
Contents lists available at ScienceDirect

Ecological Indicators

journal homepage: www.elsevier.com/locate/ecolind

Original Articles

Natural capital utilization on an international tourism island based on a
three-dimensional ecological footprint model: A case study of Hainan
Province, China
Hongwei Donga,b, Peng Lia,b, Zhiming Fenga,b,⁎, Yanzhao Yanga,b, Zhen Youa,b, Qiang Lic
a Institute of Geographic Sciences and Natural Resources Research, CAS, Beijing 100101, China
b College of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China
c Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China

A R T I C L E I N F O

Keywords:
Three-dimensional ecological footprint model
Natural capital stocks
Natural capital flows
Hainan Province, China

A B S T R A C T

Natural capital is a limited and irreplaceable factor for human welfare and sustainability. Natural capital in-
cludes natural capital flow and natural capital stock. When natural capital flow cannot meet the needs of re-
gional development, it begins to consume natural capital stock. Therefore, the assessment of the current utili-
zation status of natural capital flows and stocks is not only the basis for regional ecological construction
evaluation but also an important indicator of the effectiveness of regional sustainable development strategies.
This study uses the three-dimensional ecological footprint model to systematically and comprehensively evaluate
the utilization status of natural capital flows and stocks in Hainan Province from 2005 to 2016. The driving
factors behind changes in the natural capital stock are revealed using a partial least squares method. Our results
indicate the following. (1) The per capita ecological footprint of Hainan Province is increasing at an annual rate
of 3.87%, and the per capita ecological deficit is increasing at an annual rate of 5.85%. The ecological footprints
are mainly composed of cropland and forest land and the account composition is dominated by the biological
and energy accounts; (2) The growth of water body natural capital flow promotes the total natural capital flow
consumption of Hainan Province from 2005 to 2016 with an annual average of 0.41%. The natural capital flow
consumption is mainly in the north, northeast and southwestern cities and counties, and the growth rate of
natural capital flow consumption is greatest in the central mountainous region; (3) The consumption of total
natural capital stock is growing at an average annual rate of 4.49%, from a value of 2.97 times the sustainable
resource consumption of Hainan Province in 2005, increasing to a factor of 4.81 times in 2016. The natural
capital stock consumption is mainly in the north and northeast in terms of quantity and growth rate; (4) The
secondary industries, the year-end resident population, the total energy consumption and the total investment in
fixed assets are the natural capital stock consumption of Hainan Province. These findings can provide a scientific
reference for the formulation of Hainan’s economic development and environmental protection policies to
promote the coordinated and sustainable development of social, economic and environmental aspects of Hainan
Province.

1. Introduction

Since the publication of Our Common Future in 1987, sustainable
development has evolved from theory to practice. Eco-economics has
reached a consensus on sustainable development, noting that the
minimum level of sustainable development is such that the natural
capital stock that does not decrease (Pearce et al., 1989; Pezzey, 1990;
Costanza and Daly, 1992). Natural capital is a general term for the
natural resources and ecological services provided by the ecosystem.

Natural capital is divided into two parts: natural capital flow and nat-
ural capital stock. Natural capital flow refers to the inter-annual supply
of renewable resource flows and their ecological services. Additionally,
natural capital stock refers to the cumulative reserve of non-renewable
resource flows, which is consumed only when the natural capital flow is
insufficient (Daly, 1996). Therefore, ways to measure the utilization of
natural capital objectively and accurately are particularly important.
Over the past several decades, some indicators have been suggested to
achieve reliable natural capital accounting, the important of which is
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the ecological footprint theory (Wackernagel et al., 1999). Since the
development of this theory, the ecological footprint approach has been
widely used to assess the use of natural capital.

Based on the classic ecological footprint model, Borucke et al.
(2013) improved the natural capital accounting method, analysed the
natural capital footprint of more than 200 countries, and found that
most countries have experienced ecological deficits, indicating that
these countries are in an unsustainable state. Li et al. (2016) analysed
the dynamic changes in the ecological footprint of arid regions in
northern China from 1990 to 2010 on a time-series basis. The study also
showed that the region has become unsustainable, although the tradi-
tional ecological footprint model recognizes the importance of natural
capital in sustainable development. However, this model cannot dis-
tinguish the mutual relationship between capital flow and capital stock,
and the accumulation and unsustainable status of ecological overdraft is
difficult to reflect temporally (Mancini et al., 2017). Therefore, the
three-dimensional ecological footprint (3D EF) model was proposed by
Niccolucci et al. (2009, 2011). These researchers introduced the eco-
logical footprint depth (EF depth) and ecological footprint size (EF size)
measurements to characterize the levels of natural capital stocks and
flows, building on previous ecological footprint research methods. Peng
et al. (2015) incorporated this model into a 3E (ecology-equity-effi-
ciency) framework for assessing the use of natural capital in Beijing.
The model was recently adopted by Yang and Hu (2018), who mon-
itored the changes in the EF size and depth of north Shaanxi in China.

