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system. Shi et al. (2016) obtained the carrying capacity of 
islands on the basis of ecosystems. The author highlighted 
South Miaodao Islands’ basic carrying capacity and carry-
ing capacity index and established the relevant evaluation 
model to comprehensive explore the sustainable develop-
ment of the islands. Ma et al. (2017) proposed a general 
conceptual model to systematically evaluate Dongtou Is-
lands’ marine ecosystem carrying capacity and developed 
an indicator system. The general conceptual model of 
system evaluation of marine ecosystem carrying capacity 
is proposed, which includes the identification of carrier, 
the determination of carrier object, and the construc-
tion of evaluation index frame. Shi, Hutchinson, and Xu 
(2004) established a sustainability indicator system based 
on three subsystems of environment and resources, eco-
nomic development, and society. The author also evalu-
ated the sustainable development of the coastal areas in 
Shanghai and Chongming Island (Changjiang Estuary). 
This system method is feasible and valid. Wei, Guo, Wu, 
and Ye (2014) developed the conceptual model of “driving 
force-pressure-state -response-control.” An index system 
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Abstract. The assessment of ecological environment during the large-scale development of islands is a major topic in the 
study of current coastal islands. Choosing the appropriate assessment method to evaluate the suitability of carrying capac-
ity of islands and making relevant suggestions are significant to the sustainable development of islands. Ecological footprint 
method is used to analyze the ecological carrying capacity of Pingtan Island (PI) from 2005 to 2016 for promoting the co-
ordinated rational development and construction and ecological environment of the island. Although PI is in rapid urban 
development and construction, the island maintains secure and stable ecological conditions. PI is used as a research case to 
analyze the sustainable development of the ecological environment through the carrying capacity of the island ecosystem.

Keywords: ecological carrying capacity, ecological footprint, ecological security, sustainable development, urbanization, 
island ecology.

Introduction

The status of ecological carrying capacity is a major re-
search topic at home and abroad, but the ecological car-
rying capacity of islands under rapid urbanization has 
been rarely explored. The analysis of ecological carrying 
capacity aims to describe the supporting role of ecosys-
tems in the economic activities of humans and to provide 
early warning of specific environmental or resource fac-
tors from a sustainable perspective for maintaining the 
healthy state of balance of ecosystems (Dai, Nan, & Liu, 
2010; Cheng, Fu, Meng, Li, & Pei, 2018). The methods of 
ecological carrying capacity analysis are divided into the 
following categories: logistic equation method, resource 
supply and demand balance method (Liu & Borthwick, 
2011), ecological footprint method, energy analysis, Mi-
ami model (net primary productivity model of vegeta-
tion), resource difference method (Peng, Wang, Li, & He, 
2014) state space method, index system method of sustain-
able development, system model (statistical and system 
dynamic models), multi-objective programming model 
(Sun, Chen, & Tian, 2018), and spatial decision support 
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of regional comprehensive carrying capacity and its rate of 
change is constructed to support the assessment of long-
term sustainable development of regional economy on the 
basis of the Nantong coastal area.

Urbanization is a process of social and economic 
change, including the non-agriculturalization of agri-
cultural population, the continuous expansion of urban 
population, the continuous expansion of urban land to 
the suburbs, the increasing number of cities, and the pro-
cess of urban social, economic, and technological changes 
entering the countryside. In urbanizing islands under 
rapid development and construction, the ecological car-
rying capacity of the islands should be considered and 
their ecological footprint diversity index and ecosystem 
sustainable development capacity should be monitored. 
Timely adjusts the development planning and policies of 
islands to ensure the ecological security of island-based 
cities. The ecological footprints of PI and the supply of 
ecological capacity are compared to explain whether the 
pressure of human activities on the island ecosystem is 
within the range of ecological carrying capacity provided 
by the region. Accordingly, the safety state of the system 
can be determined and the development planning and 
policy management can be adjusted timely. Ultimately, the 
sustainable development of the island and its environment 
can be promoted. The large-scale development and con-
struction of PI can be designed appropriately with a dy-
namic state analysis of its ecological carrying capacity. The 
dynamic characteristics of PI’s ecological security under 
rapid urbanization are revealed. The results provide sci-
entific decision-making basis for the construction of PI’s 
eco-city, enrich island- related research cases, and provide 
references for future works.

