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Abstract 

Complex dynamic ecosystems are important natural capital assets. We investigate 

how Swedish national policy has approached these assets in its work on 

environmental indicators. In particular, we are interested in whether or not the 

indicators address ecosystem performance. We discuss our inventory of Swedish 

indicators in the context of ecosystem services, such as source and sink functions, and 

the capacity of ecosystems to sustain these functions for human well-being. Effective 

indicators have been developed to reflect energy and material flows within society 

and how human activities put pressure on the environment. The part of natural capital 

that concerns living systems is reflected in several of the Swedish indicators in a 

progressive fashion, but indicators that capture the dynamic capacity of ecosystems in 

sustaining the flow of source and sink functions need to be further developed. We 

provide examples of recent developments that have started to address such indicators 

in the context of ecosystem resilience and environmental change, and discuss 

directions for their further development. We stress the importance of monitoring 

ecosystem resilience and performance to avoid undesirable state shifts and building 

ecological knowledge and understanding of this capacity into environmental 

indicators and their associated management institutions. 

 

Key words: critical natural capital, environmental indicators, ecosystem performance, 
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1. Introduction 

An article in National Geographic (1998) displayed lights from human settlements 

on the planet at night taken from satellite images. The picture literally illuminated the 

fact that there are few places left on Earth where the human imprint is not evident. 

The rapid expansion of the scale of human actions has radically transformed the Earth 

(Turner et al., 1990). Due to this transformation, the capacity of life-support 

ecosystems to generate a flow of essential ecosystem services and maintain resilience 

in the face of disturbance is an increasingly limiting factor for societal development 

(Jansson et al., 1994; Holling et al., 1995; Folke et al., 1996,). 

In this article, we focus on renewable natural capital, or more specifically, the role 

of complex, dynamic ecosystems as critical natural capital assets (Levin ,1999; 

Gunderson and Holling, 2002). ‘Criticality’ can be discussed in two ways in relation 

to ecosystems. There is critical natural capital in terms of essential environmental 

functions for human well-being (de Groot, 1992), functions referred to by some 

scholars as ecosystem services (Ehrlich and Mooney, 1983; Daily, 1997) or source 

and sink functions (Pearce and Turner, 1990; Ekins, 1992). But there is also critical 

natural capital in terms of environmental functions of ecosystems - or life-support 

functions - that reflect ecosystem performance. By ecosystem performance we mean 

the dynamic, often non-linear interrelations between populations and communities of 

plants, animals and microorganisms and their energetic, hydrological and 

biogeochemical environment. The life-support performance of ecosystems generates 

and sustains the flow of source-and-sink functions for our well-being and existence, as 

illustrated in Figure 1 (Limburg and Folke, 1999).  

This article discusses the dynamic capacity of ecosystem life-support as a major 

“factor of production” for essential source-and-sink functions. In the first section, we 

investigate how Swedish national policy approaches this essential factor of production 

in its work on environmental and sustainability indicators. In particular, we are 

interested in whether or not the indicators address ecosystem performance and the 

capacity to sustain socioeconomic development. Next, we discuss the inventory in the 

context of a conceptual model that highlights the relation between source and sink 

functions for human well-being and ecosystem performance. Thereafter, we review 

recent findings on complex adaptive ecosystems in relation to ecosystem 

performance, critical natural capital and ecosystem capacity to sustain societal 
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development (Levin, 1999; Scheffer et al., 2001). We present current insights on how 

to develop indicators to capture essential variables in ecosystem performance 

dynamics, and use the concept of resilience (sensu Holling, 1973) as a unifying theme 

for this purpose.  To avoid further loss of resilience and critical natural capital we then 

recommend a co-evolutionary approach to policy development (Norgaard, 1994), with 

institutional monitoring, understanding, and response to ecosystem dynamics as 

important components (Berkes and Folke, 1998; Berkes et al., 2002). This would be 

manifested in the active pursuance of adaptive co-management of the systems 

(Gunderson, 1999; Walters, 1997; Olsson and Folke 2001). 
 