Compared with the traditional ecological footprint model, the three-
dimensional ecological footprint model can compare and track the use
of natural capital stocks and flows, but it remains largely ignored by
researchers in the sustainability debate, which may be due to two
reasons. First, the existing three-dimensional ecological footprint model
overestimates the size of the footprint and underestimates its depth at
the regional scale (Niccolucci et al., 2011). Accurate ecological deficit
results are the premise for and key to calculating the footprint depth.
For a single category, the ecological deficit equals the difference be-
tween a category’s ecological footprint and its bio-capacity. However, a
region usually contains multiple types of land. If the regional ecological
deficit is still subtracted from the sum of the ecological footprints of
various regions and the bio-capacity, it may underestimate the true
state of the ecological deficit to a certain extent. The reason for this
underestimation is that the ecological deficit of certain land types (such
as cultivated land) is partially offset by the ecological surplus of other
land types (such as grassland), resulting in a smaller regional ecological
deficit and regional footprint. Therefore, the calculation of regional
ecological deficits must be based on detailed regional ecological deficit
data, rather than on the final regional cumulative data. Second, the lack
of standardized detailed calculation formulas makes practical applica-
tions difficult (Mancini et al., 2017; Fang et al., 2018). Therefore, Fang
(2015) and Fang et al. (2018) improved the existing three-dimensional
ecological footprint model and established a universal formula for the
size and depth of the footprint on the land use types and regional scales
to more accurately calculate the regional ecological deficit. This work
not only makes its calculation result scientific and persuasive but also
easy to operate and apply. It is thus a non-negligible part of sustainable-
development research, with a view to providing a scientific basis for
regional sustainable development and providing a scientific reference
for the formulation of sustainable development policies.

The establishment of Hainan Province and a special economic zone
in 1988 provided an opportunity for the development of Hainan, a
backward border island. With the collapse of the property market in
1998, Hainan Province took the lead in proposing to build an ecological
province, with eco-tourism and tropical agriculture as important in-
dustrial pillars. In 2009, the State Council issued the “Several Opinions
on Promoting the Construction and Development of Hainan
International Tourism Island”, which elevated the construction of
Hainan International Tourism Island to a national strategy. In 2017, the
7th Party Congress of Hainan Province once again emphasized the need

to speed up the construction of an international tourist island and give
play to the “three advantages” (the best ecological environment in the
country, the largest special economic zone in the country and the only
provincial international tourism centre in the country), that is, to speed
up the construction of new Hainan. Ulucak and Lin (2017) showed that
policy implementation such as government policies to encourage or
discourage the use of fossil fuels has an important impact on ecological
footprint changes and that the ecological footprint is also an important
consideration in policy formulation. Now, Hainan Province faces the
dual pressure of developing its economy while protecting the ecology
and will inevitably face the problems of ecological damage, environ-
mental pollution and resource consumption. Therefore, this study uses
the three-dimensional ecological footprint model to systematically and
comprehensively evaluate the utilization status of natural capital flows
and stocks in Hainan Province from 2005 to 2016. The driving factors
behind changes in the capital stock are revealed using a partial least
squares method. These findings can provide a scientific reference for
the formulation of Hainan’s economic development and environmental
protection policies to promote the coordinated and sustainable devel-
opment of social, economic and environmental aspects of Hainan Pro-
vince.

2. Methods and data

2.1. Study area

Hainan Province is located in the southernmost part of China. The
north is delimited from the Qiongzhou Strait and Guangdong Province,
and the northern borders by the Beibu Gulf. The east and south connect
the South China Sea to the Philippines, Brunei, Indonesia and Malaysia.
This province’s administrative areas include Hainan Island; the Xisha,
Zhongsha and Nansha Islands; and their reefs. This province is the
largest in China with an area of approximately 2 million square kilo-
metres. The land (including Hainan Island and Xisha, Zhongsha, and
Nansha Islands) has an area of 35,400 square kilometres (including
Hainan Island with an area of 33,900 square kilometres). Hainan
Province has a tropical monsoon climate. The distribution of the soil
from low to high in Hainan Island is a complete vertical soil band in the
red soil of the red brick-red soil, the loess red soil and the loess-
mountain shrub. As the country’s major strategic deployment, Hainan
International Tourism Island is officially launched in 2010. This de-
ployment will initially establish Hainan as a world-class island leisure
resort in 2020, making it an open island, a green island, an island of
civilization and an island of harmony. Since the human activities in
Hainan Province are mainly concentrated on Hainan Island, the study
area in this paper mainly concentrates on Hainan Island and its sur-
rounding sea areas, totalling approximately 23,712.9 square kilometres
and strongly disturbed by human activities (as in Fig. 1).

