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Abstract: As natural ecosystems provide the material basis and fundamental support for regional sustainable devel-

opment, the sustainability of natural ecosystems is an important prerequisite and a viable approach for the achievement 

of regional sustainable development. It is also the final criteria to assess whether sustainable development paradigm is 

successful. Along with the increasing impacts of human activities on natural ecosystems, the evaluation of regional 

ecological sustainability has become one of the key issues for research on macro ecology and sustainable development. 

Based on different unit of indicators, this study firstly groups the evaluation frameworks of regional ecological sus-

tainability into three major types: comprehensive index evaluation with dimensionless unit, monetary valuation, and 

biophysical quantity measurement. We then discuss and compare these types in terms of basic principles, scope of ap-

plications, advantages and shortcomings. Finally, drawn on the discussion about characteristics of ecological sustain-

ability, we outline the current trend and future directions of regional ecological sustainability evaluation, for instance, 

transition from sustainable development evaluation to sustainability science, integration of goal-oriented and prob-

lem-solving approaches, combination of spatial pattern analysis and ecological sustainability evaluation, and en-

hancement of ecological sustainability evaluation at landscape scale. 
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1  Introduction 
 

Natural ecosystems are the fundamental support for the 
life systems on earth, and can not be replaced by any 
man-made capital. The sustainable development of 
natural ecosystems aims to maintain the regional eco-
logical sustainability, that is to say, to sustain the com-
prehensive functions of regional ecosystems under the 
disturbance of natural processes and human activities. 
Ecological sustainability is an important prerequisite 
and a basic principle for regional sustainable develop-
ment (Parris and Kates, 2003), and the concerns have 
been raised by researchers from both environmental 

policy and sustainable development (Parsons, 1995). 
The concept of sustainable development originated 

from the protection of natural resources and ecological 
environment. It focuses on the coordination of environ-
ment and development, nature and society, human needs 
and ecological integrity (Kates et al., 2001; Clark and 
Dickson, 2003). The verification of sustainability should 
include not only ecological dimensions but also human 
ones (Forman, 1990). Taking a general review on stud-
ies of global sustainable development, all emphases are 
put on the ecological or environmental restrictions for 
human survival (Kidd, 2005), no matter the environ-
mental focus during the 1970s to the early 1990s, or the  
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environmental/social focus in the middle 1990s, or the 
integrated approach in the 2000s. Although there are 
many debates on the definition of sustainable develop-
ment, it is no doubt that the success of sustainable de-
velopment paradigm is ultimately determined by eco-
logical sustainability (Linehan and Gross, 1998). Some 
scholars proposed that the sustainable development in-
cluded three fundamental principles: ecological sustain-
ability, economic efficiency and human equity (Parris 
and Kates, 2003; Sutton, 2003), while ecological sus-
tainability is the prerequisite for inter-generational eq-
uity (Langhelle, 2000). Because environmental degrada-
tion is inefficient and unfair for the next generation, 
ecological sustainability can be an alternative of effi-
ciency and equity (Sutton, 2003). In this meaning, sus-
tainable development is just the theoretical form of eco-
logical sustainability, while ecological sustainability is 
the basic approach to achieve real sustainability (Franke, 
1996). 

Currently, one of the key study areas of ecological 
sustainability evaluation is to build a quantitative 
evaluation framework (Fu et al., 2001). According to the 
number of indicators or structure types, many scholars 
tend to classify the sustainable development evaluation 
frameworks into single indicator models, integrated ac-
counting system models, multi-indicators models, or 
systematic indicators models. This kind of classification 
reflects only the external differences among evaluation 
frameworks, and fails to reveal the flaws of each 
evaluation model in epistemological and methodological 
aspects. Therefore, it will not help improve and optimize 
evaluation models. In contrast, the classification based 
on the unit of indicators could reflect the differences in 
methodology, and could compare advantages and dis-
advantages of different evaluation models, which is 
more meaningful for sustainable development practices. 
Accordingly, existing evaluation frameworks of regional 
ecological sustainability can be divided into three cate-
gories: comprehensive index evaluation with dimen-
sionless unit, money-oriented evaluation, and biophysi-
cal quantity measurement (Hardi and Barg, 1997). These 
frameworks vary in perspective of measurement meth-
ods, and have different theoretical or methodological 
advantages and disadvantages. However, to date, few 
studies have been conducted to compare these various 
evaluation frameworks. This study aims to compare the 
basic principles, scope of applications, advantages and 
shortcomings of these three kinds of evaluation frame-

works, and to point out further research directions. 
 

2  Research Progress of Comprehensive In-
dex Evaluation Frameworks with Dimen-
sionless Unit  

 
Comprehensive index evaluation frameworks with di-
mensionless unit consider ecological sustainability as a 
multi-level decision making process involving various 
fields. These models try to analyze the essential features 
of ecological sustainability from the theoretical level, 
and integrate ecological sustainability into a unified 
system constructed by a multi-level indicators system. 
Compared with money-oriented evaluation frameworks 
and biophysical quantity measurement frameworks, it is 
easier for the comprehensive index evaluation frame-
works to collect research data, and it is much simple as 
well as operable. One of the key issues for comprehen-
sive index evaluation frameworks is to ascertain the 
weight of indicators (Cai and Shang, 2009), because 
different indicators vary greatly in size, dimension, and 
implication to ecological sustainability. As a kind of 
value orientation, there are usually two approaches to 
determine the weight of indicators, i.e. subjective 
weighting method and objective weighting method. Al-
though the objective weighting method is more objec-
tive to determine indicators′ weight, it is hard to reflect 
the relative difference of indicators, as the weight is 
greatly affected by the specific values of indicators. The 
subjective method, based on such expert experiences as 
Delphi method, can grasp the various importance among 
indicators. As a result, the subjective method is more 
reasonable and widely used in comprehensive index 
evaluation frameworks, although it is of less objectivity. 