2. An inventory of Swedish natural capital indicators 

We have compiled an inventory of Swedish indicators (Deutsch et al., 1999) that is 

summarized below. We found that many Swedish natural capital indicators are 

pressure indicators related to sink functions, but there are also state indicators and 

descriptions of the qualitative status of Swedish ecosystems. Some indicators are 

general, others reflect the societal metabolism, and a few address the processes of 

ecosystem performance. This is not surprising since the theory and understanding of 

complex dynamic ecosystems is recent (Levin 1999) and the knowledge of key 

structuring variables in ecosystem dynamics is under development (Gunderson and 

Pritchard 2002).  

 

2.1 The Ministry of the Environment 

In 1998, the Swedish Ministry of the Environment (Miljödepartementet) organized 

its environmental targets according to 15 national environmental quality goals 

(miljökvalitetsmålen) (Swedish Ministry of the Environment, 1998; Sustainable 

Sweden, 1999; Swedish Government, 1999):  

1. Clean air, 
2. High quality groundwater, 
3. Sustainable lakes and watercourses, 
4. Flourishing wetlands, 
5. A balanced marine environment and a healthy coastline and archipelago, 
6. No eutrophication, 
7. Natural acidification only, 
8. Living forests, 
9. A rich agricultural landscape, 
10. A majestic alpine environment, 
11. A good urban environment, 



 

 

4
 

12. A non-toxic environment, 
13. Safe radiation levels, 
14. A protective ozone layer, 
15. A limited influence on climate change. 

A 16th goal specifically for biodiversity is planned to be included in 2005 (Swedish 

Government, 2001). 

The majority of these goals are directly linked to pressure indicators, i.e., goals 

1, 2, 6, 7, 12-15. Goals number 3-5, 8 and 9 require understanding of ecosystem 

performance.  

 

2.2 The Environmental Advisory Council to the Swedish Government 

The Environmental Advisory Council to the Swedish Government 

(Miljövårdsberedningen) has presented a list of 12 sustainability indicators – ‘green 

headline indicators’ - deemed strategic for Sweden's conversion to an ecologically 

sustainable society (Environmental Advisory Council, 1998, 1999; SOU, 1998). 

These are intended as a complement to the 15 national environmental goals - but are 

designed specifically for policy makers and have three requirements: 1) easily 

understood, 2) affectable by policy decisions, and 3) make use of available data. 

1. Electricity usage and efficiency in relation to GNP, 
2. Materials usage and volume of disposed waste, 
3. Usage of harmful chemicals, 
4. Carbon dioxide emissions, 
5. Emissions of acidifying substances, 
6. Amount of Swedish nitrogen and phosphorous flows reaching the seas, 
7. Benzene concentration levels in urban air, 
8. Biodiversity index and protected forest areas as a share of productive 
      forested land, 
9. Choice of environmentally sound means of transport, 
10. Value of environmentally sound purchasing, 
11. Amount of phosphorous from sewage sludge used on cultivated land, 
12. Number of enterprises and schools environmentally certified. 
 
Indicator 8 concerns the management of ecosystem performance. Although there 

are implicit links to ecosystem performance, the remaining indicators focus on 

societal metabolism with impacts on environment. In the spring of 1999, all of these 

indicators were presented with actual data and a trend direction together with the 

Ministry of Finance’s Report on the State of the Economy and the annual budget 

proposal. It is probable that Sweden is the first country in the world to do so (SOU, 

1999).  
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2.3 Statistics Sweden 

Statistics Sweden (Statistiska centralbyrån) continues its efforts to establish a 

System of Economic and Environmental Accounts (Statistics Sweden, 1998a; 1998b). 

Examples we have seen proposed are pressure indicators:  

1. Percentage of Swedish energy use from renewable sources, 
2. Amount of carcinogenic and health-damaging substances used in economic 
 sectors, 
3. Amount of emissions from combustion. 