2.2. Methods

2.2.1. Calculating ecological footprint and biocapacity
The ecological footprint account in this study is divided into four

parts: the biological account, the built-up land account, the energy
account and the pollutant account. To maintain the consistency of the
ecological footprint and the components of the biocapacity land cate-
gory, this study integrated the land for construction into the calculation
of cultivated land and incorporated land for pollutant discharge ac-
counts into forest land, water areas, and cultivated land, which were
used respectively to absorb sulfur dioxide, wastewater and the accu-
mulation of solid waste (Yang et al., 2018).

In calculating land use types and individual accounts for the eco-
logical footprints of production and waste generation the following
formula is used (Lin et al., 2018):
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=EFP P
YW

EQF IYF (1)

where EFP is the ecological footprint associated with a product or waste
(gha), P is the amount of product extracted or waste generated (t yr−1),
YW is the world-average yield for product extraction or waste absorp-
tion (t wha−1 yr−1), EQF is the equivalence factor for a given land use
type (gha wha−1), IYF is the intertemporal yield factor of a given land
use type.

The single biocap worksheet uses data on area, yield factors, and
equivalence factors to calculate the bio-capacity of each land type. The
calculation of bio-capacity follows (Lin et al., 2018):

=BC A YF IYF EQF (2)

where BC is the bio-capacity of a given land use type (gha), A is the area
of a given land use type within a country (nha), and YF is the yield
factor of a given land use type within a country (wha nha−1), IYF is the
intertemporal Yield factor of a given land use type for that year, EQF is
the equivalence factor for a given land use type (gha wha−1), and BC is
calculated by subtracting 13.4% of the local biodiversity (Venetoulis
and Talberth, 2005).

2.2.2. Ecological footprint size and depth
Fang (2015) and Fang et al. (2018) improved the existing three-

dimensional ecological footprint model and established a universal
formula for the size and depth of the footprint on the land use types and
regional scales to more accurately calculate the regional ecological
deficit, following the formulas:

=EF EF BCmin{ , }size i, i i (3)

= +EF EF BC BC1 max{ , 0}/depth i i i i, (4)

=
=
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= =
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where EFsize,i is the EF size of the natural capital flow for the i-th land
use type (gha), EFdepth,i is the EF depth of the natural capital stock for
the i-th land use type, EFsize,region is the region’s EF size of natural ca-
pital flow (gha), EFdepth,region is the region’s EF depth of natural capital
stock, EFi is the ecological footprint for the i-th land use type (gha), and

BCi is the bio-capacity for the i-th land use type (gha).

2.2.3. Regional natural capital flows remain
The existing three-dimensional ecological footprint model is char-

acterized by the introduction of footprint size and depth to characterize
the consumption of natural capital flows and capital stocks. It focuses
on measuring the overdraft of natural capital stocks in the context of
ecological deficits, and does not involve the surplus of natural capital
flow (Niccolucci et al., 2009). Therefore, this study built a natural ca-
pital flow surplus calculation formula based on regional land use types
and scaled to accurately quantify the surplus of regional natural capital
flow, calculated as follows:

=EFremain i EFi BCi BCi, 1 {min[ , ]/ } (7)

where EFremain,i is the remaining natural capital flow for the i-th land
use type (gha).

2.3. Data sources

The research period for this study was from 2005 to 2016. Because
there is no detailed trade data, when calculating the ecological foot-
prints at the provincial and sub-provincial levels, it is more reasonable
to use the yield of agricultural, forest, animal and aquatic products
instead of consumption to calculate the occupation of an ecologically
productive land area. Detailed data sources and descriptions are shown
in Table 1.

3. Results

3.1. Biological capacity and ecological footprint analysis

Using formulas (1) and (2), the per capita ecological footprint (ef),
the per capita ecological deficit (ed) and the per capita biological ca-
pacity (bc) were obtained from Hainan Province in 2005–2016 (as
shown in Fig. 2). Specifically, the ef is increasing at an annual rate of
3.87%, from 3.43 gha/person in 2005 to 5.21 gha/person in 2016. The
bc is slowly decreasing year by year at an annual rate of −0.93%, from
1.25 gha/person in 2005 to 1.12 gha/person in 2016. The ed is in-
creasing at an annual rate of 5.85%, increasing from −2.19 gha/person
in 2005 to −4.09 gha/person in 2016.

From the perspective of the type of land use within the ecological
footprint of Hainan Province, cropland accounts for the largest

Fig. 1. Location of the study area.
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proportion, followed by forest land and water bodies with the smallest
proportion being grazing land (as shown in Fig. 3). Specifically, in
2016, the ecological footprint of cropland accounted for 63.61% of
Hainan's total footprint, forest land accounted for 32.9%, water bodies
accounted for 2.29%, and grazing land accounted for 1.2%. The pro-
portion of the various land use types in the ecological footprints from
2005 to 2016 has not changed much. Except for the value of 70% for
cropland in 2005 and 2006, the proportion of cropland in other years is
between 61% and 65%. Except for the proportion of forest land in 2005
and 2006 being below 30%, the proportion of forest land in other years
is between 31% and 36%. The proportion of grazing land footprints in
2005–2016 declined overall but did not change much. The proportion
of the footprint of water bodies has decreased from 2.55% in 2005 to
1.85% in 2014, but the proportion has rebounded in the last two years,
which is related to the increase in marine aquaculture in Hainan Pro-
vince in the past two years.