The threshold of evaluation indicators is another key 
and difficult issue in the comprehensive index evalua-
tion frameworks with dimensionless unit. At present, 
thresholds used frequently include national, industrial 
and local standard values, the relevant planning or target 
values, the background standard values, analog standard 
values, or the experts′ values, but all the above values 
are lack of clear ecological implications. Therefore, 
comprehensive index evaluation frameworks are not 
good at responding to the status of regional ecological 
sustainability accurately. This is the most significant 
shortcoming compared with the biophysical quantity 
measurement frameworks. Additionally, since more and 
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more indicators are included in the indicators system, 
and there are more information overlaps among corre-
lating indicators, data pertinence. Therefore, redundancy 
among indicators has become one of the major difficul-
ties. The rational solution to this problem is to enhance 
indicators′ independence using principal component 
analysis method. 

At present, the comprehensive index evaluation 
framework with dimensionless unit of ecological sus-
tainability has not been used widely, in contrast to the 
fact that comprehensive index evaluation frameworks 
have been widely applied to sustainable development 
evaluation. This is mainly resulted from difficulties of 
the decomposition of system targets. It is widely ac-
cepted that regional sustainable development systems 
could be divided into three sustainable sub-systems of 
economic, ecological and social systems. But resear-
cheres and scholars have not reached a consensus about 
the decomposition of the ecological sustainability, al-
though some scholars suggest that diversity, recycling, 
stability and productivity are the four basic properties of 
ecosystem sustainability (Dalsgaard et al., 1995). The 
existing evaluation indicators of regional ecological 
sustainability mostly adopt the environmental, resource, 
economic and social decomposition programs. Similar 
to the evaluation indicators system of sustainable de-
velopment, it is difficult to reflect the difference of the 
targets between ecological sustainability and sustainable 
development. Other researchers just established com-
prehensive evaluation indicators system without de-
composition of ecological sustainability targets, which 
resulted in the lack of theoretical basis and ambiguous 
instruction. 

Proposed by Global Leaders of Tomorrow Environ-
ment Task Force (GLTETF) of the World Economic Fo-
rum, Yale Center for Environmental Law and Policy 
(YCELP) and Center for International Earth Science 
Network of Columbia University (CIESIN), Environ-
mental Sustainability Index (ESI) is a successful exam-
ple of comprehensive evaluation of ecological sustain-
ability (Sutton, 2003). ESI is an integrated index con-
taining 20 key indicators and 67 variables. It can reflect 
the state and the pressure of environmental systems, 
human vulnerability to environmental changes, the ca-
pacity of social and institutional responses to environ-
mental challenges, and the responsiveness for the needs 
of global cooperation (YCELP, 2002). ESI could be 

used to carry out the systematic and quantitative com-
parison of environmental sustainability among different 
countries. But due to lack of data about certain issues 
with high priority, ESI has some defects in practice. For 
example, non-ideal data sources will result in incom-
plete coverage of countries. The lack of time series data 
will hinder the validation of correctness seriously, and 
restrict it as a good tool to identify environment factors 
(Zhang et al., 2002). 

As we know, the essence of ecological sustainability 
evaluation is to filter, define and measure the impact of 
human activities and the ability of the life-support sys-
tems of Earth to absorb these impacts, which can be di-
vided into three independent aspects, i.e. the maximum 
sustainable use, the maximum sustainable absorption, 
and human environmental impact (the product of popu-
lation, affluence and technology) (Daily and Ehrlich, 
1992; Smith, 1995). As the technology can increase or 
decrease the impact of population and affluence on the 
natural environment, Smith (1995) put forward a similar 
model of human environmental impact assessment, in 
which the technology is replaced by the culture, institu-
tions and technology effect (CITE). It can be concluded 
that ESI is a practice of the CITE concept to a large ex-
tent (Sutton, 2003). 
 

3  Research Progress of Monetary Valuation 
Frameworks 

 

Monetary valuation is a new idea for the ecological sus-
tainability assessment. This kind of evaluation frame-
work presumes that if welfare of the society does not 
decrease over time, the development is sustainable. At 
present, monetary valuation models include valuation of 
ecosystem services, genuine saving ratio, integrated 
system of environment and economic accounts, and 
other methods. As these models assume that man-made 
capital and natural capital can be substitutes for each 
other, that is, the loss of environmental degradation can 
be made up by the profits of man-made capital. There-
fore, money-oriented evaluation framework is consid-
ered as a method for the weak sustainability evaluation 
(Rennings and Wiggering, 1997). However, this com-
pensatory investment is difficult to achieve in ecology, 
and the degradation of ecosystems is irreversible usually. 
Thus, monetary valuation methodologies, especially the 
methods of genuine saving ratio and integrated system 
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of environment and economic accounts which add natu-
ral capital to man-made capital, may mask the true 
physical storage of materials and energy flows in eco-
systems, if compared to the comprehensive index 
evaluation models and biophysical quantity measure-
ment methods. As the ecological sustainability focuses 
on the sustainability of ecosystem structure and function, 
while monetary valuation models pay more attentions to 
valuation than ecosystem storage assessment, these 
models are regarded as evaluation methods of sustain-
able development in general instead of an effective 
evaluation approach for ecological sustainability (Xu 
and Zhang, 2000). 