 

2.4 The Swedish Environmental Protection Agency 

The Swedish Environmental Protection Agency (SEPA) (Naturvårdsverket) has 

worked to establish state indicators for different ecosystems for some time. Indicators 

have been suggested for forests, freshwater ecosystems and urban air quality. Many of 

these indicators are of great relevance for source and sink functions, and they also 

address life-support functions. State indicators presented and suggested by the 

Swedish Environmental Protection Agency (SEPA 1992, 1994, 1996) include: 

1. Indicators for forest areas, 

2. Indicators for agricultural lands, 

3. Indicators for wetlands, 

4. Proposed indicators for mountainous areas, 

5. Indicators for fresh water, 

6. Proposed indicators for marine areas, 

7. Indicators for the urban environment. 

Additional suggested indicators include: 

1. Biodiversity, 

2. Improving efficiency of resource use, 

3. The protection of green belts and cultural landscapes in urban areas. 

Additionally, it is the SEPA that is responsible for monitoring and reporting on 

attainment of the 15 new Swedish Environmental Quality Objectives 

(Miljömålsrådet). Work to develop sustainability indicators for these 15 goals has 

been carried out by SEPA in conjunction with the Government Accounting Office and 

regional authorities, and is presented in reports on each specific goal. Assessment of 

the environmental quality goals is based on a framework originally presented by the 

Organisation for Economic Co-operation and Development (OECD) and then later 
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augmented by the European Environmental Agency (EEA) in conjunction with the 

National Institute of Public Health and Environmental Protection in the Netherlands 

(RIVM) called the DPSIR assessment and reporting framework (OECD, 1993; EEA, 

1999; SEPA, 1999). It organizes indicators into five categories: Driving forces, 

Pressures, States, Impacts and Responses. The SEPA has used this model to measure 

similar aspects: 

? ? national economic performance and its material metabolism are considered to 
be the main driving forces behind environmental pressures, including the use of 
natural resources and generation of emissions and waste,  

? ? pressures on Swedish ecosystems (flows of pollutants, land use practices),  
? ? states of Swedish ecosystems (stock variables),  
? ? impacts on economic outcomes and human welfare, 
? ? responses or measures taken to decrease pressures, improve states and decrease 

impacts. 
 

2.5 The Swedish National Institute of Economic Research 

The Swedish National Institute of Economic Research (Konjunkturinstitutet) has 

worked closely with Statistics Sweden and SEPA in the creation of the System of 

Economic and Environmental Accounts (Skånberg, 1998). The Institute works 

primarily with impacts on economic outcomes, but also on the effects of 

environmental pressures on human welfare and on the states of different Swedish 

ecosystems. Some present economic indicators include: 

1. Costs for existing measures to reduce emissions of sulfur and nitrogen or 

decrease their effects on ecosystems, human health or human-made capital, 

2. Annual cost estimates to reach environmental targets for emissions of sulfur 

and nitrogen set by the Ministry of the Environment, 

3. Depreciation of (marketed) natural capital assets caused by sulfur and 

nitrogen emissions (i.e. acidification and eutrophication), 

4. Willingness to pay for an improved environmental state resulting from 

reductions in sulfur and nitrogen emissions. 

 

Newer measures included by the Institute are: 

1. Forest accounts for 1987 and 1991, 

2. An agricultural account (though not recent), 

3. An environmental analysis of Swedish fisheries 

4. A pilot study of water accounts. 
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2.6 Protected areas 

To complement the indicators of the five government agencies, we examined the 

natural capital of several different ecosystems that have been set aside through the 

creation of reserves and protected areas in Sweden (see Table 1) (Statistics Sweden, 

1998a; SEPA, 2000a). As of 2000, almost 4.1 million hectares of land are protected, 

an area equal to approximately 10% of Sweden's total land area (SEPA, 2000b).  

Our inventory of natural capital indicators in Sweden illustrates that there is a 

predominance of indicators related to sink functions. They have evolved as a response 

to various human pressures (such as emission of waste and pollutants) and include 

measures of acidification, eutrophication and contamination. There are also indicators 

related to source functions such as water use estimates, forest accounts, and fish 

stock/production/catch levels. 