1. Study area and materials

PI is located in the southeast coast of China 
(25°16′N–25°44′N, 119°32′–120°10′E). The island is lo-
cated in the subtropical zone of maritime monsoon cli-
mate. The annual average temperature is 19.0 °C–19.9 °C, 
the annual rainfall is 900–1200 mm, the average annual 
evaporation is 1917.4 mm, and the average annual water 
resource is 1.72×108  m3. The total area of the island is 
267.13 km2, which is two times the size of Xiamen Island 
and more than half of the size of Singapore. The island is 
the largest island in Fujian Province (Figure 1). The island 
is also composed of plains with low elevation. With the 
establishment of Pingtan Comprehensive Experimental 
Zone in 2009, the plan is to build a pilot zone for cross-
strait exchange and cooperation pilot projects and a pilot 
zone for coordinated economic and social development in 
the west side of the Taiwan Straits. An emerging eco-liva-
ble island city can be established on the west coast of the 
straits. The island gradually becomes an important win-
dow for mainland China’s economic, trade, and humanis-
tic exchanges with Taiwan. PI is expected to develop into 
a new livable island city on the west side of the Taiwan 
Strait with a population of 1 million. The infrastructure 

and urbanization of the island have rapidly developed. 
However, the dramatic increase in human activities has 
significantly impacted the ecological environment of the 
island, thereby exacerbating its ecological vulnerability. 
The increase in urban population has significantly impact 
the ecological carrying capacity and sustainable develop-
ment of the island.

This study focuses on PI before entering into China 
Free Trade Zone construction of ecological carrying ca-
pacity. The primary data required are mainly from Ping-
tan County Statistical Yearbook and Fuzhou City Social 
Economic Survey Data. The consumption data and land 
use data of PI for biological and energy resources are all 
from Fujian Province Statistical Yearbook from 2005 to 
2016 and Fuzhou City Statistical Yearbook from 2005 to 
2016. Annual gross grain output, total grain sown area, 
various land types, and global average yields of consump-
tion patterns are based on the UN’s Food and Agriculture 
Organization (FAO) basic database and China Rural Sta-
tistical Yearbook.

On the basis of the specific conditions of Fujian Prov-
ince and PI, the actual production of various land types in 
PI is calculated to determine the yield factor. In particu-
lar, the total output of food is the island divided by the 
sown area of food crop. The annual output of agricultural 
products is divided by the global average grain yield. PI’s 
farmland per year yield factors mainly include crop area 
and sown non-food crops. The area is the sown area of 
food crops. Given that construction land basically occu-
pies arable land or may become arable land, the produc-
tion factor of land for construction is the same as that of 
arable land. The sum of freshwater area, seawater culture 
area, and sea area of PI is taken as the water area of the is-
land. The sum of freshwater aquaculture, mariculture, and 
marine fishing is taken as the output of aquatic products. 
The average yield per unit of water area is divided by the 
average global water yield to obtain the water yield factors. 

Figure 1. Geographic location of Pingtan Island
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The forest yield factor is calculated as the net increase in 
output per unit area of logs. The grassland yield in PI is 
determined by dividing the average yield of grassland in 
China by the grassland yield factor obtained from the av-
erage yield of grassland in the world in combination with 
the actual situation of PI. The average of the commonly 
used equilibrium factors in the world as an equilibrium 
factor (Wackernagel & Rees, 1998; Rashid et al., 2018). 
Determines the equilibrium factors of cultivated land, 
forest land, grassland, construction land, water area, and 
fossil energy land.

2. Methods

2.1. Ecological footprint demand

2.1.1. Biological consumption model
The calculation of ecological footprint project is divided 
into two categories of biological resource consumption 
and energy consumption. Consumer items in each cat-
egory are also divided. The resources and energy that 
will be consumed are converted into various types of bio-
productive land area. Then, the area of bio-productive 
land occupied for the production of the ith consumption 
item is obtained using the annual consumption of the ith 
consumption item over the annual production of the ith 
consumption item. The annual consumption of the ith 
consumption item in a certain area can be calculated by 
consumption = output + import − export.
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In Formula (1) and (2), EF1 is the total ecological foot-
print of regional biological data. ai is the area of bio-produc-
tive land per capita (hm2/cap) occupied for the production 
of the ith consumption item. rj is the equilibrium factor of j 
types of bio-productive land. i is the type of consumer item. 
ci is the annual consumption of the ith consumer item. pi is 
the annual average global production of the ith consump-
tion item. Qi is the annual per capita production of the ith 
consumption item. Li is the annual per capita imports of the 
ith consumption item. Ei is the annual per capita exports 
of the ith consumption item. ef is the per capita ecological 
footprint of regional biological data. N is the number of 
people participating in the consumption.