From the perspective of the internal account structure of Hainan's
ecological footprint, the largest proportion consists of the biological
account, followed by the energy account, and again the pollution ac-
count. The smallest proportion is the built-up land account. This cor-
responds to the internal territorial composition of the total footprint of
the study area, as the biological account and energy account, containing

the largest proportions, correspond to the cropland and forest land (as
Fig. 4). Specifically, in 2016, the biological account was 66.24% of
Hainan's total footprint and the energy account was 30.87%, the pol-
lution account was 1.45%, and the built-up land account was 1.44%.
The proportion of the biological account as a whole has fluctuated and
declined, but the change is not large. The proportion of the energy
account has increased year by year since 2005, peaking in 2015 and
falling in 2016, which is related to energy-saving and emission-reduc-
tion measures in the study area. It must be specifically stated that the
proportion of the pollution account is declining year by year, which is
inseparable from the concept of ecological islands and the measures to
build an ecological civilization that the research area has always ad-
vocated.

3.2. Natural capital occupation analysis

3.2.1. Analysis of regional ecological footprint size
Fig. 5 is a trend chart showing the overall ecological footprint size

Table 1
Indicators and data sources and instruction.

Items Indicators Data Sources

Biological account Agricultural products:rice, wheat, sweet potato, cassava, taro,
corn, sorghum, beans, pork and eggs

《Hainan Statistical Yearbook》 (2006–2017)

Forest products:banana, pineapple, mango, lychee, longan, rubber,
coconut, pepper, betel nut, and tea leaf
Grass products:beef, lamb, milk, poultry
Aquatic products:seawater and freshwater

Energy account The consumption of oil, coal and natural gas 《Hainan Statistical Yearbook》 (2006–2017)
Built-up land account Urban village, industrial, mining, and transportation land 《Hainan Statistical Yearbook》 (2006–2017)
Pollution account Domestic sewage and industrial wastewater discharge, SO2

emissions and solid waste accumulation
《Hainan Environmental Statistics Annual Report》(2006–2017)

Land use Land use area Land Resources Data of the Ministry of Natural Resources
(2009–2016)and 《Hainan Marine Functional Division》(2012)

Pollutant degradation SO2 (88.65 kg/hm2), sewage (365 t/hm2) and solid waste
(10.9×104 t/hm2)

《Improvement of Ecological Footprint Model Based on
Freshwater Resource Account and Pollution Accounts》 (Duan
et al., 2015)

Equivalence factor cultivated land (2.52), grassland (0.46), woodland (1.29), water
areas (0.37), fossil energy land (1.29), construction land (2.52)

《Working Guidebook to the National Footprint Accounts》 (Lin
et al., 2018)

Yield factor cultivated land (1.5), grassland (3.8), woodland (1.68), water
areas (3.8), fossil energy land (1.68), construction land (2.5)

《The calculation of productivity factor for ecological footprints
in China: A methodological note》 (Liu et al.,2014)

Population Scale, economic, social and
resource consumption

year-end resident population, GDP, total investment in fixed assets
and total energy consumption et al

《Hainan Statistical Yearbook》 (2006–2017)

Fig. 2. Trend of ef, ed and bc from 2005 to 2016 in Hainan Province.

Fig. 3. Proportion of the four land types in the total ecological footprint.
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time series in the study area. On the whole, the size of the footprint of
Hainan Province has been increasing slowly from 2005 to 2016, while
the size of the per capita footprint has been slowly fluctuating. This
shows that although the use of natural capital flows in Hainan Province
has increased slightly, the population growth rate is faster. Therefore,
the per capita use of natural capital flows has decreased. Specifically,
the use of natural capital flows in Hainan Province increased at an
average annual rate of 0.41%, from 8,122,382.55 gha in 2005 to
8,495,521.48 gha in 2016. The per capita natural capital flow use de-
clined at an average annual rate of −0.52% from 0.98 gha/person in
2005 to 0.93 gha/person in 2016.

Fig. 6 is a schematic diagram showing the sequence changes of the
ecological footprint of each county in the study area at three points in
2005, 2010 and 2016. In terms of total consumption, natural capital
flow consumption exceeds 600,000 gha in Zhangzhou, Haikou and
Wenchang. Consumption below 200,000 gha is mainly concentrated in
Wuzhishan, Qiongzhong, Baoting and Baishan Counties and other
central mountainous areas of Hainan Province. The consumption of
other counties is concentrated between 200,000 and 600,000 gha. In
terms of consumption growth, the average annual growth rate of nat-
ural capital flow consumption increased by more than 3% in the central

mountainous areas of Hainan Province such as Qiongzhong, Baoting,
Wuzhishan, Baisha and Ledong. Suichang, Zhangzhou and Lingshui are
among the areas between 1% and 3% and the average annual growth
rate of capital flow consumption of all other counties is below 1%.