Several indicators address the state of ecosystems, mainly as stock variables and 

often in terms of the area of an ecosystem type (e.g. wetlands, percentage of 

deciduous forests or boreal forests) or the amount of a characteristic of the area (e.g. 

number of dead stems per total stems in forest). In many respects the indicators of the 

Swedish EPA seem to appreciate that there are life-support functions of ecosystems. It 

is difficult to judge the extent to which the indicators capture internal ecosystem 

dynamics, or whether they have been developed for such a purpose. Nevertheless, the 

Swedish indicators are ambitious and of high quality relative to many other EU-

nations. They explicitly recognize and acknowledge the importance of the living part 

of natural capital. They are in many respects in parity with recent scientific books on 

indicators (e.g, Schultze, 1999; Bell and Morse, 1999). As agreed upon by the 

Swedish Parliament, the 15 indicators should describe those aspects of the 

environment, including its natural and cultural resources, needed to obtain ecological 

sustainability. The overall goal is to provide the next generation with a society where 

the major environmental problems are solved. There is no doubt that the work with 

the various Swedish indicators strives towards improved management of natural 

capital. 

 

3. The Swedish inventory in context 

In this paper, we address natural capital criticality from two angles.  

1. Critical natural capital in relation to environmental functions for human well-
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being, i.e. source and sink functions, or ecosystem services. 
 
2. Critical natural capital in relation to life-support functions of ecosystems, i.e. 

ecosystem performance and insurance to secure the flow of critical source and 
sink functions. 

  
The first category of critical natural capital for human well-being concerns the flow 

or output from ecosystems (Figure 1). It is addressed in work on sustainability 

indicators and green accounting, for instance, as reflected in the accounts of the 

National Institute of Economic Research. The necessity of accounting for essential 

ecosystem services is increasingly recognized in policy by both governmental and 

private sectors.  

The second category concerns the complex dynamics and interactions between 

plants, animals, microorganisms, and their environment that generate the flow of 

source and sink functions. The second category addresses the capacity of ecosystems 

to sustain ecosystem services, an issue in focus of the international UN-supported 

program the Millennium Ecosystem Assessment (www.millenniumassessment.org) 

that is connected to three international conventions. As will be illustrated in this 

article, resilience and biological diversity seem to play a key role in ecosystem 

performance and thereby provide the prerequisites for source and sink functions. This 

‘life-support criticality’ is partly captured by de Groot’s (1992) regulatory functions 

and Holling’s (1973, 1996) concept of ecosystem resilience. Ekins et al. stress its 

importance in the framework paper of this special issue.  

How do the Swedish indicators relate to these two categories? The 15 

environmental quality goals are general and some of them (goals 3, 4, 5, 8 and 9) are 

directed towards ecosystem performance. The 12 sustainability indicators presented 

by the Environmental Advisory Council predominantly deal with material flows 

inside society and do not address ecosystem performance or criticality of life-support 

functions, with the exception of number 8. They do not specify renewable natural 

capital as a dynamic asset that needs to be monitored, understood and managed. The 

same is true of the Statistics Sweden indicators, and also of the measures primarily 

focused on by the Swedish National Institute of Economic Performance. Indicators 

have tended to be physical and monetary measurements of environmental pressures, 

and to some degree of environmental sink functions.  

Encouragingly, the SEPA is in the process of developing state indicators of forests, 

agricultural lands, wetlands, mountainous areas, fresh water ecosystems, coastal areas, 
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and the urban environment. Also, the Swedish National Institute of Economic 

Performance has begun development of forest, water and fisheries accounts, and plans 

to update their agricultural accounts. Their approaches capture both source and sink 

functions, and in the future may also account for dynamic ecosystem performance and 

capacity. Recent insights on complex adaptive ecosystems (Levin, 1999) and the 

increasing understanding of the role of resilience in ecosystem capacity (Gunderson 

and Pritchard, 2002), as will be discussed below, may prove to be a useful framework 

in this context (Carpenter et al., 2001; Folke et al., 2002).  

SEPA has been involved for some time in the establishment and management of 

protected areas and nature reserves, as have other Swedish agencies and NGOs. 