2.1.2. Energy consumption model
Wackernagel and Rees (1998) provided the average calorif-
ic value per unit area of fossil fuel production in the world 
and the corresponding conversion factor table (Chen, 
2017). On this basis, the units of energy consumption 

project statistic data converted into a certain area of fossil 
fuels are calculated as follows:
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In Formula (3), EF2 is the total ecological footprint of 

regional energy data consumption. afk is the per capita 
fossil energy land area occupied by the kth energy con-
sumption after conversion, that is, the per capita ecologi-
cal footprint of the kth energy consumption project. rj is 
the equilibrium factor of j types of bio-productive land. k 
is for certain types of energy consumption projects. Ck is 
the per capita consumption of the kth energy project. wk is 
the conversion factor for the kth energy project. aek is the 
global average energy footprint for the kth energy project, 
that is, the average heat output per unit area of fossil fuels 
in the world (GJ/hm2).

2.2. Ecological carrying capacity

Ecological carrying capacity is also known as ecological 
footprint supply (Song, Li, Semakula, & Zhang, 2015). The 
annual yield of six types of land products and the annual 
ecological footprint and ecological carrying capacity are 
calculated using the annual production of various types 
of agricultural products in Pingtan County and the aver-
age global production of PI. The calculation is some type 
of ecological capacity per capita = some type of biological 
productive land area × equilibrium factor × yield factor.
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In Formula (4), EC is the total ecological carrying ca-

pacity of the region (hm2). N is the population. j is the 
area of bio-productive land area. ec is the ecological ca-
pacity per capita (hm2/cap). aj is the actual possession of 
a certain type of biological productive land per capita. rj 
is the equilibrium factor. yj is the yield factor.

2.3. Ecological surplus or ecological deficit

The ecological footprint provided by ecosystems of a re-
gion and the ecological footprints of the population in the 
region are compared by:

Ecological surplus (or deficit) = 
Ecological carrying capacity − Ecological footprint. (5)

If EF > EC, then the ecological surplus exists. In other 
words, the pressure on the ecosystem in the region is with-
in the ecological carrying capacity provided by the region. 
The ecosystem in the area is safe and can be considered 
a region of sustainable socio-economic development. If 
EF < EC, then an ecological deficit exists. Therefore, the 
demand for products and services provided by the eco-
systems of the region to the people in the region exceeds 
their supply. The ecosystems in the area are unsafe, and 



4 S. Gao et al. Dynamic state of ecosystem carrying capacity under island urbanization: a case study of Pingtan...

the economic development in the area can be considered 
unsustainable.

2.4. Regional ecological tension index model

Ecological stress index refers to the ratio of per capita 
ecological footprint and ecological carrying capacity of 
renewable resources in a country or region. This ratio 
represents the degree of pressure on regional ecological 
environment.

efen
ec

= . (6)

In Formula (6), en is the ecological tension index and 
is also called ecological pressure. ef is the per capita eco-
logical footprint of renewable resources in the region. ec 
is the per capita ecological carrying capacity of regional 
renewable resources.

2.5. Regional ecologica safety index model

The model of regional ecological security is the ratio of the 
difference between ecological carrying capacity and per 
capita ecological footprint to the carrying capacity (Wang 
et al., 2012). This ratio comprehensively reflects the sta-
tus of ecological security from the perspective of carrying 
capacity.

1ec efEI en
ec
−

= = − . (7)

When EI > 0, ecologica safety index shows ecologi-
cal surplus. In other words, the human pressure on the 
natural system is within the range of ecological carrying 
capacity provided by the region. Large value indicates 
large ecological surplus and high ecological value of the 
region. If an area presents El < 0, an ecological deficit ex-
ists. Therefore, the human demand for products and ser-
vices provided by the natural systems in the area is beyond 
the ecological carrying capacity of this area, that is, the 
ecological security in the area is in an unsafe state. Low 
ecological value indicates the area is unsafe.