3.2.2. Analysis of regional ecological footprint depth
Fig. 7 is a trend diagram showing the time series of the overall

ecological footprint depth in the study area. The depth of the ecological
footprint in the research period of Hainan Province is greater than 1,
indicating that the natural capital flow in the region can no longer meet
the needs of regional development and consumes a large amount of
natural capital stock. In 2016, Hainan's ecological footprint depth was
4.81, which means that 4.81 times the existing area is needed to sup-
port the resource consumption of Hainan Province. The resource pres-
sure is very high. The depth of Hainan’s ecological footprint has grown
at an average annual rate of 4.49% from 2.97 in 2005 to 4.81 in 2016.
This shows that the utilization of natural capital in Hainan Province is
both natural and capital-based, and the regional sustainability is dete-
riorating (Fang, 2014). Specifically, the growth of natural capital stock
consumption in Hainan Province can be divided into three stages. The
first stage is 2005–2007, with the total amount of stock consumption in
this stage fluctuating greatly. The second stage is 2007–2013 during
which the total consumption of the stock increased significantly. The
third stage was 2013–2016; the total amount of stock consumption in
this period changed more smoothly, which is related to the focus in
Hainan Province on the construction of an ecological civilization in
recent years.

Fig. 8 is a schematic diagram showing the sequence of changes in
the ecological footprint depth of each county in the study area at the
three time points of 2005, 2010 and 2016. Judging from the total
consumption of natural capital stock, counties with a depth of more
than 6 in 2016 include Chenzhou, Haikou, Qionghai, Ding’an and
Chengmai. Areas with a depth of less than 2 are located in Wuzhishan
and Qiongzhong counties, which are located in the central mountainous
area of Hainan Province. The ecological footprint depth of the re-
maining counties is between 2 and 6. In terms of the growth rate of
natural capital stock consumption, the areas with an average annual
growth rate of more than 6% include Zhangzhou, Chengmai, Chang-
jiang, Baoting and Ding’an. The areas with an average annual growth
rate of less than 2% include Lingao, Wenchang, Haikou, Wuzhishan and
Ledong, and the average annual growth rate of the remaining counties
is between 2% and 6%.

3.2.3. Analysis of remaining regional natural capital flows
Using formula (5), you can obtain the percentage of natural capital

flows remaining in each land use type of the study area (as Fig. 9). From
Fig. 5, we know that the total consumption of natural capital flows in
Hainan Province is slowly increasing from 2005 to 2016, but it is un-
clear for exactly what type of land uses the natural capital flows are
growing. It can be seen from Fig. 9 that there is no surplus of capital
flow for cropland, forest land and grazing land in Hainan Province from
2005 to 2016, all of which are consumed; however, the supply of water
body capital flow is increasing and the remaining amount is still rela-
tively large. Overall, the percentage of the remaining amount of water
body capital flow in Hainan Province decreased from 75.17% in 2005
to 62.38% in 2016 at an annual rate of −1.68%.

3.3. Factors driving changes in the EF depth of the natural capital stock

The ecological footprint reflects the region’s degree of sustainable
development and utilization of resources. It has a direct or indirect
relationship with the region’s social and economic development. In this
research, the natural capital flow used has changed little, and the main
reason for the increase in the ecological footprint is the increase in the
utilization of natural capital stock. To explore the driving factors of the
use of natural capital stock in Hainan Province, a PLS model of the EF

Fig. 4. Proportion of the four accounts in the total ecological footprint.

Fig. 5. Trend of the overall ecological footprint size in Hainan Province.
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depth of the natural capital stock was built. Referring to the indicators
that already affect the ecological footprint (Lai et al., 2006; Fang et al.,
2009; Jia, 2015), the EF depth of the natural capital stock was selected
as the dependent variable Y, and 11 indexes of four major in-
dicators—including population scale, economic indicators, social con-
sumption indicators and resource consumption—were taken as the in-
dependent variables (as shown in Table 2).

Based on the results, the variable importance-in-projection (VIP)
scores were obtained (as shown in Fig. 10). A VIP value greater than 1
indicates particularly important influencing factors. In this study, sec-
ondary industry (X3), year-end resident population (X1), total energy
consumption (X11) and total investment in fixed assets (X6) are parti-
cularly important. A VIP value of greater than 0.8 and less than 1 in-
dicates generally important factors. The remaining general important
factors were ranked in descending order as follows: per capita dis-
posable income of rural residents (X8), primary industry (X2), GDP
(X5), total retail sales of consumer goods (X7), annual per capita

disposable income of urban residents (X9), tertiary industry (X4) and
annual per capita energy consumption of households (X10).