In addition, monetary valuation frameworks are also 
criticized due to the following theoretical or technical 
flaws: 1) relying widely on valuation assumptions 
without market transactions, the valued price can hardly 
reflect the scarcity of natural resources; 2) due to great 
difference among valuation standards in different re-
gions or periods, and unable to determine the discount 
rate when dealing with future fairness, it is difficult to 
compare the sustainability in various areas and in dif-
ferent periods; 3) the frameworks can not provide objec-
tives and approaches to achieve ecological sustainability. 
Despite of above defects, monetary valuation models 
focus on the ecological basis of human development, 
which has corrected the misleading of traditional eco-
nomic indicators to a large extent. Taking the currency 
as the unit of evaluation indicators, monetary valuation 
models after all provide a possible approach to ecologi-
cal sustainability evaluation. 

 
3.1  Ecosystem services valuation 
The application of ecosystem services valuation in the 
evaluation of regional ecological sustainability is based 
on the following theoretical premises: the ecosystem is 
the final supporting system directly or indirectly for all 
the life in the earth, and human civilization will collapse 
without the basic supporting services from ecosystems; 
furthermore, the reduction of ecosystem services′ value 
means the decline of supporting capability for sustain-
able development. Therefore, in essence, the method of 
ecosystem services valuation can not respond directly to 
the sustainability issues of regional ecosystems, which is 
its supreme methodological shortcoming. And in the 
process of measurement, due to the incompleteness of 
evaluation content, existing methods of ecosystem ser-

vices valuation can only measure the minimum value 
(Fu et al., 2009; Feng et al., 2010; Xie et al., 2010). 
Because of ambiguous definitions and inconsistent clas-
sifications of ecosystem services with poor understand-
ing of ecosystem complexity and inadequate recognition 
of ecosystem services′ exclusiveness and complemen-
tary, double counting has been recognized as another 
common problem in ecosystem services valuation (Co-
stanza, 2008; Bennett et al., 2009; Raudsepp-Hearne et 
al., 2010; Fu et al., 2011). As a result, it is difficult to 
give an accurate and absolute value of ecosystem ser-
vices. Furthermore, as we know, social objectives de-
termine the basis of ecosystem services valuation (Co-
stanza, 2003), but social goals are quite different at 
various regions or periods, which leads to the 
non-uniform valuation standards and will undoubtedly 
increase the difficulty to compare the valuation results 
between different regions or periods. As one kind of 
monetary valuation models, the method of ecosystem 
services valuation also needs a wide range of valuation 
assumptions for potential value of ecosystem services, 
which is of great uncertainty. 

However, the defects discussed above can not write 
off the importance of ecosystem services valuation for 
ecological sustainability evaluation. Through two pro-
motions by Costanza et al. (1997) and the program of 
Millennium Ecosystem Assessment (MA, 2005), eco-
system services valuation is of global acceptance now. 
Many scholars have carried out a direct assessment of 
ecological sustainability based on the valuation results. 
For example, Pearce and Atkinson (1993) defined the 
weak sustainability without reduction of natural capital; 
using the ratio of national ecosystem services′ value to 
nighttime light emission monitored through satellite 
images, Sutton (2003) proposed an empirical ecological 
sustainability index. Shi et al. (2005) pointed out that 
the ecological capital based on ecosystem services are 
the ecological capacity or ecological load of regional 
sustainable development, and the ratio of regional eco-
logical capital to GDP could characterize the coordina-
tion between economic growth and ecological protection 
in the process of regional development. 

 
3.2  Genuine saving ratio 
Genuine saving ratio was raised in 1995 by the World 
Bank. In this method, net savings are equal to the total 
savings minus the external debt and the depreciation of 
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products and assets. Genuine savings refer to net sav-
ings minus resource depletion and environmental pollu-
tion, and it comes to genuine saving ratio when genuine 
savings are divided by GDP (World Bank, 1995). Gen-
erally speaking, the genuine savings can directly quan-
tify the capacity for sustainable development in a certain 
country or region. When genuine saving ratio continues 
to be positive, it indicates wealth growing and sustain-
able development; otherwise, if genuine saving ratio 
comes to be negative, it eventually leads to the decline 
of wealth and unsustainability of regional development. 

The method of genuine saving ratio breaks national 
wealth into four parts, namely natural capital, man-made 
capital, human capital and social capital, which is more 
comprehensive and reasonable in theory. Furthermore, 
through the valuation of natural capital, the method en-
ables the measurement of environmental cost in the 
process of economic development. It is much operable 
with the application of national/regional balance account, 
which resulted in the wide use of the method at various 
spatial scales, such as the global, national and regional 
scales (Li et al., 2004). 

However, the method of genuine saving ratio still has 
many shortcomings which are mainly reflected in the 
following two aspects. On one hand, due to the change 
of natural resource prices over time, it is difficult to es-
timate the value of natural capital accurately. On the 
other hand, there are certain distortions in the charac-
terization of sustainability in the areas with great loss of 
health due to resource depletion and environmental pol-
lution, where the genuine saving ratio may remain to be 
positive (Li et al., 2004). 

 
3.3  Integrated system of environment and eco-
nomic accounts 
Aiming to make up the defect of neglecting natural re-
source scarcity and environmental quality decline in the 
system of national accounts promulgated in 1968, 
United Nations has developed the Integrated System of 
Environment and Economic Accounts (SEEA) in 1993. 
This system includes four parts, i.e. the balance account 
of man-made and natural capital, the matrix of the envi-
ronmental externalities of economic activities and the 
cost of reducing the externalities, the definition of pro-
tective expenditures, and the valuation of natural re-
sources and environment (United Nations Statistics Di-
vision, 2000). Economic benefits have been regarded as 

the result of human usage of natural environmental ser-
vices in this system. On the basis of keeping the inte-
grality of the existing national economic accounts sys-
tem, the integrated system uses satellite accounts to re-
vise traditional economic accounts with adding a new 
account of environment-related flows and stock, and 
correlating physical resources accounts with monetary 
environment accounts, as well as the liabilities of assets. 
Thus, the integrated system can adjust the traditional 
indicators of incomes and produces according to the 
environmental loss, and integrate economic growth with 
environmental change to a uniform accounting system, 
which can be used to comprehensively reflect the sus-
tainability of development. 