2.6. Sustainable development capability analysis

Using the formula to evaluate the development capabil-
ity of the system, the diversity of eco-economic systems 

can be measured by the area of different land types in the 
calculation of ecological footprint.

( ln )i iP H ef q q ef= × = − ×∑ . (8)

In Formula (8), P is the system capacity for sustainable 
development. H is the ecological footprint diversity index. 
ef is the per capita ecological footprint. qi is the proportion 
of the ecological footprint per capita of the ith type of land 
in the total per capita ecological footprint. The greater the 
absolute value of p, the safer the sustainable development 
of the ecosystem in the region. On the contrary, the less 
secure.

3. Results and analysis

3.1. Dynamic trend and analysis of ecological 
footprint

Following Wackernagel and Rees (1998) and other de-
termined global unit of fossil fuel production area of the 
average heat and the corresponding conversion factor, the 
amounts of biological resource consumption and energy 
consumption are classified by land type and the ecological 
footprint of each year is obtained. The results show that 
water area significantly impacts the per capita ecological 
footprint of PI and that the trend of the two is the same. 

3.2. Dynamic trend and analysis of ecological 
carrying capacity

The area of six land types is multiplied by their respec-
tive yield and equilibrium factors to obtain the ecological 
carrying capacity of various land types in PI. The previ-
ous calculation of ecological carrying capacity of Pingtan 
County is assessed to ensure the reliability of the results. 
After deducting the influence of 12% of the protected area 
of biodiversity, the ecological carrying capacity of PI for 
each year can be obtained. The results show that water 
area significantly contributes to the per capita ecological 
carrying capacity of PI and that the trend of both is the 
same. In particular, aquaculture and fishing play a deci-
sive role on the carrying capacity of the island. The per 
capita ecological carrying capacity of cultivated land de-
creases. By contrast, the per capita carrying capacity of 
four land use types of grassland, forest land, construction 

Figure 2. Variation trend of ecological footprint per capita Figure 3. Variation trend of ecological capacity per capita
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land, and fossil energy land is stable. From the dynamic 
change tendency of ecological capacity per capita in PI 
(Figure 3), the per capita ecological carrying capacity of PI 
is found to present a decreasing trend only in the periods 
of 2005–2006 and 2009–2010 but an increasing trend in 
the periods of 2006–2008 and 2010–2016.

3.3. Ecological surplus, ecological tension index, 
and ecologica safety index

Using the obtained per capita ecological carrying capac-
ity and per capita ecological footprint of PI in each year, 

ecological surplus, ecological tension index, and ecological 
safety index are calculated (Table 1).

The results show that the per capita ecological carry-
ing capacity of PI is larger than the per capita ecological 
footprint. The overall trend of ecological surplus in all the 
evaluation years is stable (Figure 4). The island develop-
ment from 2008 to 2011 shows that the development and 
construction of the island have developed the ecological 
environment quality. The ecological tension index is stable 
first and then declines (Figure 5). The ecologica safety in-
dex increases steadily and reflects the steady improvement 
in PI’s ecological security.

3.4. Sustainability analysis

The diversity of eco-economic system is estimated on the 
basis of the area of different land types in the calculation 
of ecological footprint (Table 1).

The results show that the diversity index of ecological 
footprint in PI increases steadily (Figure 6). This increase 
indicates that the changes in the types of bio-productive 
land use in ecological footprint in recent years have been 
stable. The diversity  index increases  from 2005  to 2011, 
but keeps stable from 2011  to  2016.  The ecosystem de-
velopment capacity of the island is also stable (Figure 7). 