The PLS model of regional EF depth data in Hainan Province ob-
tained the following:

Y=162.272−0.203X1+0.469X2+ 0.465X3+0.452X4-0.467X5
+0.003X6+0.031X7− 0.003X8+0.001X9−0.005X10+ 0.005X11

In terms of the population scale, the year-end resident population is
the second factor affecting the growth in the depth of Hainan’s ecolo-
gical footprint. The population is growing, the demand for products and
services is increasing, and this demand is more dependent on the con-
sumption of natural resources. Therefore, it has become an important
driving force for the growth in the depth of the regional ecological
footprint. In terms of economic factors, the output value of the sec-
ondary industry is the most important factor for the depth growth of
Hainan’s ecological footprint, followed by fixed asset investment. In
comparison, the tertiary industry has little effect on the consumption of
natural capital stock in Hainan Province. In addition, the continuous
increase in the total energy consumption is also an important factor
leading to the continued growth of Hainan's ecological footprint. All of
these fully explain that to reduce the consumption of natural capital
stock in Hainan Province, we should accelerate the transformation of
the economic growth mode, optimize the economic structure, and
promote regional sustainable development. As far as social consump-
tion is concerned, the per capita disposable income of rural residents
has become an important factor affecting the growth in the depth of
Hainan’s ecological footprint. This is related to the increasing invest-
ment of rural residents in agriculture in recent years and the continuous
increase in agricultural output.

4. Discussion

4.1. Ecological stress status of the Hainan Province

Similar to China as a whole, the Hainan Province was in an ecolo-
gical overshoot status during the study period, and its ecological deficit
had an increasing trend on a yearly basis. Since 1961, the per capita
ecological footprint in China has been increasing at a steady rate,
reaching an ecological overspending status in 1969. In the 1990s, the
increase of the per capita ecological footprint accelerated. Since the

Fig. 6. Trend of the ecological footprint size of each county in Hainan Province.

Fig. 7. Trend of the overall ecological footprint depth in Hainan Province.
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Fig. 8. Trend of the ecological footprint depth of each county in Hainan Province.

Fig. 9. Proportion of the four land use types natural capital flows remain in
Hainan Province.

Table 2
Driving factors behind the EF depth of the natural capital stock change.

Aspects Driving Factors Independent Variable

Population Scale year-end resident population (10,000 persons) X1
Economic Indicators primary industry (100 million yuan) X2

secondary industry (100 million yuan) X3
tertiary industry (100 million yuan) X4
GDP (100 million yuan) X5
total investment in fixed assets (100 million yuan) X6

Social Consumption total retail sales of consumer goods (100 million yuan) X7
annual per capita disposable income of rural residents (yuan) X8
annual per capita disposable income of urban residents (yuan) X9

Resource Consumption annual per capita energy consumption of households (kgsce) X10
total energy consumption (10,000 tce) X11

Fig. 10. Variable importance in PLS model’s projection output graph of the EF
depth of the natural capital stock in Hainan Province.
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beginning of the 21st century, China has realized a robust economic
growth, accompanied by the rapid increase of the per capita ecological
footprint and the further deterioration of the ecological overspending
(WWF, 2015). This study modified the conventional ecological foot-
print model by including the consideration of pollution; hence, in order
to increase persuasion and scientificity, it is necessary to take the study
that has modified the conventional ecological footprint model as an
example for clarification. In 2015, the per capita ecological footprint in
the Hainan Province was 5.05 hm2/cap, a value that was lower than the
northern Shaanxi Province (5.299 hm2/cap) (Yang et al., 2018). In
2016, the ecological footprint per capita in China was 1.34 times higher
than that of the Hainan Province, thanks to the decision of the Hainan
Province in 1999 to be an “Ecological Province” (Yang and Yang,
2019). In 2009, the construction of an “international tourism island” in
the Hainan Province was uplifted at the level of national strategy; by
insisting on the development strategy of ecological province and giving
priority to the environment, the Hainan Province aimed to turn itself
into a national eco-civilization construction demonstration area and a
four seasons garden. As a consequence, the quality of the environment
in the Hainan Province is higher than the national average.

From the perspective of the internal structure of the ecological
footprint, the proportion of the cropland footprint in the ecological
footprint in Hainan is the largest, followed by that of the energy foot-
print. Before the 1980s, the cropland footprint had always been the
largest component of the ecological footprint in China. After that, the
energy footprint replaced it as the part with the largest scale and the
fastest growth in China’s Ecological Footprint (WWF, 2015). This is
explained by the fact that, as the national tropical characteristic in-
dustry base, the Hainan Province has given full play to its advantages of
holding tropical resources, striving to develop a modern tropical agri-
culture. So far, an efficient tropical agricultural system has been created
in Hainan. The reliance on external supply for about 80% of crops, li-
vestock, and poultry before the construction of the province has been
decreased, and today the rate of the agricultural output value to the
provincial economic growth is the highest at national level.