Protected areas capture parts of the life-support functions, and are critical as 

recruitment areas to surrounding landscapes, for the recovery of disturbed ecosystems, 

and for maintaining ecosystem resilience (Nyström and Folke, 2001; Bengtsson et al., 

in press). However, protected areas and reserves have historically often been 

established for other reasons, such as recreation or protection of certain species, rather 

than to secure critical links between source and sink functions and ecosystem 

performance. The dynamics of the ecosystem are often treated like a black box; this 

assumes that the ecosystem will function ‘normally’, i.e. that the system is fairly 

stable in relation to disturbance. However, several studies suggest that this assumption 

is no longer a safe one and that indicators of ecosystem functioning need to be made 

more explicit (Jackson et al., 2001; Scheffer et al., 2001). 

Moreover, we have found no indicators, except for nutrient fluxes, that address 

critical links between ecosystems. These links include: water flows in the 

ecohydrological landscape upstream to downstream (Rockström et al., 1999); so-

called ‘mobile links’ like migratory birds that prey on pest insects or transport seeds 

between systems (Baskin, 1997); and links that couple biodiversity to ecosystem 

performance (Cox et al., 1991; Walker et al., 1999; Nyström and Folke, 2001), such 

as the role of keystone species and insurance species (Folke et al., 1996; Naeem, 

1998).   

In the conceptual model in Figure 1, we suggest that the sustainability gap (Ekins 

et al,. this issue) is wider than previously perceived. Swedish indicators have 

predominantly focused on measuring indicators in relation to sources and sinks. This 

is a necessary first step, but to conserve CNC in order to avoid undesirable state shifts, 

ecosystem performance should be addressed as well (Scheffer et al., 2001). The 
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concept of ecosystem resilience, and its antonym vulnerability (Kasperson and 

Kasperson 2001), provides a framework for analyzing performance (Carpenter et al., 

2001). Adaptive management (Holling, 1978; Walters, 1986) may play an important 

role in this context. It is increasingly practiced in ecosystem management (Gunderson, 

1999). 

Nevertheless, we would like to praise the relative quality of Swedish indicators. 

They really strive towards improving management of renewable natural capital. It 

appears (see other articles in this special issue) that other researchers in the EU are 

hard-pressed to find established policy indicators of CNC. In the next section, we will 

present our perspective on how source and sink functions are linked to ecosystem 

performance. 

 

4. Understanding the criticality of functioning ecosystems 

Understanding the role of ecosystems as basic life-support systems has 

implications for management in a simple sense: societies must maintain sufficient 

levels of renewable natural capital, including its capacity to respond to change, to 

provide for their own needs for ecosystem services - the source and sink functions. If 

ecosystems were simple, then ecological-economic research would consist of finding 

and evaluating accurate production functions for ecological resources and services, 

and then fitting those functions into economic models and cost-benefit frameworks. 

Complex institutional arrangements governing ecosystem management would not be 

necessary for solving ecological problems (although they might be necessary to solve 

social and economic problems); institutions would chiefly govern the level or 

intensity of use. However, ecosystems are not simple systems close to a steady state.  

 

4.1 Ecosystems as complex dynamic systems  

Ecosystems are complex, self-organizing systems, nested across temporal and 

spatial scales (Levin, 1999). Because ecosystems have evolutionary components 

(rather than mechanistic) they exhibit a limited degree of predictability (Costanza et 

al., 1993). Further, because of the organizational and temporal complexity of 

ecosystems, human intervention can have different effects at different times, 

depending on which life-support functions are impacted (Redman, 1999; Jackson et 

al., 2001). In principle, there is an inherent unknowability, as well as unpredictability, 

concerning these evolving complex ecosystems (Gunderson 1999).  
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In recent years, several research groups have concentrated their efforts in trying to 

understand the dynamics of ecological systems and their linkages to social systems 

using the concept of resilience as a unifying theme (Holling, 1996). Resilience is the 

magnitude of disturbance that can be tolerated before an ecosystem moves into a 

different state with a different set of controls, i.e., the major processes and functions 

of the system are changed to the degree that a different set of ecosystem services, or 

even disservices, are generated by the system. Vulnerability is the antonym of 

resilience. Based on this interpretation, resilience has the following three properties: 

(a) the amount of change the system can undergo and still remain within the same 

state; (b) the degree to which the system is capable of self-organization (versus lack of 

organization or organization forced by external factors); and (c) the degree to which 

the system can build the capacity to learn and adapt. Adaptive capacity is a 

component of resilience that reflects the learning aspect of system behavior in 

response to disturbance. 