Because the property rights of natural resources are 
not strictly prescribed, the method of SEEA avoids 
many technical difficulties due to the lag in economic 
study of natural resources valuation and property rights. 
As the system can be used to monitor the process of en-
vironmental objectives in sustainable development stra-
tegic plan, and to measure environmental impact of spe-
cific development policies, it is an effective tool com-
bining environmental problem with economic policies, 
and has been implemented in many countries (Costanza 
et al., 2001; Zhang et al., 2002). 

However, there are still many issues that have to be 
resolved during the implementation of SEEA. First of 
all, the method of environmental costs valuation is yet to 
be improved; secondly, the net domestic product (NDP) 
indicators are adjusted according to environmental costs, 
while the gross domestic product (GDP) indicators re-
main unchanged. Thus, GDP is still not a good reflec-
tion of the depletion and degradation of natural re-
sources; and lastly, it is overlooked that there is great 
inconsistency in the spatial and temporal scales among 
ecological and economic systems (Holub et al., 1999). 

 

4  Research Progress of Biophysical Quantity 
Measurement Frameworks 

 

When used for regional ecological sustainability evalua-
tion, the biophysical quantity measurement frameworks 
assume that the human well-being will decline with un-
sustainable development if human′s usage exceeds re-
generation ability of natural resources (Haberl et al., 
2004b). Because of its ability to measure the threshold 
of key ecological functions, biophysical quantity is often 



 Research Progress on Evaluation Frameworks of Regional Ecological Sustainability  501

considered as an important evaluation factor for strong 
sustainability (Rennings and Wiggering, 1997). It 
mainly includes such comprehensive evaluation models 
as ecological footprint, emergy analysis, material flow 
analysis and human appropriation of net primary pro-
duction, which are operable and widely used. 

In these frameworks, the evaluation unit is biophysi-
cal quantity and does not require subjective determina-
tion of indicator weight, and evaluation results do not 
depend on human preferences, economic policies, tech-
nological or other factors. Therefore, the results of bio-
physical quantity evaluation can reflect objectively the 
relationship between supply and demand of natural re-
sources and ecosystem services so as to avoid the influ-
ence of price change, at the same time they can be used 
for direct comparison of sustainability status in different 
regions and periods. Due to its objectiveness, the 
frameworks of biophysical quantity measurement are 
superior to the monetary evaluation frameworks, and 
have developed rapidly in recent years. 

However, because regional trade and associated flows 
of biophysical quantities often result in the non-closed 
characteristics of the study area, there are errors be-
tween evaluation results and the fact. The trade is the 
main points and difficulties of all kinds of biophysical 
quantity evaluation methods. Compared with regional 
scale, biophysical quantity evaluation is more meaning-
ful at the global or national scales. Furthermore, one 
method of biophysical quantity evaluation can only as-
sess one aspect of ecological sustainability of coupled 
human and nature system, and cannot respond to other 
aspects of ecological sustainability, therefore the single 
biophysical quantity evaluation model is also not suit-
able for the comprehensive evaluation of regional eco-
logical sustainability. Integrated indicators derived from 
two or more kinds of biophysical quantity evaluation 
models are in great need. 
 
4.1  Ecological footprint 
Ecological footprint (EF) was firstly raised by Rees 
(1992) with crucial methodological revision by Wack-
ernagel and Rees (1996). This framework emphasizes 
the importance of the earth surface on the ecological 
processes and associated ecological sustainability. Gen-
erally speaking, through converting the socio-economic 
metabolism into related bio-productive land, EF method 
can quantify human occupation on natural ecosystems 

and thus judge the sustainability status of regional de-
velopment through comparing human occupation with 
the ecological carrying capacity provided by natural 
ecosystems. The method of ecological footprint high-
lights the increase of human consumption and associ-
ated consequences, the key land resources in sustainable 
development, the spatial distribution of available re-
sources, the impacts of trade on sustainable develop-
ment, and the regional re-allocation of natural resources 
under environmental pressure, all of which are the key 
topics closely related with sustainable development 
(Wackernagel and Rees, 1996). Accordingly, EF method 
has received a universal acceptance with wide applica-
tion of ecological sustainability evaluation at different 
spatial scales, such as global, national and regional 
scales. 

The method of EF measures two key issues related 
with the survival of human beings under the limit of the 
Earth′s support, i.e. the absorption and conversion of 
pollution as well as waste, and the consumption of re-
newable resources. It provides an account system to 
calculate the impacts of human consumption on the 
natural environment. The EF method has the following 
methodological advantages when used to evaluate the 
ecological sustainability: firstly, EF indicators have 
clear ecological implications and practical guidance for 
the sustainable development; secondly, evaluation re-
sults are comparable among various regions or periods; 
and lastly, the method is simple and operable with ac-
cessible data requirements. Therefore, the method of 
ecological footprint is thought to be a successful ap-
proach to closely combining human beings with their 
supporting systems (Deutsch et al., 2000), and thus has 
become one of the most popular biophysical quantity 
measurement methods used to evaluate regional eco-
logical sustainability.  

