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Preface 

This s tudy examines the implicat ions o f complex ecosys tem dynamics for the 
economic efficient and sustainable managemen t o f ecosys tems. It integrates 
ecological and economic methodolog ies in order to identify opt imal ecosys tem 
managemen t strategies. M y interest in the combina t ion of ecology and economics 
started dur ing m y M S c , w h e n I fol lowed a range o f courses in bo th discipl ines. In the 
10 years that have passed since m y M S c graduat ion, I have w o r k e d in var ious 
posi t ions: as appl ied researcher at Utrecht Univers i ty , as freelance consultant , and as 
envi ronmenta l expert at the F A O Inves tment Centre in R o m e . In these j obs , I was 
frequently exposed to bo th the ecological and economic sides of envi ronmenta l and 
natural resource management . Increasingly, it has b e c o m e clear to m e that, in order to 
find opt imal solut ions to envi ronmenta l and natural resource managemen t issues, 
ecological and economic aspects n e e d to b e cons idered in an integrated manner . This 
involves the jo in t considerat ion o f the ecological and economic d imens ions o f the 
envi ronmenta l sys tem in all s teps o f the analysis , from p rob lem identification to the 
formulat ion o f enhanced resource m a n a g e m e n t strategies. 

The l inking o f ecological and economic aspects in integrated analysis is n o easy task, 
in par t icular because the t w o disciplines have developed specific, and no t a lways 
easily compat ib le , sets of concepts and methodologies . In addit ion, integrated analysis 
o f envi ronmenta l sys tems general ly requires substantial amounts of data, cover ing 
bo th b iophysica l and economic var iables . In m y previous j o b s , there w a s usual ly no t 
enough t ime and/or data to conduct an in-depth assessment o f the envi ronmenta l 
system, and recommenda t ions for envi ronmenta l and natural resource m a n a g e m e n t 
strategies needed to b e based u p o n l imited analysis , and/or a 'best-professional 
j u d g e m e n t ' of var ious exper ts . This approach is adequate for m a n y situations, but , in 
order to enhance m y o w n unders tanding o f natural resource managemen t issues, I 
b e c a m e m o r e and more interested in also conduct ing an in-depth s tudy that integrates 
ecology and economics in s tudying a re levant resource m a n a g e m e n t issue. 

Therefore, I w a s very keen to start wi th this P h D study at W a g e n i n g e n Univers i ty . 
A l though the funding for m y appointment came from t w o other projects , these other 
projects left m e enough t ime to w o r k on m y P h D study. In te rms o f results , I feel that 
the s tudy demonst ra tes that the integrated economic and ecological analysis of natural 
resource m a n a g e m e n t quest ions is very useful, and that it can assist in the selection of 
enhanced resource managemen t strategies. The research also shows that a 'bes t 
professional j u d g e m e n t ' approach does no t a lways provide the bes t basis for sett ing 
u p a natural resource managemen t strategy. O n e of the projects I worked on several 
years ago concerned the prepara t ion of a project proposa l to support the further 
deve lopment o f the l ivestock sector in nor thern Senegal . Based upon the available 
information, the project p roposa l compr i sed a m i x of measures a imed at enhancing the 
number s and product iv i ty o f l ivestock in the area - such as the dril l ing of n e w wel ls 
and enhanced veter inary aid. The project team, inc luding myse l f as natural resources 
managemen t expert , a s sumed that this project wou ld lead to mak ing bet ter use of the 
local natural resource base - and there w e r e n o studies indicat ing otherwise . A s par t 
of m y P h D study, I had the t ime to look at the case of graz ing in nor thern Senegal in 
m o r e detail . Based u p o n a m o r e in-depth analysis , m y study shows that the current 
graz ing pressure in the area is a l ready significantly h igher than the economic op t imum 
grazing pressure - and that increasing l ivestock n u m b e r s is contra-product ive from an 



economic perspect ive . Governmen t act ions should b e a imed at reduc ing l ivestock 
number s instead o f increasing t h e m (see chapter 7). T o m e , this illustrates h o w 
important it is to unders tand your natural resource managemen t sys tem before y o u 
p lan on changing it based u p o n simplified assumpt ions regarding the current state of 
the system, or its response to management . 