Ecosystem research stresses the role of disturbance events, such as fire, storms, or 

pest outbreaks, as a part of ecosystem development (e.g. Turner et al., 1998).  In a 

resilient system, disturbance has the potential to create opportunity for development 

by triggering reorganization and renewal. In a vulnerable system even a small 

disturbance may shift the ecosystem into an undesirable state, a shift which may cause 

severe social and economic consequences (Fig. 2). Although stochastic events like 

storms or fire can trigger shifts between ecosystem states, recent studies of, e.g., lakes, 

rangelands, oceans, coral reefs and forests show that it is the erosion of resilience that 

usually paves the way for a shift to an alternate, and often less desirable, state with a 

reduced capacity to supply ecosystem services (Scheffer et al., 2001).  

For example, in lakes, water clarity often seems hardly affected by increased 

human-induced nutrient concentrations until a critical threshold is passed, at which 

point the lake shifts abruptly from clear to turbid, eutrophied waters (Scheffer et al., 

1993; Carpenter et al., 1999). With this increase in turbidity, submerged plants 

disappear. The associated loss of animal diversity and reduction of the high algal 

biomass makes this state undesirable as activities like recreation or fisheries are 

affected. Substantially lower nutrient levels than those at which the collapse of the 

vegetation occurred are required to restore the system. Further, the economic and 

social intervention involved in such a restoration is complex and expensive (Mäler, 

2000; Brock et al., 2002).  
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Similar human-induced shifts between states take place in rangelands. Rangelands 

shift between grass dominance and woody plants (small trees and shrubs) dominance. 

The shifts are driven by fire and grazing pressure under highly variable rainfall 

conditions (Walker, 1993). Persistent high grazing pressure for sheep or cattle 

production precludes fire. Above a certain density of woody plants, there is 

insufficient grass fuel to permit a fire and the rangeland shifts to the less productive 

(from a human use perspective) woody plant state. This pattern persists even when 

grazing animals are removed.  It can take decades for the woody plant community to 

re-structure and open up sufficiently to allow fire back into the system (Ludwig et al., 

1997).  

Biological diversity plays a significant role in ecosystem performance and 

resilience (e.g. Peterson et al., 1998; Walker et al., 1999; Chapin et al., 2000; Loreau 

et al., 2001; Diaz and Cabido, 2001;  Kinzig et al., 2002). This role is related to the 

diversity of functional groups of species in a system, like organisms that pollinate, 

graze, predate, fix nitrogen, spread seeds, decompose, generate soils, modify water 

flows, open up patches for reorganization and contribute to the colonization of such 

patches. Vertebrates that eat fruit, like flying foxes, play a key role in the regeneration 

of tropical forests hit by hurricanes or fire by bringing in seeds from surrounding 

ecosystems for reorganization and renewal (Cox et al., 1991; Elmqvist et al., 2001). 

Loss of such functional groups will severely affect the capacity of ecosystems to 

reorganize after disturbance and thereby impact on the flow of ecosystems services 

for human well-being. Such losses may even cause shifts into undesirable states as 

have been the case among coral reefs (Fig 3.).  

Coral reefs in the Caribbean region have undergone dramatic changes, from a state 

dominated by hard coral to one dominated by fleshy algae (Knowlton, 1992; Hughes, 

1994). The changes have been driven by a combination of hurricanes and disease with 

overfishing and nutrient increase from land-based human activities. The grazing of 

algae that fish species and other grazers perform contributes to the resilience of the 

coral reef. It keeps the substrate open for recolonization of coral larvae and thereby 

reorganizes the reef into coral-dominated state following disturbance events (Nyström 

and Folke, 2001). Continuous human exploitation of reef fish grazers (e.g. mammals, 

turtles, fish) (Jackson et al., 2001) led to increased abundance of a sea urchin species 

Diadema antillarium. The sea urchin became the keystone species within the 

functional group of grazers and could, despite high levels of nutrients in the water, 
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keep the density of invading algae low; thereby maintaining the coral-dominated state. 