Table 1. Multiple ecosystem status index of Pingtan Island

Year Ecological surplus Ecological  
pressure index

Ecological  
security index

Ecological footprint 
diversity index

Sustainable development  
capability of ecosystem

2005 1.8707 0.6453 0.3547 0.5884 2.0029
2006 1.5979 0.6679 0.3321 0.5654 1.8170
2007 1.6684 0.6601 0.3399 0.5758 1.8659
2008 1.6299 0.6880 0.3120 0.5745 2.0649
2009 1.9761 0.6392 0.3608 0.6060 2.1214
2010 1.9246 0.6295 0.3705 0.6476 2.1174
2011 2.0311 0.6157 0.3843 0.6870 2.2351
2012 1.9994 0.6201 0.3799 0.6806 2.2210
2013 1.9743 0.6248 0.3752 0.6807 2.2384
2014 1.9478 0.6306 0.3694 0.6768 2.2501
2015 1.9826 0.6271 0.3729 0.6777 2.2592
2016 2.0107 0.6250 0.3750 0.6779 2.2715

Figure 4. Variation trend of ecological surplus

Figure 5. Variation trend of ecological tension index and 
ecologica safety index

Figure 6. Variation trend of ecological footprint  
diversity index
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Therefore, the rapid development and construction of the 
island have not damaged the ecological environment. In 
the future development, the use of all types of land should 
be balanced and the efficiency and diversity of land use 
and the diversity of ecological footprint should be im-
proved.

4. Discussion

PI in China has gradually developed with the increase in 
population and the expansion of human activities. The 
government has focused on the ecological security of the 
country, especially the ecological security of the island 
because of its risky situation. The isolation of the island 
from the mainland by its geographical location has greatly 
restricted its natural conditions (Wang et al., 2012). The 
already fragile environment of the island becomes vulner-
able to man-made damage with the constant influence of 
human activities. Thus, building a healthy and sustain-
able development model for its environmental protection 
is necessary. Rational resource exploitation and utiliza-
tion and ecological environment protection of the island 
should be conducted under urbanization (Fan et al., 2017).

Since the introduction of the principle of ecological 
footprint by Canadian scholar Wackernagel and Rees 
(1998) in 1992, this method has been widely used to eval-
uate the sustainable development of ecological environ-
ment. This study evaluates the dynamic trend of ecologi-
cal carrying capacity of islands by comparing ecological 
footprint and supply and demand. Whether the pressure 
exerted by humans exceeds the carrying capacity is deter-
mined, the relationship between human needs and ecolog-
ical carrying capacity is obtained, the safety status of the 
ecological environment of islands is revealed, and distance 
safety goals are provided for tradeoff. The innovation of 
this research lies in summarizing the research results of 
all the equilibrium factors around the world and avoiding 
the uncertainty of the equilibrium factor in the evaluation 
area (H.-S. Chen, C.-Y. Chen, Chang, & Hsieh, 2017). 

The calculation of ecological footprint in PI in this 
study mainly includes two parts, namely, biological re-
source consumption and energy consumption. The cal-
culation ignores the estimation of trade adjustment. The 

consumption of different items in all years is converted 
into the area of bio-productive land to provide such con-
sumption. The amounts of biological resource consump-
tion and energy consumption of all years are classified by 
land type to obtain the per capita ecological footprint of 
each year.

The consumption of biological resource projects main-
ly includes major consumer items, such as agricultural 
products, livestock products, aquatic products, fruits, and 
timber. Grain, oil, vegetables, melons, and pork belong to 
the arable land. Grain is further divided into varieties of 
rice, wheat, sweet potato, potato, grains, soybeans, and 
beans. Beef, lamb, milk, and eggs are attributed to grass. 
Fruits belong to woodland. Marine and freshwater prod-
ucts are attributed to water, and the amounts of marine 
and freshwater products are combined. The raw data for 
the global average yields of the various consumer products 
used are based on the UN’s FAO (Fang, Heijungs, & De 
Snoo, 2015). The global average output of food, vegetables, 
and fruits can be found directly in the database. The global 
average yield per unit area of indirect agricultural prod-
ucts (e.g., pork and poultry) needs to be adjusted using 
the conversion factor from food conversion. According to 
Wackernagel and Rees (1998), the conversion coefficient 
from grain to pork is 6. Thus, the global average yield per 
unit area of pork and poultry is equal to the global aver-
age output of grain divided by 6. The global average out-
put of aquatic products is obtained by the global average 
annual output of aquatic products divided by the global 
water area, which can be found directly from the World 
Food Database.