Conduc t ing a P h D study is , to a large extent, a solitary affair that involves thinking, 
model l ing and wri t ing in the company of y o u r computer and scientific l i terature. 
Never the less , the support and feedback from supervisors , col leagues, friends and 
family is indispensable and I wou ld l ike to ve ry m u c h thank the peop le that suppor ted 
m e in the pas t 3 years . First and foremost , I wan t to thank m y two promoters , Leen 
Hordi jk and E k k o van Ierland, w h o spent a considerable amoun t of effort in guiding 
m e th rough the process o f wri t ing a P h D thesis . Bo th h a v e b e e n closely involved in 
this project from the start, w h i c h has he lped m e to main ta in the quali ty of the 
research. Fur thermore , I w a n t to thank Do l f de Groo t and R i k Leemans , w h o h a v e 
m a d e an impor tant contr ibut ion to this s tudy b y rev iewing different chapters and b y 
organis ing the financial bas is to conduct the research. Several peop le have contr ibuted 
to or r ev iewed specific chapters , in par t icular Hans-Peter We ika rd (environmenta l 
economics) , Je roen de Kle in (aquatic ecology) , Kris v a n K o p p e n (environmental 
pol icy) and Sip v a n W i e r e n (grazing ecology) . 

M a n y thanks are also due to the col leagues o f the Envi ronmenta l Sys tems Analys is 
Group at W a g e n i n g e n Univers i ty for p rov id ing a very pleasant and product ive 
work ing a tmosphere . Finally, I wan t to especial ly thank m y par tner Kat r ine for her 
support , and he r interest in m y research. O u r daughter Kar i , w h o is 9 mon ths old at 
the t ime this b o o k is pr inted, p rov ided all the enter ta inment required to deal wi th the 
chal lenges o f the final par t o f the P h D research, and at the s ame t ime gave m e 
inspirat ion to cont inue s tudying opt ions to enhance the u s e o f natural resources . 
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Introduction 

1.1 Background 

The setting 

The coming decades will show a further increase in global population levels, from the 
current 6 billion to some 9 billion in 2050 (medium population scenario, UN, 2003). 
In addition, per capita production needs to grow in order to allow for an increase in 
living conditions, particularly in developing countries. These two factors will result in 
further pressure on the world's ecosystems. Already, in many parts of the world, 
human pressure has led to large scale conversion or degradation of ecosystems 
(Balmford et al , 2002). However, ecosystems supply a range of goods and services to 
mankind, including such essential services as the regulation of climatic and 
biochemical processes. In addition, ecosystems have a non-use value that warrants 
their conservation and their handing over to future generations. Hence, reconciling 
economic development with the sustainable management of the world's ecosystems is 
one of today's main challenges. One of the requirements for this reconciliation is 
decision making that takes into account both the efficiency and sustainability aspects 
of ecosystem management. 

Efficient management is often interpreted in terms of maximising the present value of 
the net current and discounted future benefits derived from a system. The 
mathematical basis for analysing the efficiency of resource use is provided by 
Hotelling (1931). Hotelling examined how the social welfare from the exploitation of 
a non-renewable resource can be maximised over time. He argued that current 
extraction involves an opportunity cost, which equals the value that might have been 
obtained by extraction of the resource at a later date. This is usually referred to as the 
scarcity rent of the resource. The 'Hotelling rule' states that resource extraction is 
intertemporally efficient if the increase in rent of the resource equals the social 
discount rate (Berck, 1995). In the analyses of the efficiency of renewable resources 
use, the growth of the resource needs to be accounted for. In a simple model, this 
growth depends upon the size of the stock in relation to the environment's carrying 
capacity for the species involved. For instance, Gordon (1954) and Schaefer (1957) 
prepared economic models for analysing the efficiency of a fisheries, using simple 
logistic growth curves to describe the growth of the fish stock. Efficient ecosystem 
management needs to consider the costs of maintaining and managing ecosystems, as 
well as the benefits derived from ecosystems in the form of various ecosystem 
services (Odum and Odum, 1972; Bouma and Van der Ploeg, 1975; Hueting, 1980). 
In assessing the efficiency of ecosystem management, the full set of services supplied 
by the ecosystem should be considered (cf. Turner et al , 2003). 