There are still some methodological shortcomings of 
the EF method, which have brought lots of academic 
debates (Peng et al., 2006c). Firstly, the method assumes 
the transferability among all kinds of bio-productive 
land and their products, which is a kind of weak sus-
tainability assessment complying with the Hartwick 
principles. Secondly, the EF method can not reflect the 
differences of land quality, especially the change of land 
bio-productivity in study periods due to technical inno-
vation. It needs further discussions for the rationality of 
parameters in the long time series ecological footprint 
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analysis. Thirdly, the relativity of the global mean pro-
ductivity may lead to the non-absoluteness of evaluation 
results, which thus makes it uneasy for the public to 
perceive the implications of ecological deficit and eco-
logical surplus. Fourthly, the EF method pays more at-
tentions to the direct consumption without considering 
the indirect consumption of natural resources, which 
leads to the minimum assessment of human consump-
tion. And lastly, the method assumes that all kinds of 
bio-productive land are mutually exclusive in space, 
while in fact there are various kinds of land use com-
patibility, such as the combination of agriculture and 
forestry in the same piece of land. Notwithstanding 
these theoretical shortcomings, the ecological footprint 
method can effectively assess the ecological sustainabil-
ity of regional development (Wackernagel, 2009), at 
least in terms of the supply and demand of biologically 
productive land at global scale.  

 
4.2  Emergy analysis 
Emergy analysis is raised by H T Odum in the late 
1980s based on energy analysis. Emergy evaluates the 
work previously done to make a product or service. 
Transforming different kinds of energy that is difficult 
to be compared directly into unified solar emergy with 
the index of conversion rate of solar emergy, this 
method can link the tangible resource supply and intan-
gible ecosystem services from natural ecosystems with 
material production and human consumption. Thus, for 
the first time the value of natural capital is added into 
environmental-economic systems to measure the envi-
ronmental externalities and associated contribution to 
the economic process. The method of emergy analysis is 
regarded as a new approach to evaluate the sustainabil-
ity of coupled human and nature system, and can over-
come the following defects that exist in the traditional 
methods of energy or economic analysis: the difficulty 
to measure the importance of natural resources to human 
society as well as the externalities of environment, the 
non-additivity among different kinds of energy, and the 
instability of price affected by market. 

The method of emergy analysis specifically adopts 
the emergy sustainability index and related indicators to 
assess the ecological efficiency as well as sustainability 
of regional development. At present, various case stud-
ies have been conducted to evaluate ecological sustain-
ability at different spatial scales based on emergy analy-

sis. As the concept of emergy highlights the importance 
of environment sub-system in complex system of sus-
tainable development, and can quantify the material 
flow and energy flow among the environment and eco-
nomic sub-system, it is seen to be able to provide more 
detailed information for the analysis on the process of 
sustainable development (Geber and Bjorklund, 2001; 
Fu et al., 2004). However, the method of emergy analy-
sis still has some methodological shortcomings and need 
to be improved (Peng et al., 2006a). Firstly, results of 
emergy analysis are not precise because the same con-
version rate of solar emergy was used for each kind of 
resources or products, whether their production proc-
esses is the same or not. Secondly, what emergy analysis 
measures is the consumption of solar energy in the pro-
duction process of materials. In essence, it is an evalua-
tion framework according to theory of cost axiology, 
and can not measure human demands or willingness to 
pay for the ecosystem services, while there are great 
quantitative differences between these two values. 
Thirdly, it is also difficult to accurately define the 
thresholds of ecological sustainability in emergy analy-
sis, and only the change of sustainability can be quanti-
fied through the horizontal comparison among different 
spatial units or the vertical comparison of the same spa-
tial unit during different periods. 

 
4.3  Material flow analysis 
Material flow analysis (MFA) comes from early Euro-
pean studies on social metabolism and industrial me-
tabolism. Through analyzing the exploitation, produc-
tion, transformation, consumption, recycling, abandon-
ing and other processes of natural resources, MFA can 
reveal the flow characteristics and conversion efficiency 
of materials in a specific area, and thus identify the di-
rect source of environmental stress. With the application 
of such comprehensive indicators as total material re-
quirement, material use ratio, material productivity, and 
environmental efficiency, MFA can quantify material 
exchange between economic subsystem and natural 
subsystem, and thus measure the extent of social me-
tabolism objectively and evaluate environmental pres-
sure resulting from economic activities, all of which 
provide a suitable tool for tracking the biophysical flows 
relating to regional socio-economic system at any spa-
tial scale (Haberl et al., 2004a). 

Till now, MFA has been conducted in many countries, 
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such as Germany, United States, Austria, Brazil, Vene-
zuela, Japan, and European Union. There are also vari-
ous case studies on regional or industrial MFA. Al-
though there is rapid development on MFA study in re-
cent years, MFA still requires improvement on the fol-
lowing aspects (Peng et al., 2006b): firstly, it can not 
directly define the ecological sustainability threshold, 
which is the biggest challenge of this framework; sec-
ondly, MFA assumes that natural resources can be re-
placed by each other, and the weight of different materi-
als can be added directly, therefore MFA belongs to the 
assumption of weak sustainability evaluation; but each 
unit of different materials often have rather different 
economic contribution and environmental impacts; 
thirdly, hidden flow coefficient, the key index of mate-
rial flow analysis, is vital to the accuracy of results. 
However, the global mean value of hidden flow coeffi-
cient for each kind of materials is often used in MFA 
case studies whether it is conducted at global, national, 
or regional scales. Without measuring the actual value 
of hidden flow coefficient, existing studies are not able 
to accurately measure the quantity of material flow; 
fourthly, there are few studies to analyze various mate-
rial flows within the economic system. Most studies 
only evaluated the ecological sustainability of the whole 
system, but cannot measure the impact of material flows 
in subsystems on the sustainability status of the whole 
system. As a result, MFA can hardly propose an oper-
able approach for regional ecological sustainability; 
fifthly, although huge data are used in MFA studies, a 
considerable number of materials cannot be included in 
the accounting system due to lacking of data, which re-
sulted in a preliminary estimation of material flow rather 
than an accurate accounting; and lastly, because of the 
inaccessibility of research data needed in material flow 
accounting at the meso-scale and small-scale, particu-
larly the poor availability of import and export data, 
MFA can hardly be conducted at regional scale. 