4.2. Status quo of regional sustainable development in Hainan

Achieving sustainable development is the consensus of global de-
velopment in the 21st century and one of the major challenges that the
global need to address in the 21st century (Guerry et al., 2015). Eco-
logical economy holds that regional sustainable development means
that the natural capital stock cannot be reduced (Costanza and Daly,
1992). This study accurately calculated the utilization of the natural
capital flow and the consumption of natural capital stock during
2005–2016 in the Hainan Province, according to the established, three-
dimensional ecological footprint calculation formula from land use
types to regions.

As far as the utilization of the natural capital flow is concerned, the
natural capital flows of cropland, forest land, and grassland in Hainan
have been entirely utilized, and the increment of total natural capital
flow in the province mainly comes from the increasing of the water
bodies flow. According to the General Planning of Hainan Province
(Spatial Class 2015–2030), the agricultural and fishery areas in Hainan
include agricultural reclamation areas, fishery infrastructure areas,
aquiculture areas, breeding areas, fishing areas, and fisheries genetic
resources protection areas. By 2020, the agricultural and fishery areas
in Hainan will account for 56.98% of the nearshore functional areas,
thereby presenting a great production potential.

In terms of the consumption of natural capital stock, the ecological
footprint depth in Hainan was 4.81 in 2016; this means that the re-
gional development was in an unsustainable status. Seen from the in-
ternal structure of natural capital stock consumption, the cropland had
the largest natural capital stock consumption, followed by forest land.
However, the natural capital stock consumption of forest land in
Hainan showed the highest growth rate during 2005–2016, mainly

manifested as the accelerated growth of the energy footprint. Therefore,
the main reasons that led to the increase of capital stock consumption in
Hainan included the output value of secondary industry, the residential
population at year-end, the total energy consumption, the total fixed
asset investments. It should be clarified that since 2013, the overall
growth rate of natural capital stock consumption in Hainan has slowed
down, indicating that the construction of eco-civilization (social-eco-
logical sustainability) in the province has been fruitful.

4.3. Policy suggestions for the regional sustainable development of Hainan

The harmony between economic development and environmental
protection has always been a dilemma for national and regional de-
velopment. Based on the results of this study, we propose the following
policy suggestions to achieve a sustainable and healthy development of
the Hainan Province.

First, agricultural development: Adhere to the principle of agri-
culture as the foundation of social economic development in Hainan,
and build tropical agriculture as the “trump card” of Hainan’s economy.
Agriculture should be considered as an important industrial support for
provincial rural development, and to increase the income of farmers.
Finally, the transformation and upgrading of agricultural industry in an
all-round way should be promoted, establishing a resource-saving and
environmentally-friendly industrial system with unique characteristics
and outstanding advantages, and constructing a bigger and stronger
tropical agriculture.

Secondly, social economic development: Insist on scientific devel-
opment and green rise, seize the opportunity to construct an interna-
tional tourism island, significantly improve the quality of the services
and the globalization level, vigorously develop a modern industry led
by tourism, and complete the transformation and upgrading of the in-
dustrial structure. The construction of an ecological province should be
finalized, insisting on a civilized development path characterized by
production and development, affluent existence, and good ecology, and
creating a new, modern construction pattern of harmonious develop-
ment between human and nature.

Thirdly, the implementation of the strategy of constructing a strong
marine province: Optimize the marine spatial pattern, enhance the
protection of the marine environment and its resources, and establish a
marine industrial system led by marine tourism and supported by the
marine oil and gas chemical industry, the marine transportation in-
dustry, and the marine fishery. Moreover, there is the fundamental need
to guarantee the needs of fishermen’s production and living, as well as a
modern fishery development, and effectively protect important fishery
waters, aquatic wildlife, and fisheries genetic resources. As a result, a
fishery development system should be established, in which both the
fishing capacity and the fishing production can basically adapt to the
affordability of fishery resources.

4.4. Uncertainties and limitations

There are some uncertainties and limitations in this study. Further
research work should focus on the following three aspects to improve
the scientific value of the research. First of all, although the three-di-
mensional ecological footprint concept takes a significant step ahead
from the traditional ecological footprint model, its representation of
natural capital is still insufficient. For example, the threshold for nat-
ural capital stock depletion caused by humans remains unclear (Steffen
et al., 2015). Second, natural capital includes our common stock of
natural resources (water, minerals, land, etc.) and ecosystems (Daly,
1996). Therefore, when characterizing human consumption of natural
capital, it should be combined with environmental footprints such as
water footprint, land footprint, and material footprint for comprehen-
sive quantification (Steinmann et al., 2017). Third, the biological ac-
count of this study is based on the accounting of production data.
However, the main drawback of this approach is that it does not take
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into account the environmental pressures embodied in imports, thus
creating incentives to shift environmental pressures outside the pro-
vince (Ali, 2017). Besides, this study adopts a top-down approach, and
all the data used are from the Hainan Statistical Yearbook and the
Hainan Environmental Statistical Yearbook. When calculating the eco-
logical footprint of the county-level scale, the accuracy of the data is
insufficient, and it should be corrected in combination with the field
survey data.