The Hotelling rule compares the intertemporal aspects of resource use on the basis of 
the social discount rate. However, this approach has been criticised as ethically 
questionable because of the large weight it attaches to the welfare of current 
generations as compared to the welfare of future generations. Partly in response to 
this shortcoming, the concept of sustainability has been introduced 
(IUCN/UNEPAVWF, 1980). The well-known Brundtland commission defined 
sustainable development as: 'development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs' (WCED, 
1987). Subsequent to the publication of the Brundtland report, a range of different 
interpretations of the sustainability concept has been developed, including different 

10 



Introduction 

types of weak and strong sustainability (see e.g. Carter, 2001). In general, weak 
sustainability allows for the substitution between natural, human and man-made 
capital, although in some interpretations of weak sustainability it is explicitly 
recognised that life supporting ecosystem services need to be maintained (e.g. Toman 
et al, 1995). The main principle of strong sustainability is that the total natural capital 
stock should not be further reduced (e.g. Pearce et al., 1989; and Barbier and 
Markandya, 1990). Hence, an important issue in interpreting sustainable development 
is to what extent natural capital can be replaced by man-made capital (Carter, 2001; 
Pezzey and Toman, 2002). 

Problem statement 

In the last decades, a wide range of ecological-economic models has been developed 
to analyse or predict the efficiency and/or sustainability of ecosystem management. 
Particular attention has been given to the analysis of modifications in ecosystems in 
response to pressures generated by the economic system (e.g. Braat and Van Lierop, 
1987; Van Ierland, 1993), as well as to the economic consequences of changes in 
ecosystems (Costanza et al , 1993; Balmford et al., 2002). A methodological 
synthesis on integrating economic and ecological systems in a modelling approach 
can be found in, for example, Wang et al. (2001). A key element in assessing the 
efficiency and sustainability of ecosystem management is the analysis of the 
dynamics of the ecosystem, i.e. the development of the ecosystem, and its capacity to 
supply ecosystem services, over time. 

The early economic models dealing with ecosystems assumed that ecosystem changes 
proceed in a gradual and reversible manner (e.g. Gordon, 1954; Hildreth and Riewe, 
1963; Munro, 1982). However, starting in the mid 1970s, ecological studies 
increasingly pointed out that ecosystems often change in much more complex ways 
(Holling, 1973; Ludwig et al., 1978; Westoby et al., 1989; Scheffer et al , 2001). 
Complex ecosystem dynamics comprise irreversible, non-linear and/or stochastic 
responses of the ecosystem to human and/or ecological drivers. Irreversible 
ecosystem changes can not, or only to a limited extent be undone through natural 
processes. Non-linear responses involve, for instance, steady states and thresholds. 
Steady states are relatively stable configurations of the ecosystem, whereas thresholds 
involve sudden and strong changes in the ecosystem state in response to a relatively 
minor disturbance. Stochasticity occurs when ecosystem changes are triggered by 
stochastic events such as fire or heavy rainfall. 

Complex dynamics are of major importance for the understanding of the dynamics of 
a range of ecosystems. These include freshwater lakes (Larsen et al , 1981; Timms 
and Moss, 1984), marine fish stocks (Steele and Henderson, 1984; Steele, 1998), 
woodlands (Dublin et al., 1990), rangelands (Friedel, 1991), coral reefs (Knowlton, 
1992; Nystróm et al., 2000) and coastal estuaries (Murray and Parslow, 1999). For 
instance, shallow freshwater lakes can, under certain conditions, be in either of two 
states: a clear water state with waterplants and a fish community dominated by 
piscivorous fish; or a turbid water state with high phytoplankton concentrations, and 
dominated by benthivorous fish (Timms and Moss, 1984). The two states represent 
alternative equilibriums that exist over a certain range of nutrient conditions. 
Bifurcations from one state to the next take place once a critical nutrient level is 
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passed, or as a function of a disturbance or human modification of the system 
(Scheffer, 1998). 

The implications of these complex dynamics for efficient and sustainable ecosystem 
management have increasingly been recognised in environmental economics (Deacon 
et al., 1998; Turner et al., 2003). Ciriacy-Wantrup (1968) already proposed a 'safe 
minimum standard of conservation' as a means of incorporating uncertainty and 
irreversibility in the appraisal of natural resource utilization. The safe minimum 
standard concept was later modified by Bishop (1978), who stated that irreversible 
environmental loss should be avoided unless this bears 'unacceptable' social costs. 
Perrings and Pearce (1994) demonstrate that it is crucial to account for non-linearities 
and threshold effects in the economic analyses of ecosystems that experience such 
dynamics, and provide a general, conceptual model for doing so. Arrow et al. (1995) 
analyse the implications of discontinuous and irreversible ecosystem change for 
economic systems, and state that ecosystem management needs to ensure the 
resilience of ecosystems. In addition, a large number of case studies has been 
conducted that analyse the implications of complex dynamics for the efficient 
management of specific ecosystems. For instance, Reed (1988), Perrings (1997) and 
Bulte and Van Kooten (1999) examine the implications of stochasticity for the 
efficient management of fish populations, rangelands and metapopulations, 
respectively. Carpenter et al. (1999) and Wu and Skelton-Growth (2002) examine 
economic efficient management of lakes respectively small watersheds subject to 
multiple states and thresholds. These, and other, studies show that complex dynamics 
have a major impact on the responses of the ecosystem to management. 
Consequently, complex dynamics have major implications for the efficient and 
sustainable management of natural resources (cf. Perrings, 1998). 