However, when sea urchin populations were afflicted by a species-specific pathogen 

that reduced their numbers by 99% in some areas, then all major grazers were too few 

in number to prevent algae from invading and the reef changed to a state of algae 

dominance (Nyström et al., 2000). 

Thus, the human use and abuse of coral reefs demonstrate how the loss of diversity 

through overfishing of species in the functional group of grazers resulted in eroded 

resilience and increased vulnerability. A disturbance event – the species specific 

pathogen - that previously could have been absorbed by a functional group with a 

diversity of herbivores, became the trigger that caused the ecosystem to shift from a 

coral-dominated state to one dominated by algae (Figure 3).  

Such shifts, from one ecosystem state to another, may be virtually irreversible as in 

desertification, or periodic, as in the recurrent outbreaks of forest pests or diseases, 

such as influenza. The new state may not generate the same level, or even the same 

type, of source and sink functions as before, and thereby cause social and economic 

disruption. 

 

5. Indicators of ecosystem resilience and performance 

The recent findings related to resilience in ecological systems and how resilience is 

altered by human activities have implications for the identification of critical natural 

capital and associated indicators (Folke et al. 2002). Functional diversity in ecosystem 

resilience could from this perspective be viewed as natural insurance capital for 

spreading risks in the face of uncertainty and securing the generation of source and 

sink functions at present and in the future (Barbier et al., 1994).  

The role of the 'insurance value' of biodiversity for societal development still 

remains to be embedded in work on environmental indicators. Indicators should be 

systemic and reflect the performance of not only a particular source or sink function, 

but also of the dynamic capacity of ecosystems, including their functional diversity, to 

respond to change and how this capacity relates to shifts between states. Without 

resilience renewable natural capital will deteriorate and lose its capacity to produce 

and sustain source and sink functions. In this sense maintaining resilience is 

maintaining critical natural capital. 

Carpenter et al. (2001) argue that measures of resilience differ from environmental 

indicators as they are constructed at present. Resilience focuses on variables that 
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underlie the capacity of social and ecological systems to provide ecosystem services, 

whereas other indicators usually address the current state of the ecosystem or service.  

Resilience measures under development relate to slowly changing variables that 

determine the boundaries beyond which disturbances may push the system into 

another state. The slowly changing variables include, e.g., land use, nutrient stocks, 

soil properties and biomass of long-lived organisms (Gunderson and Pritchard, 2002).  

For example, in the Great Lakes’ District of North America the soil phosphorous 

content in the watershed is a slow variable that determines lake resilience and is 

strongly related to agricultural practices. Sediment phosphorous and the frequency of 

large runoff events are other important variables. In the rangelands of Western New 

South Wales, Australia, the woody vegetation cover is a slow variable related to soil 

moisture and is driven by land use practices and property rights arrangements 

(Carpenter et al., 2001). Previous management efforts have focused on more rapidly 

changing variables like water quality in the lakes or grass cover in the rangelands. It 

has taken several decades of research to acquire the understanding of the role of soils 

and phosphorous in lake eutrophication (Bennett et al., 2001). In rangelands, the 

increase of woody vegetation was episodic and often thought to be related to cycles of 

drought and flooding, loss of small native herbivores, large increases in kangaroo 

numbers or the introduction of rabbits. However, the fundamental cause was human 

removal of fire through herd management that shifted productive grasslands into 

woody states determined by soil moisture (Carpenter et al., 2001). Consequently, 

efforts to reduce the risk of undesired shifts between ecosystem states should develop 

indicators of ecosystem performance that address the gradual changes, the slow 

variables that affect resilience, rather than trying to control disturbance and 

fluctuations (Scheffer et al., 2001).  

