowRiver (Fig. 1). It contains 17 cities, including 2 sub-provincial
cities (Jinan, Qingdao) and 15 prefecture-level cities. The province in-
cludes the peninsula and inland areas. Rich in marine resources, the off-
shore area accounts for 37% of the total area of the Bohai and Yellow
Sea; beaches account for 15% of the area. The total land area of Shandong
Province is 15.79 million hm2, making it the 20th largest province in
China. Thewarm, temperatemonsoon climate features an annual average
temperature of 11–14 °C. Shandong has abundant mineral reserves, and
occupies an important position in China. According to the 6th Chinese
census, the province had a resident population of 95.79 million in 2010
With a concurrent, GDP of 3.9 trillion yuan. The population increased to
98.47 million and the GDP increased to 6.3 trillion yuan in 2015.

3. Data sources and three-dimensional ecological footprint accounting

3.1. Data sources

This study uses primarily socioeconomic data and land use data. The
socioeconomic data used herein include biological resource consumption
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