Although substantial progress has been made in incorporating complex dynamics in 
ecological-economic models, there is still a need to further examine the implications 
of complex dynamics for the efficient and sustainable management of ecosystems 
(Van den Bergh, 1996; Perrings, 1998; Hanley, 1999). Many models consider 
economy-ecosystem interactions at an aggregated level, and do not explicitly account 
for ecosystem complexities such as irreversible responses, multiple states, thresholds, 
and/or stochasticity (Deacon et al., 1998). In addition, where monodisciplinary 
approaches towards ecological-economic modelling have been followed, the models 
are frequently based upon equations and/or parameters that are not commonly 
measured or analysed in the other relevant disciplines (Van den Bergh, 1996; 
Perrings, 2000; Westley et al., 2002). Hence, there is a need to further examine how 
ecological and economic variables can be integrated in ecological-economic models, 
and to assess the implications of complex ecosystem dynamics for the efficient and 
sustainable management of ecosystems. 

Complex dynamics appear in a wide range of ecosystems that provide a livelihood to 
hundreds of millions of people (including fishermen and rangeland pastoralists). 
Hence, understanding the implications of complex dynamics is also of major 
importance for formulating natural resource management strategies that maintain the 
income earning opportunities for large numbers of people. The problem definition of 
this thesis is therefore: 'how can efficient and sustainable management be effected for 
ecosystems subject to complex dynamics'. 
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1.2 Objective, research questions and scope 

Objective. The objective of the study is: 

'to analyse the implications of complex ecosystem dynamics for the efficient and 
sustainable management of ecosystems'. 

The study does not focus on 'natural' ecosystems, but specifically considers 
ecosystems that are managed and modified by people. The term ecosystem, rather 
than environmental system, is used because ecosystems are more homogeneous in 
terms of structure and processes, which makes it a better entry point to study dynamic 
economy-ecosystem interactions. The study is based upon an ecological-economic 
modelling approach that is strongly disaggregated, which allows for the integration of 
the economic system and the ecosystem at the level of economic and ecosystem 
components. Specific attention is paid to the ecological aspects of ecological-
economic modelling, and in particular to the incorporation of ecological complexities 
in the models. 

In order to analyse the implications of complex dynamics for the efficient and 
sustainable management of ecosystems, I have formulated the following research 
questions. 

Research questions: 

1. How can the efficiency and sustainability of ecosystem management options 
be analysed ? 

This thesis commences with the development of an ecological-economic framework 
for the assessment of the economic efficiency and sustainability of management 
options for ecosystems subject to complex dynamics. The framework allows for a 
dynamic assessment of the development of the state of the ecosystem, and the flow of 
ecosystem services, as a function of human management and ecological processes. 
Subsequently, it is examined how the framework can be translated into an ecological-
economic model. Three types of economy-ecosystem interactions are distinguished in 
the framework, relating to the harvest and use of ecosystem services, pollution and 
ecosystem interventions. Two critical aspects in the application of the framework are 
(i) the analysis of the dynamic supply of ecosystem services as a function of human 
management and ecological processes; and (ii) the valuation of ecosystem services 
(see e.g. Van den Bergh, 1996, Perrings, 1998; and Turner et al , 2003). These two 
aspects have been translated into two separate research questions. 

2. How do complex dynamics influence the response of the ecosystem to 
management measures ? 

Application of the framework requires modelling of the dynamics of the ecosystem as 
a function of human management and ecological processes. This relates in particular 
to changes in the state and the resilience of the ecosystem, and to changes in the 
ecosystem's capacity to supply ecosystem services following the implementation of 
ecosystem management measures (Levin, 1992; Common and Perrings, 1992; 
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