 
4.4  Human appropriation of net primary produc-
tion 
Human appropriation of net primary production 
(HANPP) is defined as the difference between the net 
primary productivity of potential natural vegetation and 
the net primary productivity of the actual vegetation 
remaining after harvest (Haberl, 1997; Haberl et al., 
2002; O′Neill et al., 2007). Using joule, the amount of 
dry matter or carbon as the unit of measurement, the 

method of HANPP is mainly used to measure the pro-
portion of net primary productivity which still remains 
in the nature under a certain land use/ land cover pat-
terns and land use practices. The HANPP framework 
assumes that the proportion of the net primary produc-
tivity occupied by human beings is able to be used to 
measure the degree of human domination on natural 
ecosystems, and a higher HANPP would endanger 
natural biodiversity (Haberl et al., 2004b; 2007). 

With the application of land use/ land cover data, the 
method of HANPP highlights the importance of earth 
surface to ecological processes, and combines land use 
with socio-economic metabolism. Through measuring 
the change of material and energy flows due to human 
domination, HANPP tries to answer the upper ecologi-
cal limit of human sustainable development (Haberl et 
al., 2004b). Moreover, because this limitation is insur-
mountable at the global or local level, this indicator has 
been seen as the core ecological parameters of sustain-
able development (Haberl, 1997; Erb et al., 2009). Cur-
rently, HANPP research is still in the stage of theoretical 
improvement and methodology design, which mainly 
focuses on the following issues (Peng et al., 2007): 1) 
the improvement of calculation models of the actual and 
potential NPP in order to enhance the result accuracy; 2) 
the comparison of merits and shortcomings between 
HANPP and other methods of biophysical quantity 
measurement; 3) the analysis of the relationships among 
HANPP, bioenergy development and land use change 
(Kohlheb and Krausman, 2009); and 4) the empirical 
assessment of HANPP with the focus on processes, tra-
jectories and implications in all scales (Erb et al., 2009), 
since previous researches were only carried out at global 
or national scale. 

Although HANPP is thought to be able to combine 
the methodology of industrial ecology with bio-geo-
physical analysis and thus has a good prospects (Haberl 
et al., 2004b), HANPP still have some technical prob-
lems to be solved, which limits its wide application 
(Peng et al., 2007). First of all, due to data absence, the 
existing studies can only assess human appropriation of 
net primary production in the terrestrial ecosystems of 
earth above the ground (Schwarzlmüller, 2009), and 
there is still no effective approach to calculating the 
NPP in marine or aquatic ecosystems as well as the un-
derground part of terrestrial ecosystems. Secondly, be-
cause of the difficulty in acquiring data covering the 
whole study area, the existing HANPP evaluation at  
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global or national scale mainly relies on the extrapola-
tion of the location-scale measurements. The uncertainty 
of key parameters often leads to the great variation of 
the evaluation results. Lastly, although 100% of the 
HANPP means the ultimate destruction of the Earth, the 
ecological implications of other proportion of HANPP 
are still not clear. The great shortcoming for the method 
of HANPP is unable to define the sustainability thresh-
olds, which is the very reason for few application of 
HANPP in ecological sustainability evaluation over the 
past 20 years. 
 

5  Research Prospects and Promises 
 

The evaluation framework of sustainable development 
generally includes three aspects, i.e. social, economic 
and ecological evaluation. Among them, the socio-eco-
nomic evaluation focuses on assessing the status of de-
velopment; and ecological evaluation, namely, the eco-
logical sustainability evaluation refers to the sustainabil-
ity assessment of development, and has always been the 
hot and key topics in sustainable development studies. 
Furthermore, due to the complexity of ecosystem proc-
esses, there are three great challenges for the evaluation 
of ecological sustainability. First of all, it is not easy to 
define the ecological sustainability thresholds of indica-
tors, while it is necessary for a successful evaluation 
framework. Because of the presence of ecological resil-
ience, natural ecosystems can adapt and respond to ex-
ternal disturbance by themselves, and thus keep the 
status of sustainability within a certain extent. Although 
it is acknowledged that ecological sustainability thresh-
olds are correlated with ecosystem structure, ecological 
processes, and the extent of external disturbance, it is 
hard to clarify the thresholds in all existing evaluation 
frameworks. Secondly, few ecological sustainability 
evaluations have been conducted to measure the time 
lag effect of ecological sustainability. As we know, it is 
not synchronous for the change of different ecosystem 
components correlated in various ecosystem processes, 
under the same impact of external disturbance. Thus, 
there is time lag between the emergence of external dis-
turbance and the change of ecological sustainability 
status, with the more complex ecosystem structure for 
the longer time lag. However, we can hardly monitor the 
time lag of ecological sustainability, although long-term 
landscape change studies have been recognized to be 

necessary to understand the mechanism of time lag 
(Metzger, 2008).  Lastly, it is in great need of the inte-
gration of ecological sustainability and cultural sustain-
ability. Along with the change of evaluation focus on 
ecological sustainability from ecosystem structure to 
ecosystem functions, and to ecosystem processes, it is 
acknowledged that a given ecosystem processes result 
from a certain cultural traditions. Both the ecological 
and cultural dimensions are advocated in landscape sus-
tainability studies and practices (Musacchio, 2009a). 
Therefore, it is important for the maintaining of eco-
logical sustainability to protect and keep traditional cul-
ture, since a strong emphasis on the cultural dimension 
will contribute to achieving sustainability (Wu, 2010). 