5. Conclusions

Natural capital is a limiting and irreplaceable factor for human
welfare and sustainability. Therefore, the assessment of the current
utilization status of natural capital flows and stocks is not only the basis
for regional ecological construction evaluation but also an important
indicator of the effectiveness of regional sustainable development
strategies. This study uses the three-dimensional ecological footprint
model to systematically and comprehensively evaluate the utilization
status of natural capital flows and stocks in Hainan Province from 2005
to 2016. The driving factors behind changes in the capital stock are
revealed using a partial least squares method. Our results indicate the
following:

(1) From 2005 to 2016, Hainan Province has been facing severe eco-
logical pressure. Specifically, the per capita ecological footprint is
increasing at an annual rate of 3.87%, and the per capita ecological
capacity is slowly decreasing at an annual rate of −0.93%. The per
capita ecological deficit is increasing at an annual rate of 5.85%.
From the perspective of the internal land use types of ecological
footprints in Hainan Province, cropland accounts for the largest
proportion, followed by forest land and water bodies. The smallest
proportion is grazing land. From the perspective of the internal
account structure of Hainan's ecological footprint, the largest pro-
portion consists of the biological account, followed by the energy
account, and again the pollution account. The smallest proportion is
the built-up land account. It is necessary to emphasize that the
proportion of the energy account declined in 2016, and the pro-
portion of pollution account has been declining year by year. This is
in line with the implementation of energy-saving and emission re-
duction measures in the research area in recent years and the
consistently advocated construction of ecological islands to build an
ecological and civilized international tourism.

(2) From 2005 to 2016, the total consumption of natural capital flow in
Hainan Province increased at an average annual growth rate of
0.41%. The increase was mainly from the water bodies and the
space for growth remained large. The rest of the capital flow of
land-use types has been fully consumed. Since the rate of increase in
capital flow is lower than the growth rate of the population, the per
capita capital flow consumption is slowly fluctuating at an average
annual rate of −0.52%. Judging from the various counties in
Hainan Province, the top three counties in terms of total capital
flow consumption are Zhangzhou, Haikou and Wenchang, but the
average annual growth rate of counties with the highest total con-
sumption of capital flow is comparatively low. The counties ranked
lower in total capital flow consumption are mainly concentrated in
the central mountainous areas of Hainan Province such as
Wuzhishan, Qiongzhong, Baoting and Baisha. However, the average
annual growth rate of these regions is relatively high, and their
average annual growth rate continues to be more than 3%.

(3) The consumption of natural capital stock in Hainan Province con-
tinued to grow at an average annual rate of 4.49% from 2005 to
2016. The consumption of total capital stock is growing at an
average annual rate of 4.49%, from a value of 2.97 times the sus-
tainable resource consumption of Hainan Province in 2005, in-
creasing to a factor of 4.81 times in 2016. Resource pressures are
high and regional sustainability is deteriorating. However, since

2013, the growth rate of capital stock consumption has eased, in-
dicating that pressure on resources in Hainan Province has begun to
improve in recent years. From the perspective of counties, the
counties with the highest capital stock consumption are mainly
concentrated in the northern and north-eastern parts of Hainan
Province, such as Zhangzhou, Haikou, Qionghai, Ding'an and
Chengmaiy. The growth rate of consumption is also high, indicating
that resource pressures in these counties continue to grow, and
regional sustainability continues to deteriorate rapidly. The coun-
ties with lower capital stock consumption are concentrated in
Wuzhishan, Qiongzhong and Baisha, and the growth rate of capital
stock consumption of these counties is also low, indicating that
although the resource pressure in these areas has increased, it is
overall more moderate.

(4) The ecological footprint reflects the extent of sustainable develop-
ment and resource utilization in the region, and it has a direct or
indirect relationship with the social and economic development of
the region. The continuous growth of Hainan’s ecological footprint
is mainly due to the increasing consumption of natural capital
stocks. The study found that the increase in the consumption of
natural capital stock in Hainan Province is mainly due to the output
value of the secondary industry, the year-end resident population,
the total energy consumption and total investment in fixed assets.
Therefore, in view of the fact that Hainan Province is still an un-
derdeveloped area as a whole, in order to promote its healthy and
sustainable economic development, it is necessary to speed up the
transformation of the existing industrial structure and reduce the
excessive dependence of economic development on real estate and
other industries. Taking advantage of the construction of an inter-
national tourism island is an opportunity to give full play to
Hainan's location and resource advantages and to promote the
transformation and upgrading of the tourism industry, thereby in-
creasing the proportion of the service industry in Hainan’s GDP.
Efforts will be made to carry out practical energy-saving and
emission-reduction measures, vigorously develop new industries
with low energy consumption and low emissions, and accelerate the
elimination of backward production capacity. These efforts will
promote low-carbon development of transportation, give priority to
the development of renewable-energy vehicles, take the lead in the
popularization of Haikou and Sanya, and build a green transpor-
tation demonstration province.
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