The energy consumption items used in this study 
mainly include coal, coke, crude oil, fuel oil, gasoline, 
kerosene, diesel, liquefied petroleum gas, heat, and elec-
tricity. No trade adjustment is required because the con-
sumption data recorded in the Statistical Yearbook are 
used for energy consumption projects. Following China’s 
energy conversion coefficient of the energy consumption 
converted into a unified energy unit and the global unit of 
fossil fuel production area of the average heat as a stand-
ard, the energy consumption is converted into the corre-
sponding fossil fuel land area on the basis of the formula 
of ecological footprint.

First, six types of bio-productive land, namely, arable 
land, forest land, grassland, construction land, water area, 
and fossil fuel land (Ye, Chou, L. Yang, S. Yang, & Du, 
2014), are used to calculate the existing six types of bio-
productive land area in the island. Second, these types of 
bio-productive land are multiplied by an equalization fac-
tor to equalize them and convert them into those with the 
global average productivity of bio-productive land. The 
average area of such bio-productive land is obtained by 
the equilibrium factor for a given type of bio-productive 
land area in a given country equals the average global pro-
duction of such bio-productive land area divided by the 
average production volume of all types of bio-productive 
land in the world (Liang et al., 2015). Third, the ecological 
carrying capacity of a certain type of biological productive 

Figure 7. Variation trend of sustainable development  
capability of ecosystem
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land in the area is multiplied by the average area of various 
types of global bio-productive land by the local produc-
tion factor (Wang & Xu, 2015). The yield factor for a given 
type of bio-productive land in a country or region is the 
ratio of the average production of a certain type of bio-
productive land in the country or region to the average 
production of similar types of land in the world. Finally, 
12% of the ecological conservation capacity of the calcu-
lated ecological carrying capacity is the ecological foot-
print available to mankind.

Conclusions

First, water area presents the largest share of ecological 
footprint per capita and ecological capacity per capita 
among the six land types on PI. The per capita ecologi-
cal footprint of arable land, forest land, and fossil energy 
land in each evaluation year is larger than the per capita 
ecological carrying capacity. The per capita ecological 
footprint of grassland is slightly higher than that of per 
capita ecological carrying capacity, which is nearly flat. 
However, the per capita ecological footprint of water area 
and construction land is significantly below the per capita 
ecological carrying capacity.

Second, the overall trend of per capita ecological foot-
print and per capita ecological carrying capacity in PI dur-
ing each evaluation year is stable. The per capita ecologi-
cal footprint is between 3.2137 and 3.5945, and the per 
capita ecological carrying capacity is between 4.8116 and 
5.4766. However, the per capita ecological carrying capac-
ity in each year is higher than the per capita ecological 
footprint, thereby resulting in ecological surplus. In other 
words, the pressure on PI’s ecosystem is within the range 
of ecological carrying capacity provided by the island. The 
ecosystem in the area is in a safe state. The socio-economic 
development at Tam Island is within the scope of sustain-
ability. The overall trend of ecological surplus is stable at a 
range of 1.5979–2.0311. Specifically, the ecological surplus 
index is stable since 2009. The highest ecological surplus 
is 2.0311 in 2011 and is 2.0107 in 2016. The ecological 
surplus values in 2006 and 2008 are smaller at 1.5979 and 
1.6299, respectively, than those in other years.

Third, the overall trend of ecological tension index in 
PI in each evaluation year is stable at a range of 0.6157–
0.6880. Therefore, the ratio of per capita ecological foot-
print to ecological carrying capacity of PI’s renewable re-
sources is small, and the pressure on the island ecological 
environment is in a normal state. The overall trend of eco-
logica safety index is stable at a range of 0.3120–0.3843. 
Therefore, the human pressure on the natural systems in 
this area is within the ecological carrying capacity pro-
vided by the island, and the ecological status of PI is safe.

Fourth, the general trend of ecological footprint di-
versity index in PI during all the evaluation years is stable 
at a range of 0.5654–0.6870. In other words, the changes 
caused by various types of bio-productive land use in the 
ecological footprint in recent years have been stable. The 

overall trend of sustainable development of ecosystems is 
stable. In particular, a steady increase range of 1.8170–
2.2715 is observed since 2012. Therefore, the rapid devel-
opment and construction of the island have not damaged 
the ecological environment.
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