Among the three types of evaluation frameworks of 
regional ecological sustainability, the biophysical quan-
tity evaluation framework is the most popular because 
of its relative objectivity in the assessment compared 
with the frameworks of monetary valuation and com-
prehensive index evaluation. Although the biophysical 
quantity methods are effective in evaluating the eco-
logical sustainability in a specific view, such as in the 
view of bio-productive land, material or energy flow, 
and net primary production, the evaluation results are 
not related with other aspects of sustainability issues. 
Therefore, single biophysical quantity method is not 
suitable to the comprehensive assessment of regional 
ecological sustainability. Ecological sustainability refers 
to an integrated complex system, and only the compre-
hensive index evaluation framework is able to integrate 
all kinds of information related with ecological sustain-
ability issues into a comprehensive indicator. Mean-
while, all the three kinds of evaluation frameworks as-
sumed the substitution between natural and man-made 
capital, which can not meet the requirements for strong 
sustainability evaluation of natural ecosystems. There-
fore, it can be concluded that regional ecological sus-
tainability evaluation is still at the initial stage, and fur-
ther studies are in great need. Apart from the methodo-
logical improvement for the specific evaluation frame-
works, further directions are classified as the following 
issues to make great methodological development of 
regional ecological sustainability evaluation. 

 
5.1  Transition from ecological sustainability 
evaluation to sustainability science 
Along with the development of interdisciplinary studies 
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among biology, ecology, geology, biogeochemistry, 
economics, sociology, anthropology, geography and 
other related disciplines, sustainability science is taking 
shape in recent years. Regarding sustainability as a mu-
tual feedback between human society and natural eco-
systems, sustainability science goes beyond the tradi-
tional simplistic understanding of sustainable develop-
ment which thinks that sustainable development can be 
achieved through overlaying environmental protection 
goals with the political objectives of economic growth 
and social welfare (Kates et al., 2001). 

Therefore, along with the thorough understanding of 
sustainability concept, the focus of regional ecological 
sustainability evaluation will be transferred from the 
comprehensive evaluation aiming at ecological or eco-
nomic targets to the integrated evaluation based on 
combined ecological and economic processes. This in-
tegrated evaluation should be able to characterize the 
change of natural ecosystems, and associated human or 
natural driving forces and responses. As a cross disci-
pline covering nature and society, it is convinced that 
landscape ecology can make significant contribution to 
the transition from ecological sustainability evaluation 
to sustainability science in theory and practice (Wu, 
2006). And correlating socioeconomic activities with 
ecosystem processes and services, land use and land 
cover change has been regarded as a critical component 
of sustainability science, which is a possible approach to 
ecological sustainability evaluation in the view of sus-
tainability science. 

 
5.2  Integration of goal-oriented and problem- 
solving approaches 
Goal-oriented and problem-solving approaches repre-
sent two distinct kinds of targets decomposition in the 
process of evaluation. Widely used in the evaluation of 
various topics, both approaches have their own advan-
tages and disadvantages. In details, under the premise of 
proposing the overall goals, goal-oriented approach will 
establish the sub-goals and then adopt the top-down 
model in the evaluation. Thus, the overall goal is always 
focused and followed, which results in the coherence 
between the evaluation results and targets. Through the 
extensive investigations on the evaluation objects, prob-
lem-solving methods aim to propose the main problems 
correlated with the evaluation targets and associated 
influencing factors and solutions. Thus, problem-solving 

methods can respond to the overall goals in the end from 
bottom to up, with the pertinence characteristics of the 
evaluation results. Among three types of evaluation 
frameworks of regional ecological sustainability dis-
cussed above, the comprehensive index evaluation 
frameworks belongs to the goal-oriented approach, be-
cause this evaluation framework is oriented to measure 
the whole sustainability of coupled human and nature 
system. On the contrary, frameworks of monetary valua-
tion and biophysical quantity measurement can be clas-
sified as problem-solving approaches, as they focus on 
one specific ecological aspect of regional sustainability 
issues.  

To date, along with the occurrence of more and more 
emergent ecological or environmental conflicts, prob-
lem-solving approaches are encouraged and recognized 
to make valuable contribution towards achieving land-
scape sustainability (Fu and Lu, 2006; Opdam, 2007; 
Metzger, 2008; McAlpine et al., 2010). However, in 
comparison, object-oriented evaluation can select more 
comprehensive indicators, but it can not effectively 
characterize the critical issues due to lack of pertinence; 
problem-solving assessment highlights the impact of 
key issues on the evaluation targets, but fails to measure 
the system goals comprehensively. Therefore, the inte-
gration of top-down and bottom-up approaches are ad-
vocated (Verburg and Overmars, 2009). It is thought to 
be a great help to the realization of the comprehensive 
evaluation with generality and pertinence to integrate 
goal-oriented and problem-solving approaches, namely, 
to decompose overall goals into sub-goals, and to select 
key issues to evaluate sub-goals. Furthermore, based on 
the comprehensive decomposition of the overall goal of 
ecological sustainability, a comprehensive index system 
could be built with the application of various biophysi-
cal quantity indicators or monetary indicators. The de-
composition model of pressure-state-response proposed 
by Peng (2007) is a good example, which is a new di-
rection in the further studies of ecological sustainability 
evaluation. 