Indicators for monitoring and managing resilience will require understanding not 

only of the components of the systems, but their dynamic interactions over temporal 

and spatial scales (Gunderson and Holling, 2002). Furthermore, resilience indicators 

appropriate for the current state may become irrelevant as ecological structures and 

social expectations shift. Essentially, evolving systems, like complex adaptive 

systems (Levin, 1999), require policies and actions that not only satisfy social 

objectives, but at the same time achieve a continuously-modified understanding of the 

evolving conditions determining ecosystem resilience (Berkes et al., 2002). It is such 
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an understanding that should be reflected in indicators of ecosystem performance as 

critical natural capital. 

 

6. Conclusions 

We see a positive trend in the development of natural capital indicators. Presently, 

Swedish indicators are not only expanding from measurements of human waste 

emissions and harvesting of particular resources to adopting source and sink functions 

more broadly, but and are now moving towards addressing ecosystems as dynamic 

and complex life-support systems for social and economic development and the 

importance of resilience in this context.  

This is reflected in a unifying framework for nature management and policy in 

Sweden that was recently decided upon by the Swedish Government on March 14, 

2002 (Swedish Government, 2002). In the section describing the basic philosophy 

behind the policy framework, it is stated that societal development depends on the 

capacity of ecosystems to sustain the flow of essential natural resources and 

ecosystem services and that this capacity provides the foundation for development. 

The report continues to state that this capacity needs to be conserved to sustain 

options for social and economic development and it requires an ability of ecosystems 

to buffer change, referred to as resilience.  The role of biodiversity in this context is 

also highlighted in the report, as well as the need to involve local user groups and 

their knowledge systems (nature management closer to the citizens) in monitoring and 

management of ecosystem performance.  

We envision that the development of indicators of ecosystem performance to 

capture critical natural capital in the context of resilience will become an increasingly 

important area for both research and policy in the coming years. Developments 

towards such indicators of ecosystem performance are presently taking place, for 

example, through the work of the Millennium Ecosystem Assessment with its focus 

on strengthening capacity for managing ecosystems sustainably for human well-being.  
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Table 1. Protected natural areas in Sweden 

 

All figures in hectares: 
 

        

Total land area protected:   4,073,111      
         

These areas are protected as:       
   Total area   Land area   
   protected (ha)     protected (ha)     

Natural parks (N=26)1  652,395   590,681   
Nature reserves (2192)1 3,893,654   3,273,867   
Conservation areas (140)1 223,914   146,071   

   4,769,963   4,010,619   
         

Additional areas not included above:      
         

Wildlife sanctuaries (1049)1 107,617   60,659   
Biotopes protected (752)2 1,833   1,833   

   109,450   62,492   
         

1SEPA, 2000a.    
2 Statistics Sweden, 1998a.   
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Captions to illustrations: 

 

Fig. 1. The life-support performance of ecosystems generates and sustains the flow of source  

and sink functions for our well-being and existence. 

 

Fig. 2.  Ecosystem shifts and associated reduction of ecosystem services. 'A' represents 

rangeland ecosystem services (wool production) from grazing as a function of woody 

vegetation biomass (W).  'B' represents lake ecosystem services (fish, recreation) as a function 

of phosphorous (P) in lake sediment and agricultural soil in the catchment.  Vc is the critical, 

threshold level of W and P. It demarcates a shift from one ecosystem state to another and the 

consequent loss of ecosystem services. Indicators that reflect ecosystem performance and 

resilience are needed to avoid undesirable state shifts (based on Walker et al., in press). 

 

Fig. 3.  Complex ecosystems tend to have more than one state and can slide between states 

(Scheffer et al., 2001). For example, in 1) the reef is in a state of coral dominance. In 2) the 

reef is still dominated by corals, but ecosystem resilience is eroding as a consequence of 

human activities (e.g. fisheries exploitation reduces diversity within the functional group of 

grazers and eutrophication from human activities on land increases algal growth). 

Consequently, 3) the system is progressively becoming more vulnerable to disturbances that 

previously could be absorbed (e.g. hurricanes and diseases). Such events might now push the 

reef into an undesirable state of algal dominance 4) and cause loss of essential ecosystem 

services.  See text for the lake and grassland case. 
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