 
5.3  Combination of spatial pattern analysis and 
ecological sustainability evaluation 
According to landscape ecology, the spatial patterns 
contain information on the mechanisms that they emerge 
from. Since spatial patterns and ecological functions are 
interrelated, a certain landscape function can only be 
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realized in a certain landscape patterns, and the sustain-
ability of regional ecosystem services is affected by 
landscape spatial patterns. Thus, along with the devel-
opment of indicators for integrating landscape patterns 
and ecological processes (Chen et al., 2009; 2010), it is 
argued by a lot of scholars that landscape pattern indi-
cator is an important factor in regional ecological sus-
tainability evaluation, and sustainability assessment 
should take spatial dimensions into account (Franke, 
1996; Xiao et al., 1997; Backhaus et al., 2002; Blaschke, 
2006).  

In fact, according to the understanding of mutual 
feedback between human society and natural ecosys-
tems in sustainability science, three levels can be dis-
tinguished in the evaluation of regional ecological sus-
tainability: firstly, it is a kind of single factor analysis of 
the mutual feedback between human activities and the 
change of such ecological factors as regional climate, 
soil, hydrology, and vegetation; secondly, based on the 
construction of integrated indicators or indicator system, 
it is the comprehensive index evaluation of regional 
ecological sustainability with the integration of various 
kinds of mutual feedback analysis in the first level; and 
thirdly, it is to evaluate ecological sustainability in the 
view of spatial patterns, with a focus on the interaction 
mechanism between spatial patterns, ecological proc-
esses, and socio-economic activities. However, the ex-
isting sustainability indicators are usually derived from 
the parameters that are not sensitive to spatial dimen-
sions (Backhaus et al., 2002). All the existing regional 
ecological sustainability evaluation, regardless of using 
the method of comprehensive index evaluation, mone-
tary valuation, or biophysical quantity measurement, 
belong to the category of landscape function studies 
without considering the impact of spatial patterns on the 
function of ecological sustainability, even though the 
indicators of landscape patterns have been proven to be 
good indicators for ecological sustainability evaluation 
(Peterseil et al., 2004). Therefore, it is in great need to 
combine spatial pattern analysis with ecological sus-
tainability evaluation through measuring the correlation 
between landscape patterns and the coupled social and 
natural processes. 
 
5.4  Enhancement of ecological sustainability 
evaluation at landscape scale 
As it is achieved in a certain space with temporal dy-

namics, ecological sustainability has a clear feature of 
scale dependence. The sustainability status is changing 
due to the change of spatial or temporal scales (Forman, 
1990). Among various spatial scales, there are three 
scales of great ecological implications, i.e. ecosystem, 
landscape and global scale. Generally speaking, al-
though the study at global scale can enhance public 
awareness to ecological sustainability, it will lose local 
features which are vital to policy making. Thus, the 
global scale is not an operational spatial approach. As 
the sustainability at ecosystem scale is difficult to keep 
stable during human generations, which is not consistent 
with the essence of sustainable development, the eco-
system is also not a suitable spatial scale for ecological 
sustainability studies. On the contrary, landscape has 
obvious boundaries, common ecological processes, as 
well as the relative stability during human generations; 
therefore it is the most appropriate spatial scale and 
practical tool for ecological sustainability study with 
sensitive responding to environmental change (Forman, 
1990; Xiao et al., 1997; Blaschke, 2006), although it has 
not yet reached worldwide recognition (Naveh, 2007). 
The basis of a sustainable future is the continuation of 
landscape ecological processes dominated by human 
activities (Brunckhorst et al., 2006). The ecological sus-
tainability assessment at landscape scales is regarded as 
an important step to understand and characterize eco-
logical sustainability comprehensively (Peterseil et al., 
2004). Aiming at integrating socio-economic activities 
and ecological processes at landscape scale, landscape 
sustainability assessment can help to enhance the op-
portunities for supporting human beings and their envi-
ronment (Lee et al., 1992). Therefore, it can be con-
cluded that ecological sustainability evaluation at land-
scape scale should be the core of ecological sustainabil-
ity evaluation. 

Although landscape scale is of great importance to 
achieve ecological sustainability, and sustainable de-
velopment at landscape scale has also be seen as one of 
the ten research topics in future landscape ecology (Wu 
and Hobbs, 2002), few ecological sustainability studies 
have been carried out at landscape scale (Leitao and 
Ahern, 2002). It remains stagnant for the understanding 
of landscape in the view of sustainability (Peterseil et al., 
2004), while a precise definition is in urgent need 
(Aronson, 2011). And it is still a major challenge for 
landscape ecologists to define landscape sustainability 
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and design sustainable landscapes (Lovell and Johnston, 
2009; Pearson and McAlpine, 2010; Musacchio, 2009b; 
2011), although it is acknowledged that it is necessary to 
maintain and restore multiple functions and services of 
landscapes in a changing world to achieve landscape 
sustainability (Fu et al., 2008; Termorshuizen and Op-
dam, 2009). Meanwhile, as a multidisciplinary and 
transdisciplinary science, landscape ecology has not 
made notable contribution to landscape sustainability 
problems (Potschin and Haines-Young, 2006), although 
it is thought to be an essential part of sustainability sci-
ence (Wu, 2006; 2010; Naveh, 2007; Musacchio, 2009b; 
2011; Aronson, 2011), offering a way to find solutions 
(Wu, 2006; 2007; Naveh, 2007; Fu et al., 2008; Pearson 
and McAlpine, 2010). And it is claimed that there is 
limited impact of landscape ecology on sustainable 
landscape management and planning (Naveh, 2007). 
Therefore, there is an urgent need to develop a compre-
hensive and operable concept of landscapes sustainabil-
ity with the combination of spatial pattern analysis and 
ecological sustainability evaluation. 
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